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Preface

For millennia, these rivers have formed life lines of cultures, 
food production, livelihoods and biodiversity. In modern 
times, these rivers also provide cooling water for power sta-
tions and water supplies for industry. 

This report calls for accelerating research, monitoring and 
modeling of glaciers, snow and their role in water supplies. 
But perhaps even more important, this report highlights the 
vulnerability and exposure of people dependent upon these 
rivers to floods, droughts and eventually shortages as a result 
of changes in the melting and freezing cycles linked with cli-
mate change and other pollution impacts.

The impact of floods was brought into sharp relief in Paki-
stan in August 2010. As of November 2010, over six million 
people were still being affected by this disaster, with many 
displaced and housing, livelihoods, crops and livestock lost.

Worldwide, and particularly in Asia, over a hundred million 
people are strongly affected by floods every year, killing tens 
of thousands and increasing cases of disease and ill health as 
cities with limited or no sewage capacity become flooded and 
polluted water infiltrates drinking water sources and houses. 

Here lies a crucial message for all nations involved. Changes 
in the intensity and timing of rains, added to variable snow 
and glacier melt will increasingly challenge food security and 
the livelihoods of the most vulnerable under various climate 
change scenarios.

With urban populations expected to nearly double to over six 
billion people in 40 years, and land pressures rising in the 
surrounding hills, the development of strategies for adapta-
tion is urgently needed with women often being in the center 
of the ability of families to cope. 

Adaptation strategies need to be wide ranging covering issues 
such as urban planning, improved water storage networks and 
improved water efficiency in sectors such as agriculture, but also 
the rehabilitation and restoration of critical ecosystems ranging 
from forests to wetlands which can enhance water supplies and 
act as buffers against extreme climatic events such as flooding.

Glaciers and trends in their mass and size have recently been 
at the centre of the climate change debate. This report confirms 
the work of bodies such as the World Glacial Monitoring Servic-
es: namely that the overall trend is one of loss and shrinkage and 
that improved monitoring in many developing country regions 
will improve global scientific understanding while contributing 
to better early warning of potentially hazardous events.

I would like to thank the authors and contributors drawn from 
research centres in Asia, Europe, Latin America and North 
America for their efforts in making this report rigorous, im-
partial and above all contribution towards advancing human-
ity’s options and actions in a climate constrained world.

Achim Steiner
UN Under-Secretary General and UNEP Executive Director

Over half of the world’s population lives in watersheds of major rivers originating in 
mountains with glaciers and snow. A warming climate is now causing a global recession 
in glaciers, and some areas may lose their glaciers entirely in this century.
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Summary

Climate change is causing significant mass loss of glaciers in 
high mountains worldwide. Although glacier systems show a 
great amount of inherent complexity and variation, there are 
clear overall trends indicating global glacier recession, which 
is likely to accelerate in coming decades. Large gaps remain 
in our understanding and ability to model accurately the key 
processes and cause-effect relationships driving glacier re-
sponse to climate change. In addition, a lot of data on glacier 
mass changes are not available to the public due to national 
interests concerning water supply. 

Impacts of the shrinkage and disappearance of mountain 
glaciers include changes in the flow characteristics of glacier-
fed rivers, glacier lake outburst floods (GLOFs) in the Andes 
and Asia, and changing flood severity and frequency. GLOFs 
were observed in Patagonia in 2008 and 2009, in addition 
to GLOFs in the Himalayas and Andes in the past decades 
in areas where glaciers are receding. While such GLOFs may 
immediately endanger lives, infrastructure and power sup-
ply, flash floods and particularly large-scale down-river floods 
pose an ever greater challenge and risk. These floods are 
caused by extreme events of intense and high-volume mon-
soons or other types of rains that are often exacerbated by un-
sustainable land use practices killing several thousand people 
every year directly, and impacting over 100 million people 
annually, including through loss of crops and eruption of dis-
eases associated with flooding of sewage or contamination of 
drinking water supplies. 

The glacial contribution to river flow varies greatly, both 
annually and within and between catchments. The hydro-
logical significance of glacier runoff also depends on other 
components of the hydrological cycle, such as precipitation, 
evapo-transpiration, and groundwater flow. In consequence, 
the impacts of glacier mass loss will be highly variable both 
locally and worldwide. Some regions will undoubtedly be af-
fected by water shortage, whereas others are unlikely to be 

significantly affected by glacial melt. Much detailed work 
remains to be done to adequately predict regional and local 
hydrological responses to climate change. Flood risks are 
expected to increase in some regions, including increased 
frequencies of GLOFs and weather-related flash floods in 
both the Hindu Kush Himalayas and in the Andes. Melting 
of glaciers and ice caps will also have global effects on sea 
level rise. It is currently estimated that they will contribute 
approximately 40 to 150 mm (depending upon the green-
house gas scenario and climate model used) to sea level rise  
by 2100. 

Changes in glacier regimes and runoff from snow and ice, 
combined with changes in precipitation timing and intensity 
will most likely increase human vulnerability in many areas. 
Livelihoods are affected as climate variability and water stress 
affect agriculture, forestry, health conditions and tourism. 
Future challenges for the management of impacts of climate 
change include filling data gaps, improving regional coopera-
tion in observation networks and developing comprehensive 
databases, improving modeling of glacier mass balance and 
runoff, strengthening regional cooperation and developing 
adaptive strategies that are cultural and context specific, and 
ensuring sufficient irrigation capacity to uphold higher levels 
of food production. 

One of the chief challenges in the coming decades will be to 
capture and store excess water during periods of high water 
availability. We are likely to experience more extreme melt-
ing, as well as extreme events of rainfall. With great land-use 
pressures in many mountain regions, including deforesta-
tion and heavy grazing combined with extreme rainfall, flash-
floods and flooding will likely increase. New and more effec-
tive systems in both capturing and storing water will become 
essential in the future. This includes both installation of new 
water capture and storage methods, as well as re-introduction 
of some of the ancient traditional irrigation systems, such as 
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the qanat, foggara, karez or falaj systems known from des-
ert regions, and the zabo, pokhari, johad and pyne systems 
known from hilly regions. 

Irrespective of the variation in glacial and snow melt, which 
normally contributes only a smaller share of the total river 
flow, future variability in timing and intensity of precipita-
tion will contribute substantially to down-river impacts. In-
deed, continuing land pressures, rapid urban development 
and settlement of the impoverished in exposed low-lying ar-
eas greatly influence flood risks, health and livelihoods. More 
than 40% of the world’s floods takes place in Asia, and have 
affected near a billion people 1999–2008, and causing an 
estimated 20–25% of all deaths associated with natural di-
sasters. In 2009, more than 56 million people were severely 
impacted by floods and over 1 million people by the smaller, 
but often dangerous flash floods.

Down-river regions also comprise critical food produc-
tion centres. The combined actions of changes in timing 
and intensity in monsoons, other precipitation and land 
use will continue to often over-rule changes in glacial melt 
for downstream population centres, and provide major im-
pacts not only on drought and flood risk and subsequent 
human exposure, but also on food security. This is particu-
larly true for the Hindu-Kush Himalayas, Central Asia and 
parts of the Andes where large populations depend upon the 
mountains and predictable climate for food production and  
livelihoods. 

Irrigation systems and pipelines from major rivers should 
also be developed, maintained and improved, also because 
deforestation frequently increases the rate and speed of the 
flow of water into major channels. Necessary training, revival 
of old knowledge and implementation of new greener irriga-
tion technology will require funds and programmes directed 
towards adaptation. Storing excess water, adapting to floods 

and developing and implementing more effective irrigation 
systems will become crucial to future food security in regions 
dependent upon mountains for their water supply.

Glacier melt inputs to rivers can affect the ecosystems in a 
number of ways, including habitat changes such as stream 
temperatures, sediment concentrations, water chemistry and 
nutrient availability, or through the release of pollutants de-
posited and stored in the glaciers over many years, impacting 
fish and other organisms in glacier-fed systems.

Adaptation, mitigation and development should be seen as 
a continuum. Livelihood diversification will require signifi-
cant policy and institutional support, and strategies must be 
sensitive to cultural contexts, norms and differences. Good 
governance and planning need to take climate change into 
account in order for infrastructure development to support 
water security. 

Recommendations:

•	 Strengthen glacial research and trans-national collabora-
tion with emphasis on mass calculation, monitoring and 
particularly the effects of glacial recession on water re-
sources, biodiversity and availability downstream.

•	 Improve modeling on precipitation patterns and effects on 
water availability in particular in mountain regions of Asia 
and Latin America.

•	 Prioritize support to and development of adaptation to wa-
ter-related disasters.

•	 Prioritize programmes and support to development and 
implementation of adaptation strategies for too much and 
too little water including strengthening the role of women.

•	 Urgently support the implementation and improvement of 
both small and large-scale water capture and storage systems 
and improve efficiency of current irrigation systems through 
the use of green technology and agricultural knowledge.
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Introduction
There is increasing concern about impacts of 
climate change on high mountain glaciers and 
snow ablation, and the effects of glacier reces-
sion on sea-level rise, natural hazards and water 
resources. The conference “High mountain gla-
ciers and challenges caused by climate change” 
was held in Tromsø on 8–10 June 2009, initi-
ated by the Norwegian Ministry of the Environ-
ment in cooperation with the United Nations 
Environmental Programme (UNEP), and host-
ed by the Norwegian Polar Institute. The con-
ference gathered leading scientists from glaci-
ology, geography, resource management and 
related fields to discuss the latest research on 
high-mountain glacier meltings and the conse-
quent effects on downstream regions.

This report presents an update based on pre-
sentations and working group discussions at 
the conference, combined with recent compila-
tions on issues of food security, disaster man-
agement and the need for adaptation, including 
from the Himalayas Climate Impact Assess-
ment pilot study (ICIMODa-b, 2009; UNEP, 
2009; 2010b). It outlines status and trends of 
high mountain glaciers in relation to climate 
change, identifies challenges and knowledge 
gaps, and finally makes recommendations for 
adaptation, research and policy.
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Impacts of climate change on 
glaciers, snow and ice in high 
mountain regions

Glaciers originate from accumulations of snow and ice and flow down the slope 
in response to gravitational forces, and grow or shrink as a result of exchang-
es of mass and energy. Glaciers gain mass mainly by snowfall, and lose mass 
mainly by melting in their lower reaches. Where glaciers terminate in lakes or 
the sea, significant mass losses can occur by iceberg calving. The difference 
between mass gains and losses, measured over one year, is known as the annual 
mass balance. Measuring mass balance is the primary quantitative way of mea-
suring the effects of climate change on glaciers. Prior to 1976, however, such 
measurements are only available for the Northern Hemisphere with emphasis 
on Europe. Length change measurements provide an important supplement 
to mass balance measurements, showing intermittent periods of re-advancing 
glaciers but an overall global and centennial negative trend (Fig 1.)

Compilation of available data (Fig. 1) shows that most mountain glaciers are 
losing mass, and that the overall rate of mass loss has increased in the last 
decade. For the last decade the highest mass loss per unit area has been ob-
served in the European Alps, Patagonia, Alaska, and north-western USA/south-
western Canada (Kaser et al., 2006, Lemke et al., 2007, Arendt et al., 2009).  

 Figure 1: Cumulative glacier mass balances for seven mountainous regions. 
Modified from Kaser et al. (2006) and Lemke et al. (2007).

The majority of mountain glaciers are losing mass in response to climate change. Most 
glaciers have been shrinking since the end of the Little Ice Age around 150 years ago. 
However, since the beginning of the 1980s the rate of ice loss increased substantially in 
many regions, concurrent with an increase in global mean air temperatures. Glaciers 
might disappear from some mountain regions by the end of the 21st century given the 
current melting rate. At the same time, some glaciers have increased in size since the 
1980s. This is consistent with regionally increased precipitation in a warming world.
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Averaged over their entire areas, within the period 1960–
2003 glaciers in Patagonia and Alaska have thinned by ap-
proximately 35 m and 25 m, respectively, whereas high 
mountain glaciers in Asia have thinned by over 10 m. Data 
for Patagonia and Alaska are computed from glacier surface 
elevations for dozens of glaciers. In many other high moun-
tain environments such as the Himalayas and the high Andes, 
where data are limited due to both difficult access to the high-
altitude regions and for political reasons, the exact amount of 
regional mass loss remains subject to some uncertainty (Fig. 2). 
This makes it difficult to compare rates of change with other 
regions. Recent satellite observations, however, have con-
firmed that glaciers in many mountain regions are thinning 
(e.g. Berthier et al., 2007; Paul et al., 2007; Bolch et al., 2008a, 
b), conclusively showing that the majority of mountain glaciers 
are losing mass in response to climate changes. 

In a few areas, mountain glaciers have undergone periods of 
growth in recent decades. For example, glaciers in western 
Norway and the South Island of New Zealand advanced in 
the 1990s, glaciers on the southwestern sector of Cordillera 
Darwin, Tierra del Fuego, are presently advancing (Chinn et 
al., 2005), while in the Karakoram mountains some glaciers 
have over-ridden areas that have been ice-free for 50 years 
or more (Hewitt, 2005), opposed to further north and east 
where glaciers are declining. In northern Karakoram in Chi-
na, glaciers are receding and have resulted in increased num-
ber of glacial lake outburst floods (Chen et al., 2010). These 
exceptions to the global trend of recession in ice mass can be 
partly explained in terms of regionally increased precipitation 
in a more energetic climate system, which locally offset the 
effects of temperature increase. In Norway and New Zealand, 
however, the recent glacier advances appear to be short-lived 
events superimposed on a longer-term trend of glacier reces-
sion. Frequently also the actual number of glaciers increase 
locally as larger glaciers melt down into several smaller gla-
ciers, while the total ice mass obviously declines.

Predicting the future response of mountain glaciers is fraught 
with difficulty. The world’s mountain ranges encompass a 
huge range of topographic and climatic environments, and 
each glacier has a unique relationship with local terrain and 
microclimate. Indeed, local variation is so great that it is impos-
sible to make general statements about glacier response even 
within single mountain ranges. For example, glaciers in the 
Himalayan region include large, winter-accumulation type gla-
ciers in the high-altitude Karakoram, steep, summer-accumu-
lation type glaciers on monsoonal southern slope of the moun-
tains in Nepal, and small, cold-based cirque glaciers on the arid 
northern slope, each of which will exhibit different responses 
to local climate changes, demonstrated by the increase in some 
glaciers in western and southern Karakoram and recession in 
some in north-eastern (Chen et al., 2010). Within each of these 
regions, glaciers occur across a considerable range of eleva-
tions. In general, the most vulnerable glaciers are at relatively low 
elevations, whereas glaciers at high altitudes are more robust. 

 Figure 2: Glacier recession and expansion in Hindu Kush-
Himalayas (HKH) and Central Asia. Notice that while some 
glaciers, especially in the Karakoram, have increased, the ma-
jority of the glaciers in the HKH region and on the Tibetan 
plateau are receding.
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Glaciologists have adopted a range of strategies to deal with 
this complexity. One common approach is to model the re-
sponse of a small sample of glaciers, and then extrapolate the 
results to wider regions. Two basic types of models have been 
employed. First, static models compute how snow and ice 
melt rates will change under different climatic scenarios, but 
do not consider changes in glacier geometry (e.g. Radic and 
Hock, 2006). Second, dynamic models allow glacier dimen-
sions and geometry to evolve through time, and can therefore 
include feedbacks between melt rates and glacier characteris-
tics (e.g. Oerlemans et al., 1998; Schneeberger et al., 2003). 
While the second approach yields more robust results, dy-
namic models must be tailored to individual glaciers and are 
very time-consuming to implement. Consequently, dynamic 

models have been run for very few of the world’s glaciers and 
most predictions are based on static models with a tendency 
to overestimate mass loss (e.g. ACIA, 2005). Undoubtedly, 
there is great need for more glacial research, monitoring and 
inventories (Braithwaite, 2009; Shi et al., 2009).

Oerlemans et al. (1998) conducted modelling experiments for a 
sample of 12 glaciers and ice caps, to determine volume changes 
under a range of temperature and precipitation forcings (Fig. 3). 
The range of glacier response is very wide, so a key issue 
is finding ways to upscale the results of modelling this tiny 
sample of glaciers to large regions. Figure 2 shows the re-
sults of two alternative weighting procedures. Although the 
absolute values of volume change differ, the results imply 

Figure 3: Scaled glacier volume changes for a range of climate scenarios. Labels are in degrees C yr–1, and + indicates a 10% in-
crease in precipitation per degree warming. The left-hand panel (<VSC>) shows the average of all model results, and the right-hand 
panel (<V>SC) shows results weighted by glacier volume. (From Oerlemans et al., 1998: Climate Dynamics 14, 267–274)

Source: Oerlemans et al., Climate Dynamics, 1998
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Impacts of climate change on high-mountain glaciers in the Alps: Observations and results 
from modeling studies
Frank Paul, Dept. of Geography, University of Zurich, Switzerland

CASE STUDY

Alpine glaciers lost about one-third of their total area from 
1850 until the 1970s, and almost one half was gone by the year 
2000. Starting from the last glacier inventory of the 1970s, little 
change was observed in the area until 1985 (–1%), but then 
a strong decrease (–20%) until the year 2000 occurred. This 
area loss was accompanied by a strong loss of glacier mass of 
about –11 meters water equivalent (m w.e.) or –0.8 m w.e. per 
year. This is more than three times the reconstructed long-term 
mean mass loss from 1850 to the 1970s of about –0.25 m w.e. 
per year (e.g. Hoelzle et al., 2003). The strong glacier decline is 
most likely a response to the sudden increase in Alpine temper-
ature of about 1º C in the 1980s, which has shifted the equilib-
rium line altitude (ELA) by about 150 m upwards (precipitation 
has not changed much). This has reduced the accumulation 
area of most glaciers drastically and they react with an adjust-
ment of their size to the new climatic conditions. 

Simple models based on rules of thumb allow us to deter-
mine the consequences of such step changes in climatic con-
ditions on future glacier evolution over large regions. With an 
assumed steady-state accumulation area ratio (AAR0) of 0.6, 
it can be calculated that about 40% of the total glacier area 

will disappear for a 150 m upward shift of the ELA. At cur-
rent rates and considering the already lost glacier area since 
1985, area loss will at least continue until 2015 and much 
longer for large glaciers with a response time of more than 
30 years. In particular the large glaciers display strong evi-
dence of down-wasting (e.g. collapse holes, disintegration) 
rather than retreat of the terminus. Based on current climate 
scenarios as published in the last IPCC report, it can be ex-
pected that glacier decline will continue and most glaciers 
in the Alps will disappear by 2100. Because glaciers as well 
as their meltwater in summer plays an important economic 
role in the Alps (e.g. hydro-power, discharge regime, tourism, 
natural hazards), concern is growing that the currently ob-
served and future glacier changes will have adverse effects on 
human welfare (Elsasser and Bürki, 2002). In consequence, 
several projects have recently started that should improve the 
modeling of future climate change impacts on glaciers and 
runoff. The output from regional climate models (RCMs) and 
their efficient coupling to the much higher resolution impact 
models (e.g. distributed mass balance or hydrologic models) 
is in the centre of the scientific investigations (e.g. Paul and 
Kotlarski, 2010).

that with a warming rate of 0.04° C yr–1 (4° C per century) 
and no increase in precipitation, little glacier ice would be left 
by 2100, whereas if warming is restricted to 0.01° C yr–1 and 
precipitation increases by 10% per degree of warming, then 
ice losses will be restricted to 10 to 20% of the 1990 value. It 
must be emphasized that the results are far from certain, and 
that the actual response of glaciers will exhibit considerable  
regional variability. 

In some regions, it is very likely that glaciers will largely disap-
pear by the end of this century, whereas in others glacier cov-
er will persist but in a reduced form for many centuries ahead 
(Kulkarni et al., 2007; Ye et al., 2008; Bhambri et al., 2009; 
Nicholson et al, 2009; Wang et al., 2009; Yang et al., 2009; 

Caidong and Sorteberg, 2010; Federici et al., 2010; Kaser et al, 
2010; Liu et al., 2010; Peduzzi et al., 2010; Shahgedanova et 
al., 2010; Shekhar et al., 2010). 

Bahr et al. (2009) made a first-order estimate of the mini-
mum future sea-level contribution from all glaciers and ice 
caps, based on the idea that most are currently out of equi-
librium with current climate and still need to complete their 
adjustment to past climate changes. The delayed adjustment 
is equivalent to approximately 18 cm sea level rise (averaged 
over the entire globe) in the next couple of decades. This 
represents a lower bound, as global temperatures are almost 
certain to continue increasing over the next century, causing 
additional ice mass losses.
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Downstream impacts of 
changing glaciers, snow and ice

The importance of glaciers for freshwater supply to 
downstream populations

Water is stored in glaciers in the form of snow (short-term 
reservoir) and ice (long-term reservoir), and is released by 
melting after some delay. At first, the most recent snow cover 
(e.g. from the previous accumulation season) melts and later 
snow from previous years that is located in the accumulation 
area melts. Both contributions do change the storage of short-
term reservoirs. The ice that melts at the same time in the 
ablation region is much older (tens to thousands of years) and 
reduces the long-term reservoir that is in principal replaced 
by glacier flow. For a glacier extent that is in balance with cli-
mate, the amount of ice that is melting at the glacier tongue 
is replaced by the supplies from ice flow. The latter changes 
only slowly and in response to the long-term mass balance 
history. In this regard the mass balance in a specific year can 
be seen as the direct and un-delayed response to the annual 
atmospheric conditions, whereas the advance or retreat of a 
glacier tongue is a delayed, filtered and enhanced response to 
a (more long-term) change in climate.

On an annual time scale, the water that comes from a glacier-
ized catchment is the sum of the precipitation and the melted 
snow and ice (minus some evaporation). Both contributions 
can have a pronounced seasonality (e.g. spring-time snow 

melt, glacier melt in summer, highest precipitation in autumn) 
and will thus strongly vary by region and degree of glacieriza-
tion. On a decadal time scale, also a change in the long-term 
reservoirs will have an impact on runoff characteristics, as a di-
minishing glacier cover will produce less meltwater. However, 
in the coming decades there can also be first an increase of the 
glacier contribution to runoff (e.g. Huss et al. 2008), in particu-
lar when large glaciers are located in the catchment, that adjust 
their size only with some delay to the climatic forcing.

The role of glaciers on river flow can therefore be summarized 
as: (i) influencing daily and seasonal patterns of river flow, 
and (ii) increasing or decreasing total annual flows through 
long-term changes in the reservoirs, i.e. the area covered by 
glaciers and their respective volume. The impact of both ef-
fects on river flows further downstream depends crucially 
on the magnitude of other components of the hydrologi-
cal cycle (e.g. rainfall, evaporation, groundwater flow), and 
thus varies greatly between regions (Immerzeel et al., 2010;  
Pellicciotti et al., 2010).
 
The influence of glaciers on seasonal distribution of river 
flow is strongly dependent on annual temperature and pre-

Glacier melt contributes to river flow in many parts of the world, so changes in glacier 
mass can affect the availability of freshwater supply at diurnal, seasonal and multi-annual 
timescales. The importance of the glacial contribution to runoff depends on the magnitude 
of other components of the hydrological cycle, and is thus regionally highly variable.
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cipitation cycles, and the proportion of the catchment occu-
pied by glacier ice. Figure 4 compares precipitation and river 
flow data for heavily and lightly glacierized catchments in 
the European Alps and Peru. In the European Alps, runoff 
is greater than precipitation in summer in both heavily and 
lightly glacierized catchments. This is because the Alps expe-
rience a large seasonal temperature cycle, and precipitation 
falls as snow in winter, providing a source of meltwater into 
the summer even where no glaciers are present. In Peru, on 
the other hand, temperature varies less throughout the year 
and there is less annual variation in snow cover. Thus, runoff 
is much greater than precipitation in the dry season (June–
August) in heavily glacierized catchments, but not in lightly 
glacierized catchments. The implication is that the removal of 
glaciers from catchments will have a much larger impact on water 
resources in Peru than in the European Alps. Without a glacial 
source of meltwater, river discharges closely follow the pre-
cipitation cycle, with very little runoff in the dry season. 

Figure 4: Seasonal patterns of precipitation (Cp) and runoff (Cq) coefficients in heavily glacierized (top panels of the Vent (41% 
glacierized) and Llanganuco (33% glacierized) and lightly glacierized catchments (bottom panels Tumpen (2% glacierized) and 
Querococha (3% glacierized)), in the European Alps (left) and Peru (right), respectively (Kaser et al., 2003). 

In general, the impact of glaciers on the seasonal distribution 
of river flow is greatest where: i) ice melt occurs during a dry 
season; ii) glacier meltwater flows into semi-arid areas; and/or 
iii) small annual temperature cycles mean that there is little sea-
sonal variation in snow cover. Conversely, the seasonal effect is 
smaller where there is significant precipitation during the melt 
season, such as the monsoonal central and eastern Himalaya. 

Reduction of the mass of glacier ice in a catchment will increase 
the annual river flow, so it will be greater than the precipita-
tion total. This extra component of river flow has been called 
the ‘deglaciation discharge dividend’ (Collins, 2008), and will 
increase if melt rates rise in a warming climate. As glaciers 
shrink, however, the discharge dividend decreases because a 
smaller area of ice contributes meltwater. This will be the long 
term result. For the coming decades the areas will not change 
much, but the melt will nevertheless strongly increase due to 
downwasting of the flat and thick tongues from large glaciers. 
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Eventually, when glaciers vanish completely, the discharge dividend 
is zero and annual river flows are equal to the precipitation. In 
a review of data from mountain regions in North and South 
America, central Asia and the European Alps, Casassa et al. 
(2009) showed that higher latitude/higher altitude glacier ba-
sins are still in the increasing glacier runoff stage, while some 
lower latitude/lower altitude basins are already experiencing 
decreased glacier runoff due to climate warming.

River discharge increases up to a point during the shrinking 
of glaciers, and the contribution to river flow is flow is great-
est where glaciers occupy a large fraction of the catchment 
(i.e. in the high mountains), and progressively decreases 
downstream. This is because the glacial contribution to run-
off decreases with increasing distance from the glacier fronts, 
as the river flow is supplemented by precipitation, ground-
water flow, and tributary rivers from non-glacierized catch-
ments. In some publications, estimates have been made of 
the glacial contribution to river flow for major river systems 
(e.g. Xu et al., 2009). Such statistics are misleading, because 
the percentage varies along the course of the river. Detailed 
analyses of individual river basins are unavailable at the time 
of writing, and are urgently needed. 

Downstream variation in the impact of glacier recession is 
illustrated in Figure 5, which shows modelled river flows for 
idealized catchments under climates representative of the 
western and eastern Himalaya and a 0.06º C per year warm-
ing scenario. In the upper parts of the river basins, where 
glaciers occupy 95% of the catchment area, the impact of gla-
cier shrinkage is large. River discharges increase until mid-
century, after which they decline to a base level equal to the 
annual precipitation totals. When larger catchments are con-
sidered, the percentage glacierized area is smaller, and the 
impact of glacier shrinkage is much reduced. For modelled 
catchments with an area of 5,000 square km and 1% glacier 
cover, the impact of deglaciation is barely detectable in the 
‘eastern’ area, where there is high monsoon precipitation in 

 Figure 5: Modelled impact of glacier shrinkage in hypotheti-
cal river basins in climates representative of the western (a) 
and eastern (b) Himalaya. Note that the river discharge (Q) 
has a logarithmic scale. (Rees and Collins, 2006).
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summer. The effect is more significant in the ‘western’ area 
with its dry summer, but the downstream decrease in impact 
is still clearly evident. 

It should be noted that the patterns of river flow shown in 
Figure 5 are not intended to be realistic predictions of what 
will happen to river flows in the Indian Subcontinent, but 
to illustrate the general principle that the impact of glacier 
mass loss will decrease downstream, and will be regionally 
variable, depending on glacier area, the rate of glacier melt, 
and the magnitude and seasonal distribution of precipitation 
in the catchment. Semi-arid regions are likely to be the most ad-
versely affected, whereas the effect of glacier retreat in monsoonal 
Asia will probably be buffered by other components of the hydro-
logical system. While the results indicate that the more alarm-
ist predictions of the impacts of climate change are highly 
implausible, they do support the idea that glacier recession is 
likely to have a major impact in some areas. Detailed scien-
tific studies of specific regions are urgently needed. It is how-
ever also clear that glacial melt is not the only factor impact-
ing intensity and timing of water flow. Timing and intensity 

of the monsoon, other rainfall and especially land use prac-
tices such as deforestation, overgrazing, agricultural systems 
and settlement patterns are, on average, even more important 
for water flow in the lower and thus more densely populated 
parts of the catchments.

Effects on humans and livelihoods

Supply of and changes in meltwater and runoff from glaciers in 
high mountains can affect human populations and livelihoods 
in a number of ways. The term ‘livelihood’ includes the capa-
bilities, assets (material and social resources), and activities 
for ensuring means of living (Carney 1998). Sustainable liveli-
hoods deal with the idea of coping with and recovering from 
stresses and shocks (resilience). Climate change and more 
variability in water flow resulting in either too much water or 
too little water increases the vulnerability of mountain liveli-
hoods. Downstream impacts of changes in water flow from 
high mountain glaciers may affect different aspects of human 
livelihoods. The agricultural and food production systems will 
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Impact of climate change in the Hindu Kush-Himalaya mountains on water resources and 
overall economy of Pakistan
Amir Muhammed, National University of Computer and Emerging Sciences, Islamabad, Pakistan

CASE STUDY

Pakistan is a low-income developing country with widespread 
poverty and related socio-economic problems. Agriculture is 
the dominant sector of the national economy. Being mainly 
an arid to semi-arid country, agriculture production is largely 
dependent on the availability of irrigation water. Pakistan has 
one of the largest man-made contiguous irrigation systems 
in the Indus basin which is based on the water available from 
the Indus River and its tributaries. Part of the Indus river flow 
is provided by glacial melt from the glaciers of the Himalayan 
Mountains, the proportion depending on location.

Pakistan desperately needs to increase its agricultural produc-
tion to meet the growing needs of the burgeoning population 
and to improve its economy. The country is already short of 
irrigation supplies to meet the current requirements. Climate 
change scenarios for the next about 50 years project higher 
temperatures in the high Himalayas resulting in more rapid 
melting of the glaciers which are an important source of water 
of the Pakistani rivers. It is projected that after initial increase 
in the river flows for 2–3 decades, the flows will decrease sub-

stantially resulting in greatly reduced supplies in the vast irriga-
tion system. This will result in a major setback to the national 
agriculture and the overall economy. Several comprehensive 
studies have been undertaken on the overall availability of wa-
ter supplies and the national requirements for the irrigation, 
domestic and industry sectors and these predict a major short-
fall in the availability of water even for the most urgent require-
ments. This critical situation requires comprehensive analysis 
and identification of measures to mitigate the situation, arising 
mainly from climate change in the high mountains resulting 
in rapid melting of the glaciers and eventually shrinking of the 
glacier size and reduction in the resulting river flows. Reduced 
water availability coupled with the increase in ambient temper-
ature in most parts of Pakistan will result in a critical situation 
for the national economy. Some of the measures being consid-
ered are building of additional dams to store surplus water dur-
ing monsoon season, change in the cropping patterns to suit 
the changed climatic situation and water availability, increased 
emphasis on water use efficiency and gradual reduction in area 
under water-intensive crops like rice and sugarcane.

be affected by water stress. UNDP (2006) has estimated a 30% 
decrease in crop yields in Central and South Asia by the mid 
21st century due to increased temperatures and water stress. At 
the same time, crop yields may increase at higher altitudes and 
latitudes because of decreased frost and cold damage.

Changes in water flow can affect human health in a number 
of ways. Higher temperatures may lead to increased endemic 
morbidity and mortality due to diarrhoel and vector-borne 
diseases such as malaria, primarily associated with floods 
and droughts in the Himalayas (ICIMOD, 2007), but pos-
sibly also in other mountain regions. A warmer climate at 
higher altitudes may however also reduce the need for fuel 
wood and thus reduce the frequency of associated respiratory 
diseases which are often prevalent in mountain communi-
ties. Mountain infrastructure such as hydropower plants, 

roads, bridges and communication systems are at risk with 
climate change and more variability in water runoff. With in-
creased frequencies of landslides and flash floods, technical 
installations will become more vulnerable, and reduced water 
flow in dry seasons will make it even more difficult to meet 
energy demands. 

Other effects may be related to changes in forest ecosystems and 
forest productivity. Tourism could be both positively and nega-
tively affected. More natural hazards could mean increased dan-
ger when travelling across high mountain routes and possibly 
also reduced attractions if mountain environments lose signifi-
cant portions of the glacial landscape. At the same time, warmer 
and drier periods in parts of the annual cycle could also make it 
more attractive for some tourism segments to travel at higher 
altitudes (Benniston, 2003; Jianchu et al., 2007).
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Figure 6: Upper Salzach catchment with the outlet at Mittersill (MI) at 780 m a.s.l. Mount Großvenediger (GV) at 
3666 m a.s.l. is the highest peak in that area. Dark grey areas indicate glaciers. Rings, dots and crosses show meteo-
rological stations within and outside the basin. Arrows show glaciers with mass balance observations.

Contribution of glacier melt to river runoff in a medium sized Alpine catchment
Gernot Koboltschnig, Dept. for Water Management Amt der Kaerntner Landesregierung, Provincial Government of Carinthia, Austria

CASE STUDY

The contribution of glacier melt was investigated for the 5% 
glacierized Upper Salzach catchment area (593 km²) in the 
eastern European Alps. The basin is situated in the north of the 
Hohe Tauern region in the central Alps of Austria (Fig. 6). The 
land cover of the Upper Salzach watershed is dominated by 
coniferous forests as well as grassland and rocky areas. Settle-
ments can mainly be found in the valleys, whereas Mittersill is 
the largest village with a population of about 5500 inhabitants. 

For this study the hydrological model PREVAH was applied us-
ing an advanced temperature-index approach on an hourly time 
basis and driven by air temperature and precipitation observa-
tions from in and around the basin (Koboltschnig et al., 2008). 

The model was calibrated in a 3 year period and validated in anoth-
er 3 year period based on a two-step procedure using observed dis-
charge and satellite derived snow-cover distribution. Nash-Sutcliffe 
Efficiency Criteria (R²) of the hourly discharge simulations were be-
tween 0.83 and 0.89 with the exception of the extreme summer of 
2003 which had an R² of 0.74. The reliability of model results was 
good as the model simulated all components of the hydrologic cy-
cle considering the water balance. By applying a multi-criteria result 
validation approach, not only the discharge at the basin outlet was 
used for validation purposes, but the simulated snow cover area 
(SCA) was also compared to satellite observations of SCA. Addi-
tionally, simulated glacier mass balances were compared to nearby 
observed glaciers. In contrast with other studies where an excess 
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melt is calculated, the glacier melt contribution in this study consid-
ers the entire firn/ice melt of glaciers, which can be above zero even 
in years with a positive glacier mass balance. 

Simulated contributions of glacier melt (firn/ice melt) to annual 
total runoff were calculated between 1 and 4%. In the period 
1999–2000, when the glacier mass balance of Goldbergkees 
and Stubacher Sonnblickkees have been observed to be zero or 
slightly above zero, the annual contribution of glacier melt was 
calculated as 1% (Fig. 7). The highest monthly contribution in 
2000 was 4% for the month of August, and the highest daily 
glacier melt was 12% on 26 August 2000. 

The exception was the outstanding hot and dry summer in 2003, 
when glaciers contributed 15% of the annual runoff and 58% to 

the August runoff (Fig. 7). The maximum daily contribution 
was calculated as 69% for 13 August 2003. At that time the 
observed annual mass balance of the Goldbergkees was –1.8 
m and at the Stubacher Sonnblickkees it was –2.87 m. 

This study shows that the glacier melt contribution at one 
specific point along the basin drainage varies seasonally and 
from year to year depending on temperature and precipita-
tion cycles. Due to the relatively small fraction of glacierized 
areas the contribution of glacier melt in the Upper Salzach 
catchment is normally quite small, but had a respectable in-
fluence during the extraordinary hot and dry summer of 2003. 
Nevertheless the mean discharge during summer (JJA) 2003 
was only 86% compared to the long term mean JJA discharge 
(1951 to 2006) and only 80% for August 2003.

Figure 7: Observed (dotted line) and simulated hydrograph (grey) at the gauging station Mittersill and contributing fraction of ice 
melt (blue) for the normal (1999–2000) and the extreme (2002–2003) period.
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Fluctuations of mountain glaciers, and other changes in 
the mountain cryosphere, lead to shifts in the distribution 
and frequency of hazards. During glacier advances, lakes 
can form due to the formation of cross-valley ice dams, and 
during glacier retreat lakes can develop in the gap between 
frontal or side moraines and the receding ice. GLOFs occur 
when the ice or moraine dam fails, and can be triggered 
by seismic activity, landslides or avalanches from moun-
tains or hanging glaciers (Fig. 8 and 9). In the Hindu-Kush 
Karakoram, GLOFs are normally linked to the weakening 
of ice dams due to recent glacier thinning (Bajracharya et 
al. 2007). In high mountain regions, numerous moraine-
dammed lakes have formed recently due to the retreat of de-
bris-covered glaciers, leading to widespread GLOF hazards. 
Particularly affected areas include the central and eastern 
Himalaya and the Cordillera Blanca in Peru (Carey, 2005). 
At least 30,000 people have been killed by over 30 glacier 
disasters in the Cordillera Blanca region of Peru since 1941  
(Carey, 2005). 

Many of the Himalayan rivers originate from glaciers, 
and since most glaciers in this region are retreating a 
large number of proglacial lakes located between the gla-
cier tongue and the frontal moraines are growing. These 
are best described as dynamic glacial lakes systems since 
smaller lakes in some locations merge into larger water 
bodies as they grow. Focusing simply on the number of 

Glacier Lake Outburst Floods (GLOFs)
In mountain regions, potentially unstable lakes can form when advancing glaciers block 
drainage routes, or when basins open up between retreating glaciers and abandoned ter-
minal moraines. Glacier lake outburst floods (GLOFs) have caused loss of life, and loss 
of agricultural land and infrastructure. There is some indication that the frequency of 
GLOFs has increased due to climate change, and the impacts of GLOFs are very likely to 
increase in the coming decades as glacier retreat continues. GLOFs can have a very large 
impact locally, but the number of people affected by potential GLOFs is far less than 
those impacted by other types of floods.

lakes may be misleading as the number of lakes may be 
reduced while the volume of stored water increases. There 
have been at least 35 GLOF events in Nepal, Pakistan, Bhu-
tan and China during the last century. Nepal alone has 
already experienced 15 GLOFs (Fig. 10) (Richardson and 
Reynolds, 2000). 

GLOFs have also been recently reported in 2008 and 2009 
from the Northern Patagonia Icefield. In these occasions, 
an estimated 200 milion tons of water spilled into the Co-
lonia river, Chile (Dussaillant et al., 2010). More recent near 
doubling in the frequency of GLOFS in the Yarkant region 
of Karakoram, China, from 0.4 times annually 1959–1986 to 
0.7 times annually in 1997–2006 has been attributed to the 
rise in warming (Chen et al., 2010)

Although infrequent, largely unpredictable and localised, 
impacts can be devastating as shown by the GLOF in Lang-
moche valley in eastern Nepal in 1985, which washed away 
bridges, agricultural land, homes and people and impacted 
areas 90 km downstream (Vuichard and Zimmerman, 1987). 
An estimated four million cubic meters of sediment-laden 
water destroyed a hydropower station, 14 bridges, 30 houses 
and farm lands worth four million US dollars. Loss of life was 
remarkably small, because a religious festival was in progress 
and few people were in the valley bottoms. To date, GLOF 
impacts have been largely confined to mountain communi-
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ties, because farther downstream the flood peaks are gen-
erally within the range of non-catastrophic river discharges 
(Cenderelli and Wohl, 2003). In the next few decades GLOF 
impacts will likely extend farther downstream than those 
experienced to date, as climate changes lead to lake forma-
tion on larger high-altitude glaciers. So far GLOFs have 
been relatively rare events, but there is little doubt that the 
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potential for more outbursts as well as drastic consequences  
will increase. 

Five major GLOFs also took place in April, October and De-
cember 2008, and again in March and September 2009 in the 
Northern Patagonia Icefield, Chile (Dussaillant et al., 2010). 
On each event, the Cachet 2 Lake, dammed by the Colonia 

Figure 8: Formation of ice dammed lake by an advancing (surging) glacier: Medvezhi Glacier, Pamirs.
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 Figure 9: ASTER image of retreating glaciers and mo-
raine-dammed lakes in Bhutan (28 October 2009). The 
large lake to the right (Luggye Tsho) partially drained in 
1994, carving the prominent flood track and causing wide-
spread damage and loss of life downstream.

Glacier, released circa 200 million tons of water into the 
Colonia river. The lake has rapidly refilled, suggesting 
high risk of further GLOFs. Indeed, the peak discharge 
was estimated to surpass 3000 m3/second. Such events 
may in the future endanger continued hydropower devel-
opment in the region (Dussaillant et al., 2010).

Large glacier lakes do not necessarily imply high risk of 
flooding, however, and GLOF risks depend on site-spe-
cific factors such as moraine-dam stability and triggering 
mechanisms. Given the physical and economic damage 
that glacial hazards can cause, it is important to be able 
to identify and define the degree of hazard objectively. 
Over the last decade or so significant advances have been 
made in the use of Remote Sensing techniques to map, 
classify and categorize glacial lakes. These methods have 
been used not only to monitor changes in the glacial lake 
systems but also to identify areas where lakes have the 
potential to form and grow perhaps two to three decades 
into the future, based on the rate of ice flow, low sur-
face gradient of the debris-covered glacier, and negative 
mass balance. Similarly, advances in ground-based sur-
vey methods, such as the use of geophysical techniques, 
have helped to provide information about the integrity of 
the moraines themselves. It has been demonstrated that 
by using Multi-Criteria Analysis it is possible to gauge 
the degree of glacial hazard quantitatively. By analysing 
a given glacial lake system, basic threshold parameters 
such as lake volume, moraine dimensions, etc., can be 
determined. Similarly, parts of the same environment 
that could trigger a lake outburst, for instance, can also 
be identified and rated so that a hazard score can be as-
signed by which it can be graded. This affords a method 
of prioritising lakes objectively within a whole catchment 
or region. As climate continues to change, the nature of 
glacial hazards in a given region also has the potential 
to alter with time. Debuttressing of steep rock slopes as 
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glaciers down-waste, thawing of permafrost, changes to the 
boundary between cold-based and polythermal glaciers, and 
potential buoyancy of previously submerged stagnant ice 
masses within lakes, are some of the features that might be 
expected to become evident. 

Climate change is affecting the supply of water from down-
wasting glaciers with severe consequences in terms of water 
resource management. When a GLOF occurs it can cause 
major changes to the course and characteristics of an affect-
ed river system, often for many years afterwards. Commu-
nities can suffer damage to houses, bridges, paths, access 
to grazing lands, and valuable food-producing land can be 
destroyed. Increased geotechnical effects are observed such 

as more landslides resulting from greater erosion of the toes 
of unstable slopes, and loss of agricultural land and forestry. 
Suspended sediment loads increase in the river water, with 
effects on the river ecology and resulting in greater abrasion 
of hydropower turbine blades and greater rates of sedimen-
tation. All of these changes have economic as well as physi-
cal consequences. 

The vulnerability to GLOFs varies from region to region de-
pending on terrain, land use patterns and population den-
sity as well as the likelihood of the dams breaching. A great 
number of people are potentially in danger should the lakes 
classified as dangerous in the Hindu Kush-Himalayas drain. 
In most cases, there would be little or no warning, with insuf-
ficient time for complete evacuation. Much larger numbers of 
people would be affected through loss of property, farmland 
and livelihoods. Damage to households, private property and 
agricultural lands would be in the range of several tens to 
possibly hundreds of millions USD (Khanal 2010). A major 
concern should GLOFs increase is the subsequent damage 
to hydropower stations downstream. Early warning systems 
are clearly needed, but difficult and costly to implement. 
Given the vastness and remoteness of the mountain areas 
and GLOF locations in question, remote sensing techniques 
appear as the only feasible means to achieve reasonable pre-
dictions of potential GLOFs on a larger scale (Qincey et al.,  
2005; 2007).

Siphons have also played a key role in remediation of lakes 
in the Cordillera Blanca, Peru, and have helped reduce the 
volume of a lake that, when it eventually breached, only af-
fected the immediate area downstream, with no loss of life or 
significant damage. The affected lake was later safely remedi-
ated by constructing a series of four tunnels separated by 5 
m vertically through bedrock into the base of the lake. On 
11th April 2010, a rock and ice avalanche cascaded into this 
lake and produced an avalanche push wave about 28 m high 
that overtopped the rock dam and flooded downstream affect-
ing farm land and destroying the water supply for the local 
town.  However, no-one was killed. The remediation under-
taken in 1993 had lowered the lake level by 20 m providing 
a freeboard of 23 m. Consequently the bulk of the push wave 
was retained within the rock basin, significantly reducing the 
flood volume and attenuating the peak flow rate.  It is thought 

Figure 10: Cumulative frequency graph of GLOFs in Nepal, 
Bhutan and Tibet. The best-fit line suggests an increase in 
GLOF frequency through time, although older events may be 
under-reported. GLOFs also took place in Patagonia, Chile in 
2008 and 2009 (Dussaillant et al., 2010)(From Richardson 
and Reynolds, 2000).
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that, had the remedial work not been undertaken at this lake, 
the number of fatalities in April would have been measured 
in the hundreds.

The Peruvian authorities have had substantial experience in 
the remediation of glacial lakes, having undertaken the first 
works in response to the catastrophic inundation of Hua-
raz in 1941, which resulted in over 5,000 fatalities (Carey, 
2009). The types of engineering works undertaken since 
then include the construction of open channels, culverts 

within engineered dams, siphons and tunnels. Indeed, the 
remediation of Laguna Parón not only gave a way of control-
ling the lake for the purpose of hazard management but also 
to provide a means of controlling water flow into the local 
river system to use the water reservoir as a resource. There 
is now considerable interest in the control of glacial lakes 
as part of the management of water resources, and for lo-
cal electrification and larger scale hydropower generation, 
as well as for protection of major infrastructure and down-
stream communities.

GLOF hazards in Bhutan and the management of glacial lakes in high mountain environments
John M. Reynolds, Reynolds International Ltd, UK

CASE STUDY

The potential for glacial lakes to cause devastation became re-
ality in Bhutan on the 7th October 1994 when Luggye Tsho, one 
of the lakes in the Lunana region, burst through its left lateral 
moraine (see Fig. 8–10). The ensuing Glacial Lake Outburst 
Flood (GLOF), which contained an estimated 18 million cubic 
meters of water, debris and trees, swept downstream, killed 21 
people, and travelled over 204 km before crossing the border 
into India and finally dissipating. On the 30th April 2009, Tsho-
jo Glacier is thought to have been the source of an outburst 
that caused panic downstream at Punakha, where the fatalities 
occurred in the 1994 flood. No loss of life has been reported 
from this latest event. Over the last ten years a significant 
amount of work has been and is being done in Bhutan to ad-
dress the issue of hazardous glacial lakes. Not only is this im-
portant in order to preserve life and protect property; it is also 
vital if Bhutan is to develop its substantial hydro-electric power 
generation potential. Having identified and prioritised its haz-
ardous glacial lakes, the Government of Bhutan has taken prac-
tical measures to mitigate Raphstreng Tsho between 1996 and 
1998 by constructing an open channel to lower the lake level 
by several metres. However, in 1998 the adjacent Thorthormi 
Glacier was found to be downwasting, breaking up in parts, 
and developing interconnected supra-glacial ponds extremely 
rapidly. It was identified as being potentially the most hazard-
ous glacial lake in Bhutan. 

Indeed, as predicted, the lakes have coalesced and enlarged; 
the ice-cored moraine dam separating them from the lower-

lying Raphstreng Tsho has degraded significantly since 2004. 
It is estimated that if Thorthormi lakes burst into Raphstreng 
Tsho and hence downstream, it could generate a GLOF with a 
potential volume greater than 53 million cubic meters of water, 
nearly three times the volume of the 1994 flood, and cause sub-
stantial damage downstream and into northern India again. In 
recognition of the growing urgency to mitigate the situation, 
a $7.8 million program to lower the Thorthormi Glacier lakes 
was sanctioned by the UNDP and is due to commence in  
June 2009. 

Mitigation works both at Raphstreng Tsho and Thorthormi Gla-
cier represent significant logistical and technical challenges in 
such remote locations. The cost of the latter project is over 2.5 
times more expensive than that of the Tsho Rolpa GLOF Risk 
Reduction project to remediate the 110 million m3 glacial lake 
in Rolwaling, Nepal, which was completed in July 2000. This 
comprised the excavation of a 100 meter long open channel 
with sluice gates that allowed the controlled lowering of the 
lake by 3.5 m. Although a major piece of engineering construc-
tion, where all the heavy machinery had to be airlifted to site 
in parts and rebuilt, it represents only an interim remediation, 
with a further lowering of the lake by 11.5 m having been rec-
ommended to achieve sufficient volume reduction to afford an 
internationally accepted Factor of Safety. Tsho Rolpa was also 
significant in that it was the first place in the Himalayas where 
siphons had been used. Siphons were installed in 1995 and ran 
without significant maintenance for 18 months. 
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While GLOFs can be considered a special type of flash flood, 
flash floods in general can originate in different ways and are 
affected by multiple processes. Perhaps the most common are 
episodes of intense rainfall, typically in monsoon and rainy 
seasons. The phenomenon is well known to many mountain 
communities and populations living below mountain ranges. 
In many mountain communities people have learned to in-
terpret weather signs as warning of flash floods and have to 
some extent adapted reasonably well to these dangers. How-
ever, flash floods often do not follow predictable patterns, and 
there may not be much warning as the floods vary with the 
amount of rain that is discharged and can also be caused by 
rapid melting of snow and ice, something which may be re-
lated to climate change in ways not previously experienced in 
these communities. Flash floods are also caused by failure of 
man-made and natural dams and can be triggered by land-
slides and debris or seismic activity.

Flash floods pose a serious threat to people in mountain 
regions and have severe downstream effects. In contrast to 
most GLOFs which occur in sparsely populated high moun-
tain regions, a large proportion of flash floods occur in more 
densely populated middle hill and mid-mountain regions 
where social, humanitarian and economic impacts are much 
greater. Numbers are highly uncertain and most likely under-
reported, but flash floods in the Himalayas are estimated to cause 
the loss of at least 5000 people every year (Jianchu et al. 2006). 
An unknown, but probably much higher number is affected 
in a variety of negative ways. Floods destroy bridges, roads, 
buildings, agricultural lands and settlement areas. Flooding 

Flash floods
Flash floods are common to most mountain areas and a continuous challenge to water 
resources management and disaster reduction management in particular. They repre-
sent some of the most devastating types of floods due to rapid occurrences, large quan-
tities of water, high sediment content and fast moving flood waves. They are a typical 
feature of steep topography where the land has limited retentive capacity in areas with 
high variability in rainfall, such as in monsoon regions.

also increases erosion and the sediment load of the water. 
They can also lead to unusually high water flows in steep riv-
ers and have been known to exceed predictions for maximum 
flows. For example the Kulekhani hydropower plant in Nepal 
was designed for a maximum flow of 8000 cubic meters per 
second. A previous peak flow of 12000 cubic meters was re-
jected as a statistical outlier. However, in 1993 a cloudburst 
led to a flash flood with 15 000 cubic meters per second that 
severely damaged the plant. Similarly a single flash flood the 
same year knocked out half of the country’s electricity pro-
duction for several months leading to a major economic im-
pact to Nepal (NCVST 2009).

Many mountain regions are characterised by limited space 
that is both suitable and safe for human habitation. In north-
ern Pakistan for instance, communities are often located on 
or close to alluvial fans since almost any other space is unin-
habitable due to the ruggedness of the terrain. However, al-
luvial fans are frequently the core path of flash floods. Flash 
floods have significant negative impacts on socio-economic 
conditions and livelihoods. Flooding destroys productive land, 
buildings and roads, hence loss of valuable property and work-
ing capacity of communities. It also causes human injury and 
deaths, and typically elderly, children and women are the most 
vulnerable as in most cases related to natural hazards.

 Figure 11: Overview of natural disasters in Asia between 
1975 and 2004. Floods account for a very significant propor-
tion of the disasters observed.
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Seasonal floods and droughts

Seasonal or riverine floods are less contingent on glacial melt 
than the different types of flash floods. Impacts on humans 
and livelihoods from glacial melting in high regions will in 
most cases be much more localised and of a smaller overall 
magnitude than seasonal flooding in the lowlands. From a 
glacial and hydrological perspective it is unlikely that glacial 
melting will have significant impacts on the large-scale sea-
sonal flooding in the lowlands of the large river basins in the 
HKH region. 

However, human adaptation to different types of water stress 
and water hazards is a continuum of strategies and actions. 
All types of floods have potential impacts on people and liveli-
hoods, but adaptive responses vary greatly given the differ-
ent nature and magnitude of flash floods and seasonal floods. 
China, India and Venezuela are the most vulnerable coun-
tries in the world to flooding in terms of the average number 
of people exposed and killed. Predicted increases in future cli-
mate variability in the Himalayan region implies that floods 
of different types and droughts will remain a challenge to a 
significant portion of the world’s population.

Seasonal flooding can occur along all the major watersheds 
in the Himalayan region (Figure 11–14). The largest problems 
occur in flood prone areas with high population densities. 
This includes parts of northeast India, south-central Nepal, 
central and southern Pakistan, large parts of Bangladesh and 
lower reaches of the large rivers in China. In India around 
40 million people are affected by flooding annually and the 
damage has been estimated to USD 240 million as an annual 
average. Here 40 million hectares of land are at risk every 
year. An average of 1800 people are killed by floods each year 
in India, which is roughly one quarter of the total number of 
people killed in natural disasters.

In China, 8% of the middle and lower reaches of the seven 
large rivers are prone to floods. Approximately 130 million are 
exposed to flooding on average every year and around 2000 
people die in floods every year. The flood prone parts of Chi-
na house one-half of the country’s population who produces 
70% of the industrial and agricultural value of the country. 
More than 8 million hectares are flooded annually, and more 
than 100 medium to large cities have been affected by flood-
ing during the past 30 years. The resultant economic losses 
comprise almost 25% of the annual world economic loss 
caused by floods (Zhang et al. 2003). 

In Bangladesh, 86 million people were affected by natural 
disasters, predominantly floods, between 1998 and 2008 
(World Disasters Report 2009). As much as 80 million may 
be prone to flooding one way or another (FAO 2001). An aver-
age of 500–1000 die in floods annually. Around 13 000 per-
sons were killed in natural disasters in Bangladesh this ten 
year period (World Disasters Report 2009). The 1998 flood 
was the most severe in the 20th century and an estimated 30–
32 million people were affected (Hofer and Messerli, 2006). 
Major riverine floods appear on average every 3–4 years . 
Most of the northern parts of the country are affected by flash 
floods at longer cycles, approximately every 20 years. 

In Pakistan, an average of 10–15 million people are exposed 
to flooding and 250–300 people die in floods every year  
(Fig. 13 and 14). In August 2010, two weeks of intense mon-
soon rains caused major rivers to flood villages, washed away 

 Figure 12: Persons killed and affected by floods in Paki-
stan in August 2010. An estimated 20.5 million people were 
affected, over 1700 were killed, 6 million were displaced and 
1.89 million houses were destroyed. By November 2010, over 
7 million were still affected and lacked proper housing (OCHA, 
Nov. 15th, 2010)
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By early August 2010, two weeks of devastating monsoon rains 
had transformed the landscape of Pakistan, pushing rivers 
over their banks, inundating villages, washing away bridges 
and roads, destroying crops, and killing livestock. By August 
12, 2010, more than 1,600 people had perished, according to 
news reports, and the United Nations Office for the Coordina-
tion of Humanitarian Affairs (OCHA) estimated that more 
than 14 million people had been affected in some way.

(Caption by Michon Scott)

Figure 13: Nowhere in the world are so many people af-
fected as much by floods as in Asia. Every year, between 
80 and 100 million people are considered vulnerabl e or 
affected directly or indirectly by floods in Asia.
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 Figure 15: Regional flood vulnerability.

roads and bridges and croplands, including killing livestock 
and many people. An estimated 20.5 million people were af-
fected, over 1,700 were killed, 6 million were displaced and 
1.89 million houses were destroyed. By November 2010, 
over 7 million were still affected and lacked proper housing 
(OCHA, Nov. 15th, 2010)

Parts of Nepal are vulnerable to seasonal flooding and an es-
timated 250–300 persons die in floods each year while 5–6 
million are physically exposed to flooding. In contrast Bhutan 
is to a much smaller extent exposed to large scale seasonal 
flooding and vulnerability here is largely associated with flash 
floods (FAO 2001). Only a few persons are killed each year. 
200 persons are reported killed by natural disasters during 
1998–2008. However around 200 000 are thought to be ex-
posed to flooding each year.

 Figure 14: Recent flood events in Hindu Kush-Himalaya.

Since Asia comprises a large portion of the World’s popula-
tion, and more than 40% of all the floods in the world occur 
in Asia, a large number of people are affected by disasters 
(Fig. 14). More than 40% of the people killed by natural di-
sasters are killed in Asia (Fig. 15). In the ten-year period from 
1999–2008, 402 floods were recorded in Africa, 342 in the 
Americas, 259 in Europe and 649 in Asia. In the same time 
period close to 1 billion people were affected by floods in Asia 
whereas the corresponding figures for Europe were around 4 
million, for the Americas 28 million and Africa 22 million. 
The vast majority of people either injured, made homeless 
or otherwise affected by natural disasters on a global basis, 
i.e. 80–90% live in Asia. As a rough estimate floods appear 
to cause 20–25% of all deaths associated with natural disas-
ters across Asia (World Disaster Report, 2009, USAID, 2007, 
UNU-IAS, 2008).
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Challenges ahead

Data availability and accessibility

Improved understanding of the effect of climate change in 
high mountains on downstream communities and water re-
sources will require significant efforts to develop databases 
and analytical capacities. Currently most projections of cli-
mate change are based on general circulation models (GCM) 
which attempt to mathematically model interactions between 
oceans, atmosphere and large land areas, typically on the 
order of hundreds to thousands of square kilometres. The 
models present two significant challenges. Firstly, the models 
have a low resolution and have a very limited capability to pro-
vide detailed predictions for smaller areas. Large mountain 
regions like the Himalayas and Andes are extremely diverse 
and complex in terms of geography, ecology and socio-cul-
tural conditions, and there is a great need for higher resolu-
tion models with better predictive capacity at smaller scales. 
Secondly, the current models are in themselves uncertain as 
our understanding of climate change is limited, i.e. we have 
limited knowledge of the key natural processes and of which 
choices we will make in the future with regards to energy con-
sumption and greenhouse gas emission. 

Extensive coordination and cooperation among mountain 
nations and institutions is required in order to fill data gaps 
and develop regional assessment models. In some cases rel-
evant data sets exist on a national level, but are not acces-
sible for regional analysis and cooperation due to strategic or 
other reasons. In any case current databases and capacity is 
limited and several factors play a part; the number of years 
of observation (often short term), quality and availability of 
data, distribution of observation networks, capacity to ana-
lyze and compute data, financial constraints, and lack of time 
to achieve required results. Currently the paucity of data in 
many areas, the lack of institutional capacity to analyze, cor-
rect and verify data and short duration of data records limit 
the validity of current models.

Modelling water flow is complicated

Mountain regions contribute a substantial proportion of the glob-
al river runoff (Viviroli et al., 2003; Viviroli and Weingartner, 
2004), but modeling this runoff and future variability in time 
and space due to climate change is highly complicated. The pro-
cesses that determine the change from precipitation into run-
off are many and complex. As mentioned earlier in this report 
runoff from melting ice is often a relatively small component 
in the total runoff regime, but still highly important as a long 
term, relatively stable supply of water. As noted above, the 
broad picture indicates that in the coming decades many 
large glaciers will retreat and a high number of small ones 
will disappear completely. This could mean that the supply 
of water will be favorable to agriculture and livelihoods in the 
short term with increasing amounts of water, but it could also 
contribute to excess water levels in some areas. 

In the long run however, i.e. after a few decades when water 
levels may be drastically reduced due to the diminishment 
of high mountain glacier systems, impacts on downstream 
communities could become dramatic in some of the arid ar-
eas (ICIMOD, 2009a,b; UNEP, 2009; 2010a,b).

However, climate change does not only indicate higher tem-
peratures, but also changes in overall precipitation, evapo-
transpiration, and changes in the balance between rain and 
snow which has great implications for runoff rates and stor-
age of water. Intensity, amount and distribution of precipi-
tation over time are all factors of importance for modeling 
runoff and impacts to ecosystems and human populations. 

Seasonality is another factor that will affect mountain regions 
around the world differently. Most mountain areas have sea-
sonal patterns to annual runoff regimes. In areas with mon-
soons, runoff from glacial melting is particularly important 
in the shoulder seasons. There are already many signs of 
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more variation in seasonal weather patterns in high moun-
tain ranges. Given current patterns and predictions, a likely 
scenario in the long run is that the monsoon becomes more 
variable, and that the water flow in the dry season is further 
reduced, in some cases to critical levels, due to disappearing 
glaciers (Jianchu et al., 2009).

Because the impact of glacier melt on river regimes is so vari-
able between regions, it is vitally important to model hydrolo-
gical impacts of climate change on a catchment-by-catchment 
basis. This task presents considerable challenges due to the 
great number and diversity of glaciers in high mountain catch-
ments, complexity of the terrain and local microclimates, and 
lack of data on many components of the hydrological system. 
Until such studies are conducted, however, any predictions 
about the impacts of climate change remain speculative.

Regional differences present challenges

Mountain regions are diverse and complex ecological and so-
cio-cultural systems. The world’s high mountain ranges and 
glaciers are suffering the impacts of a global phenomenon, 
but the way these consequences are dealt with will need to 
vary considerably with the local context. Mountains regions 
are and will be among the most impacted regions in the 
world, but current policies and actions aimed at alleviating 
impacts of climate change do not adequately benefit moun-
tain regions.Furthermore, the diversity and heterogeneity of 
mountain ecosystems mean that adaptation and mitigation 
strategies must be tailored to specific natural- and livelihood 
conditions in order to be effective. The span between adapta-
tion and mitigation should be thought of as a continuum. A 
particular strategy for storing water or food may work well in 
a particular setting, but have little or no relevance in another 
context. However, while recognizing the challenges related 
to regional differences in mountain settings, these areas also 
require global solidarity and concerted regional cooperation. 
Adaptation is in many cases about making micro-level chang-
es within national responsibilities, but the large mountain 
regions also need regional, and even transboundary actions. 
Many watersheds and river systems in high mountain areas 
flow across more than one country. The established national 
and bilateral perspectives on water management will not suf-

fice for dealing with future challenges. In a likely future of in-
creased water scarcity in the dry season and enhanced hazards in 
the rainy season the pressure to find improved means to deal with 
too much water and too little water will increase dramatically.

This can only be addressed through integrated water resources 
management across broader scales.

Water stress impacts food security

In the future, many regions will undoubtedly experience 
water scarcity (UNEP 2010). Firstly, population growth is 
increasing the demand for water, and while 20 to 30% of 
current global water consumption is by households and in-
dustry, rising populations will also increase the agricultural 
production demand for water. Secondly, the higher demand 
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will have doubled worldwide and over half of the world’s cere-
als will be used to feed livestock, compared to one-third today. 
Indeed, this cereal alone could have fed the entire projected 
population growth. Instead, unless changes are made, our wa-
ter consumption to grow irrigated cereals for animal feed will 
have to increase by at least 30–50%, if not more, simply to sup-
port heavily fertiliser-based production schemes. In some re-
gions, as in Pakistan, water demand will increase by 50–70% 
by 2050, while availability will decline at the same time.

Irrigated croplands, mainly rice, in the watersheds of major 
Asian rivers are all to some extent depending on runoff from 
the high mountain regions in addition to monsoon rains 
which also recharge groundwater reservoirs. Given the high 
level of uncertainty regarding future runoff levels, and also 
the highly variable contribution of glacial water and snow-
melt from the mountains, future agricultural production also 
faces significant uncertainty. For rivers like the Indus, Syr 
Darya, and Amu Darya, a major decline in the water flow will 
have devastating impacts on food production and domestic 
availability, as there are few, if any, alternatives to this water.

The irrigated cropland in the basins of those Asian rivers 
that are most dependent upon the mountains for water flow, 
comprises approximately 857,830,000 ha. The average pro-
duction of irrigated rice is projected at 6 tonnes/ha (range 
2–10 tonnes/ha), compared to 2–3 tonnes/ha for non-irrigat-
ed land (average of both combined, about 3.3 tonnes/ha in 
Asia). Water from the Hindu Kush-Himalayas and the central 
Asian mountain region thus supports the production of over 
500 million tonnes of cereals per year, equivalent to nearly 
55% of Asia’s cereal production and 25% of the world pro-
duction today. By 2050, as projected by FAO, global cereal 
production needs to be around 3000 million tonnes in order 
to meet demand. However, some estimates suggest that due 
to environmental degradation in the watersheds, floods, and 
reduced water flow due to climate change in the Hindu Kush-
Himalayas, cereal production in Asia could become 10% to 
30% lower than projected demand, corresponding to a 1.7–5% 
global reduction in cereal production (Nellemann and Kalten-
born, 2009; UNEP, 2009). While we do not at this stage have 
any good projections, the numbers do reveal how important 
irrigation water and flood control is in the Hindu Kush- 
Himalayas region for global food security (UNEP, 2009).

for cereals for production of animal feed and for human con-
sumption will increase water demand by an additional 30– 
50% within a few decades; and perhaps by 70–80% by 2050. 
Thirdly, climate change may not only disrupt monsoon pat-
terns, it may also significantly alter the main flow and season-
ality of many of the large Asian rivers within a few decades, 
with disastrous impacts on food production as a result (Nel-
lemann and Kaltenborn, 2009).

The demand for food and irrigation water will continue to in-
crease towards 2050 as a result of population growth of an 
additional one billion people in Asia, increased incomes, and 
growing consumption of meat. In Pakistan, for example, one 
of the countries with the highest water scarcity and extreme 
dependency on the Indus River, the population is projected to 
increase by 82% from around 184 million in 2010 to around 
335 million by 2050. By then, meat consumption per capita 
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Mitigation and adaptation to 
climate change and water stress

There are also signs that increasing climate variability is ex-
ceeding the traditional knowledge of how to cope with en-
vironmental stress (ICIMOD, 2009a–b). Furthermore, the 
upstream-downstream linkages and the high dependence of 
lowland communities on upland water resources is becoming 
a critical issue of global proportions. Climate change will have 
impacts on the entire hydrological cycle in mountain areas 
(Eriksson et al., 2009) and high mountain glaciers will play a 
significant role in the uncertainty of future water supply. Fu-
ture adaptation will need to be planned through state and oth-
er formal institutions, as well as through autonomous actions, 
i.e. actions and strategies by people in their local environment. 

The predicted climate changes will require massive adaptation 
in upstream as well as downstream locations. While fatalities 
and extreme events such as GLOFs may catch extensive me-
dia attention, it is clear that the required responses to climate 
change and variable water flow from high mountains must 
be of different types and on different levels. Vast numbers of 
people are affected in some regions by floods and droughts, 
in the case of Asia up to hundreds of millions each year. In 
contrast, relatively few people are actually killed by these di-

sasters. For instance in one district in Western Nepal floods 
killed 26 people in the year 2008, but more than 2000 houses 
were completely damaged and 13 000 houses were partially 
damaged, and large food reserves were lost (Dixit et al., 2009). 

Floods and other disasters lead to serious health risks, deg-
radation of livelihoods, food insecurity and general decline 
in quality of life. Short term responses will in many cases still 
be disaster management, but in the medium and long term per-
spective the focus must be on adaptation to significant changes in 
environmental conditions and runoff from high mountain glaciers 
and watersheds. 

Vulnerability is already high and imminent in many moun-
tain regions as well as in downstream plains housing large 
portions of the world’s population and it will increase in the 
future as the populations in exposed areas increase and as the 
effects of global warming are felt in these areas. In the Hima-
laya as well as the Andes, droughts and flooding will become 
more common, as will wind and cyclones, diseases and pests, 
soil erosion, and losses of soil organic matter (IIED, 2009; 
Leduc, 2009). Even in the Alps, a fairly prosperous region, 

People living in mountain regions across the world are used to environmental change 
and are regularly dealing with too much or too little water, both conditions often occur-
ring within the same season or within short periods of time. Hence many mountain 
peoples have developed a series of strategies for dealing with a dynamic environment 
and have considerable adaptive capacity. For instance, many Himalayan farmers are now 
increasing food and water storage capacities to better prepare for floods and droughts 
(Dekens and Eriksson 2009). However, most mountain regions are now experiencing 
greater ranges and rates of change, that likely will stress and in many cases exceed the 
adaptive capacities of the social-ecological systems.
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many farmers now lack the water they need to irrigate their 
fields, especially in the drier valleys that lie in the rain shadow 
of high ranges (Orlove, 2009).

Living in high mountain regions like the Andes and the Hi-
malayan region is a daily challenge as the remoteness com-
bined with the harsh environment and limited infrastructure 
hampers mountain peoples’ economic development (IIED, 
2009; Leduc, 2009). Mountain peoples’ livelihoods are large-
ly based on agriculture, livestock raising, exploitation of natu-
ral resources, small scale trade and migration (Leduc, 2008). 
People are used to seasonal and daily climate variability and 
variation in climate conditions at different altitudes and on 
slopes with different exposures (Rhoades, 2007). Traditional 
land-use systems have adapted to these variabilities through 
farming with complex soil and water management, a rich di-
versity of crops and varieties, and planting schemes adapted 
to altitude (IIED, 2009). Livestock is moved to graze on the 
high summer pastures after the snow has melted (Mountain 
Partnership, 2002). 

Since mountain peoples are highly dependent on these natu-
ral resources to meet household needs, loss of biodiversity 
will have a great impact on people’s health, as well as their 
livelihoods (Leduc, 2009). For the Tibetan culture and liveli-
hoods, for instance, the alpine environment represents the 
highest diversity of plants used for medicine, food, graz-
ing, wood, as well as cash from market sales. Changes in 
the mountain biodiversity will consequently impact Tibetan 
medicine, herding and economy (Salick et al., 2009).

New and more effective systems in both capturing and storing 
water will become essential. This means both improved land 
management and improved storage methods, as well as tra-
ditional knowledge may provide important answers (Shresta 
2009). In order to understand the potential for water storage 
for climate change adaptation, one must fill considerable data 
gaps and analyze natural storage systems in the cryosphere 
and biosphere as well as constructed systems. Natural sys-
tems include glacial lakes, snow, ice, soil moisture, groundwa-
ter aquifers, natural water bodies and wetlands. Constructed 
systems include reservoirs, artificial ponds, tanks, groundwa-
ter recharge systems, and temporary runoff collection areas. 
Historically, a wide range of techniques have been developed 

in different cultures to facilitate sustainable water manage-
ment. Improved techniques for storage of water can benefit 
from a combination of traditional and more current scientific 
knowledge. Potential options are the installation of new water 
capture and storage methods, as well as the re-introduction of 
some of the ancient traditional irrigation systems, such as the 
qanat, foggara, karez, and falaj systems known from desert 
regions, and the pokhari, johad and pyne systems developed 
in hill areas. The ‘zabo’ approach from Northeast India to in-
tegrate cultivation and water management in hilly, temperate 
areas illustrate well a simple but effective principle. The up-
per hills are kept forested in order to collect and store rainwa-
ter in small reservoirs, while the middle terraces partly detain 
runoff through small ponds., Further down cattle fields are 
located, and the base of the slope is used for cultivating paddy 
(Upadhya, 2009). Increasing sustainability of water manage-
ment systems also includes irrigation systems and pipelines 
from major rivers, as deforestation frequently increases the 
rate and speed of the flow of water into major channels. The 
required training, the revival of old knowledge and imple-
mentation will require funds and programmes directed to-
wards adaptation.

Increasing water and irrigation efficiency will also require in-
stitutional measures that help transform natural storage op-
tions from a passive source to a planned active source. Several 
areas have been identified as important (Schild and Vaidya, 
2009): There is a need for a comprehensive water risk assess-
ment in order to document water availability, deficits in time 
and space and availability scenarios relative to climate change. 
There is also a clear need for increased monitoring of changes 
in snow and ice and measuring the monthly contribution 
of meltwater to river flow. Capacity building and training is 
needed for wetland conservation and water management. Wa-
ter harvesting and watershed management in mountain areas 
build on large amounts of traditional knowledge that needs to 
be better documented, including assessing local governance 
and evaluating to what extent this knowledge can be brought 
into modern water resources management. In many cases 
water infiltration and groundwater aquifer recharge can be 
improved if proper techniques are employed. This, along with 
the development of modern, larger scale water storage sys-
tems requires capacity building and training. The exchange of 
scientific, technological and traditional knowledge on the stor-
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age potential of glacial lakes and glacial and snowmelt water 
among major regions such as the Hindu Kush-Himalayas and 
the Andes will be of great importance.

Capacity building, investments in environmentally friendly, 
small-scale technology and development, and the implemen-
tation of improved irrigation systems, designed to optimize 
the water irrigation exactly according to plant demand, reduc-
ing evaporation, and reducing runoff, could likely increase ef-
ficiency in water usage several-fold. It is expected that major 
changes and efficiency improvements in the agricultural sec-
tor will take decades to implement. The time frame for imple-
mentation now is probably less than a couple of decades. In 
order to sustain populations we need a revolution in Asia – a 
‘blue revolution‘ of water efficiency.

Reviews of current adaptation strategies in mountain regions 
suggest several important lessons. First of all adaptation and 

development must be considered a continuum. At one end 
are development activities such as providing drinking water, 
energy and food security, while at the other end are efforts 
required to reduce vulnerability to climate change and build 
resilience. Livelihood diversification is a key adaptation strat-
egy, but it requires policy and institutional support. Likewise 
social networks and local institutions play a vital role in devel-
oping adaptive capacity. Furthermore, cultural norms affect 
adaptive behavior, but can also shift over time in response to 
environmental stress. If good governance and planning takes 
climate change into account, infrastructure development can 
contribute to enhancing water security and flood manage-
ment. Also policy at different levels plays a paramount part 
in how successfully the effects of climate change are dealt 
with. Policy at national and international levels often has 
strong implications for local conditions, but higher level poli-
cies are often out of touch with local concerns and realities  
(ICIMOD, 2009).

Qanat

A qanat is a water management system used to secure reliable 
water supply to human settlements or irrigation in semi-arid 
and arid regions. Probably originating in Persia, the qanat sys-
tem has been adopted and developed further in large parts of 
Asia and Europe. Its widespread use is reflected in the many 
names for the system and similar systems; kariz/kahan (Per-
sian), khettara (Morocco), galeria (Spain), falaj (United Arab 
Emirates and Oman), kahn (Baloch), foggara/fughara (North 
Africa), and karez (Armenia and China). A qanat consists of 
many well-like vertical shafts connected by a gently sloping tun-
nel (Fig. 16) Tapping into the subterranean water table, the qa-
nat system is effective in delivering large quantities of water to 
locations lower than the water source without pumping. 

Qanats have played a vital role in making areas inhabitable 
throughout history. It is estimated that only in Iran, around 
50,000 qanats have been in use. Although expensive and labor-
demanding to construct, the long-term benefits of qanats were 
substantial for the community. Qanats are relatively immune 
to natural disasters and war, and are not dependent on die-
sel pumps like modern wells. However, the wells and tunnels 

require periodical maintenance, and much of the traditional 
knowledge on maintaining and constructing qanats has been 
lost (Lightfoot, 1996; Motiee et al. 2006).

Figure 16: Cross-section of a qanat. Source: based on a ICQHS-
UNESCO diagram.

Vertical access shafts

Qanat channel

Water table

Qanat outlet

Irrigated area

Qanat



46



47

Contributors and reviewers

Editors
Bjørn Petter Kaltenborn, Norwegian Institute for Nature 
Research
Christian Nellemann, UNEP/GRID-Arendal
Ingunn Ims Vistnes, Norut Alta

Cartography 
Riccardo Pravettoni
Laura Margueritte (p. 11)
Hugo Ahlenius (p. 25)

Layout 
GRID-Arendal

Photo credits 
1 iStockphoto/Mayumi Terao 1 iStockphoto/fotoVoyager 
5 iStockphoto/Jeremy Edwards 8-9 iStockphoto/Tomas 
Sereda 10 iStockphoto/David Ciemny 13 iStockphoto/
Bartosz Hadyniak 16 iStockphoto/Anantha Vardhan 20 
iStockphoto/Leeuwtje 26-27 NASA/GSFC/METI/ERS-
DAC/JAROS/US/Japan ASTER Science Team 33 iStock-
photo/Tobias Helbig 34-35 NASA/GSFC/MODIS Rapid 
Response Team 38 iStockphoto/Peeter Viisimaa 40-41 
iStockphoto/Ryvas Kadamanau Alyantai 42 iStockphoto/
Michael Buckley 46 iStockphoto/Dirk Ott 54 iStockpho-
to/Chepko Danil 56 iStockphoto/Paul Kline

Contributors 
Amir Muhammed, National University of Computer and 
Emerging Sciences, Islamabad, Pakistan 
Armando Lamadrid, CICERO, Oslo, Norway
Doug Benn, The University Centre in Svalbard, N-9171 
Longyearbyen, Norway
Georg Kaser, University of Innsbruck, Institute of Geogra-
phy, Austria
Frank Paul, Dept. of Geography, University of Zurich, Swit-
zerland
Gernot Koboltschnig, Dept. for Water Management Amt 
der Kaerntner Landesregierung, Provincial Government of 
Carinthia, Flatschacher Strasse 70, 9020 Klagenfurt, Austria
Gino Casassa, Glaciology and Climate Change, Centro de 
Estudios Cientificos, Chile 
John M. Reynolds, Reynolds International Ltd, UK
Jon Ove Hagen, University of Oslo, Oslo, Norway
Kim Holmen, Norwegian Polar Institute, Tromsø, Norway
Konrad (Koni) Steffen, University of Colorado, Cooperative In-
stitute for Research in Environmental Sciences (CIRES), USA
Haakon Lein, Norwegian University of Science and Technol-
ogy, Trondheim; Norway
Mats Eriksson, International Centre for Integrated Mountain 
Development (ICIMOD), Nepal 
Nitesh Shrestha, ADAPT-NEPAL, Lalitpur, Nepal
Prabodh Dhar Chakrabarti, National Institute of Disaster 
Management, INDIA
Stella Maris Navone, Buenos Aires University, San Isidro, 
Argentina
Ye Baisheng, Cold & Arid Regions Environmental and Engi-
neering, Lanzhou, China



48

References
ACIA, 2005. Arctic Climate Impact Assessment: Scientific 
Report. Cambridge University Press, 1046 pp.

Arendt, A., Walsh, J., and Harrison, W. 2009. Changes of gla-
ciers and climate in Northwestern North America during the 
late Twentieth Century. Journal of Climate 22: 4117-4134.

Bahr, D. B., Dyurgerov, M., and Meier, M. 2009. Sea-level rise 
from glaciers and ice caps: A lower bound. Geophysical Re-
search Letters 36 (L03501).

Bajracharya, B., Shresta, A.B., and Rajbhandari, L. 2007. Gla-
cial Lake Outburst Floods in the Sagarmatha Region: Haz-
ard Assessment Using GIS and Hydrodynamic Modelling. 
Mountain Research and Development, 27: 336-344.

Beniston, M. 2003. Climatic change in mountain regions: A 
review of possible impacts. Climatic Change 59: 5-31.

Bhambri, R. And Bolch T. 2009. Glacier mapping: a review 
with special reference to the Indian Himalayas. Progress in 
Physical Geography vol. 33 no. 5 672-704

Berthier, E., Arnaud, Y., Kumar, R., Ahmad, S., Wagnon, 
P., and Chevallier, P. 2007. Remote sensing estimates of 
glacier mass balances in the Himachal Pradesh (Western 
Himalaya, India). Remote Sensing of Environment 108: 
327-338.

Bolch, T., Buchroithner, M. F., Peters, J., Baessler, M., and 
Bajracharya, S. 2008a. Identification of glacier motion and 
potentially dangerous glacial lakes in the Mt. Everest region/
Nepal using spaceborne imagery. Natural Hazards and Earth 
System Sciences 8 (6): 1329-1340. 

Bolch, T., Buchroithner, M., Pieczonka, T., and Kunert, A. 
2008b. Planimetric and volumetric glacier changes in the 
Khumbu Himal, Nepal, since 1962 using Corona, Landsat 
TM and ASTER data. Journal of Glaciology 54 (187): 592-600. 

Braithwaite, R. J. “After six decades of monitoring glacier 
mass balance we still need data but it should be richer data.” 
Annals Glaciology 50 (2009): 191-197.

Caidong C. and Sorteberg A. 2010 Modelled Mass Balance 
of a Tibetan Plateau Glacier – Sensitivity to Climate Change 
(2010) (submitted).

Carey, M. 2005. Living and dying with glaciers: People’s 
historical vulnerability to avalanches and outburst floods in 
peru. Global and planetary science 47: 122-124.

Carney, D. (ed) 1998. Sustainable rural livelihoods. What con-
tribution can we make? Papers presented at the DFID Natural 
Resources Advisers’Conference, July 1998. DFID, London 

Casassa, G., López, P., Pouyaud, B., and Escobar, F. 2009. 
Detection of changes in glacial runoff in alpine basins: ex-
amples from North America, the Alps, central Asia and the 
Andes. Hydrological Processes 23: 31-41. 

Cenderelli, D.A. and Wohl, E.E. 2003. Flow hydraulics and 
geomorphic effects of glacial-lake outburst floods in the 
Mount Everest region, Nepal. Earth Surface Processes and 
Landforms 28: 385-407.

Chen, Y. Xu, C., Chen, Y, Li, W. And Liu, J. 2010 Response 
of glacial-lake outburst floods to climate change in the Yar-
kant river basin on northern slope of Karakoram mountains, 
China. Quartenary international 226: 75-81.

Chinn, T.J., Winkler, S., Salinger, M.J., and Haakensen, N. 
2005. Recent glacier advances in Norway and New Zealand: a 
comparison of glaciological and meteorological causes. Geo-
grafiska Annaler 87A: 141-157.

Collins, D.N. 2008. Climatic warming, glacier recession and 
runoff from Alpine basins after the Little Ice Age maximum. 
Annals of Glaciology 48: 119-124.



49

Dekens, J. and Eriksson, M. 2009. Adapting to Climate-in-
duced Water Stresses and Hazards in the Hindu Kush-Hima-
layas. Sustainable Mountain Development 56(Winter 2009): 
34-37.

Elsasser, H. and Bürki, R. 2002. Climate change as a threat to 
tourism in the Alps. Climate Research 20(April 26): 253-257.

Dussaillant, A., Benito, G., Buytaert, W., Carling, P., Meier, 
C. And Espinoza, F. 2010. Repeated glacial-lake outburst 
floods in Patagonia: An increasing hazard? Natural hazards: 
54: 469-481.

Eriksson, M., X. Jianchu,, Shresta, A., Vaidya, R., Nepal S. 
And Sandström, K. 2009. The Changing Himalayas: Impact 
of Climate Change on Water Resources and Livelihoods in 
the Greater Himalayas, ICIMOD

FAO 2001. Report of the FAO Asia-Pacific Conference on 
Early Warning, Prevention, Preparedness and Management 
of Disasters in Food and Agriculture.

Federici, P. R. and Pappalardo, M. 2010. Glacier Retreat 
in the Maritime Alps Area. Geografiska Annaler: Series 
A, Physical Geography, 92: 361–373. doi: 10.1111/j.1468-
0459.2010.00401.x

Hewitt, K. 2005. The Karakoram Anomaly? Glacier expan-
sion and the ‘elevation effect’, Karajkoram Himalaya. Moun-
tain Reseacrh and Development 25, 332-340.

Hoelzle, M., W. Haeberli, M. Dischl, and W. Peschke 2003. 
Secular glacier mass balances derived from cumulative gla-
cier length changes. Global and Planetary Change, 36(4),  
77-89.

Hofer, T. and Messerli, B. 2006. Floods in Bangladesh. His-
tory, Dynamics and Rethinking the Role of the Himalayas. 
United Nations University Press, Tokyo.

Huss, M., Farinotti, D., Bauder, A. and Funk, M. 2008. Mod-
elling runoff from highly glacierized alpine drainage ba-
sins in a changing climate, Hydrological Processes, 22(19),  
3888-3902.

ICIMOD 2009a. Local Responses to Too Much and Too 
Little Water in the Greater Himalayan Region. International 
Center for Integrated Mountain Development, Kathmandu,  
Nepal. 

ICIMOD 2009b. The changing Himalayas. International 
Center for Integrated Mountain Development, Kathmandu, 
Nepal. 

IIED 2009. Community-based adaptation to climate change. 
Participatory learning and action 

Immerzeel, W. W., van Beek, L. P. H., and Bierkens, M. F. P. 
2010. Climate Change Will Affect the Asian Water Towers . 
Science: 328: 1382-1385

Jianchu, X., Grumbine, R.E., Shrestha, A., Eriksson, M., 
Yang, X., Wang, Y. and Wilkes, A. 2009. The melting Himala-
yas: Cascading effects of climate change on water, biodiversity 
and livelihoods. Conservation Biology 23, 520-530.

Jianchu, X., Shresta, A., Vaidya, R., Eriksson, M. & Hewitt, K. 
2007. The Melting Himalayas. Regional Challenges and Lo-
cal Impacts of Climate Change on Mountain Ecosystems and 
Livelihoods. ICIMOD Technical Paper.

Jianchu, X., Eriksson, M., Ferdinand, J. & Merz, J. (eds.) 
2006. Managing flash floods and sustainable development in 
the Himalayas. Report of an international workshop held in 
Lhasa, PRC, Oct. 23-28, 2005, Kathmandu, ICIMOD.

Kaser, G., et al. 2010. Contribution potential of glaciers to wa-
ter availability in different climate regimes. PNAS, published 
online 8 November. DOI: 10.1073/pnas.1008162107



50

Kaser, G., Juen, I., Georges, C., Gomez, J., and Tamayo, W. 
2003. The impact of glaciers on the runoff and the reconstruc-
tion of mass balance history from hydrological data in the trop-
ical Cordillera Blanca, Peru. Journal of Hydrology 282:130-144.

Kaser, G., Cogley, J. G., Dyurgeroy, M. B., Meier, M. F., and 
Ohmura, A. 2006. Mass balance of glaciers and ice caps: 
Consensus estimates for 1961-2004. Geophysical Research 
Letters 33 (19), Article Number: L19501

Khanal, N. R. 2010. Socio-economic impacts and vulnerabil-
ity assessment of potential GLOF events, downstream of the 
Imja, Tsho Rolpa and Thulagi Glacial lakes in Nepal. Draft 
ICIMOD Report 2010.

Koboltschnig, G. R., Schoner, W., Zappa, M., Kroisleitner, C., 
Holzmann, H. 2008. Runoff modelling of the glacierized Al-
pine Upper Salzach basin (Austria): multi-criteria result valida-
tion. Hydrological Processes 22 (19) Special Issue: 3950-3964. 

Kulkarni, A. V., Bahuguna, I. M., Rathore, B. P., et al. 2007. 
Glacial retreat in Himalaya using Indian Remote Sensing sat-
ellite data. Current Science 92: 69-74

Leduc, B. 2008. Climate Change in the Himalayas: the Wom-
en’s Perspective. Presentation prepared for CAPWIP Congress 
on Gender, Climate Change and Disaster Risk Reduction.

Leduc, B. 2009. Gender and Climate Change in the Himala-
yas. Background paper for the e-discussion from 5 to 25 Octo-
ber 2009 on ‘Climate Change in the Himalayas: The Gender 
Perspective’ organised by ICIMOD and APMN. Kathmandu: 4.

Lemke P., et al. 2007. Observations: Changes in Snow, Ice 
and Frozen Ground. In: Solomon et al. (eds) Climate Change 
2007: The Physical Science Basis. Contribution of Working 
Group I to the Fourth Assessment Report of the Intergov-
ernmental Panel on Climate Change. Cambridge University 
Press, Cambridge, UK.

Lightfoot, D. R. 1996. Syrian Qanat Romani: History, Ecol-
ogy, Abandonment. Journal of Arid Environments 33: 321-36.

Liu, S., Zhang, Y., Zhang, Y., et al. 2009. Estimation of glacier 
runoff and future trends in the Yangtze River source region, 
China. Journal of Glaciology, 55 (190).

Motiee, H., McBean, E., Semsar, A., Gharabaghi, B., and 
Ghomashchi, V. 2006. Assessment of the Contributions of 
Traditional Qanats in Sustainable Water Resources Man-
agement. Journal of Water Resources Development 22 (4):  
575-88. doi:10.1080/07900620600551304

NCVST 2009. Vulnerability Through the Eyes of the Vul-
nerable: Climate Change Induced Uncertainties and Nepal’s 
Development Predicaments. Institute for Social and Environ-
mental Transition-Nepal (ISET-N, Kathmandu) and Institute 
for Social and Environmental Transition (ISET, Boulder, Colo-
rado) for Nepal Climate Vulnerability Study Team (NCVST)  
Kathmandu

Nellemann, C. and Kaltenborn, B. P. 2009. The Environmen-
tal Food Crisis in Asia – a ‘blue revolution’ in water efficiency 
is needed to adapt to Asia’s looming water crisis. Sustainable 
Mountain Development 56: 6-9.

Nicholson, L., Marin, J., Lopez, D., et al. 2009. Glacier inven-
tory of the upper Huasco valley, Norte Chico, Chile: Glacier 
characteristics, glacier change and comparison with central 
Chile. Annals of Glaciology 50: 111-118   

OCHA 2010. http://ochaonline.un.org/ accessed Nov 20th, 
2010, on Pakistan flood update.

Oerlemans, J., Anderson, B., Hubbard, A., Huybrechts, P., 
Jóhannesson, T., Knap, W.H., Schmeits, M., Stroeven, A.P., 
van de Wal, R.S.W., Wallinga, J. and Zuo, Z. 1998. Modelling 
the response of glaciers to climate warming. Climate Dynam-
ics 14: 267-274.



51

Orlove, B. 2009. Glacier Retreat – Reviewing the Limits of Hu-
man Adaptation to Climate Change. Environment 51(3): 22-34.

Pacific Disaster Center 2009. www.pdc.org Updates and statis-
tics on natural hazards and disasters in the Asia-Pacific region.

Paul, F., Kaab, A. and Haeberli, W. 2007. Recent glacier chang-
es in the Alps observed by satellite: Consequences for future 
monitoring strategies. Global and Planetary Change 56: 111-122.

Paul, F. and Kotlarski, S. 2010. Forcing a distributed mass 
balance model with the regional climate model REMO, Part 
II: Downscaling strategy and results for two Swiss glaciers. 
Journal of Climate, 23 (6), 1607-1620.

Peduzzi, P,  Herold, C and Silverio, W. 2010. Assessing high 
altitude glacier volume change and remaining thickness us-
ing cost-efficient scientific techniques: the case of Nevado Co-
ropuna (Peru). The Cryosphere Discuss., 3, 831-856, 

Pellicciotti, F. Bauder, A., Parola, M., et al. 2010. Effect of 
glaciers on streamflow trends in the Swiss Alps . Water Re-
sources Research 46: Article Number: W10522   

Prasad, A. K., Yang, K. H. S., El-Askary, H. M., et al. 2009. Melting 
of major Glaciers in the western Himalayas: evidence of climatic 
changes from long term MSU derived tropospheric temperature 
trend (1979-2008) . Annales Geophysicae 27: 4505-4519. 
 
Quincey, D.J., Lucas, R.M., Richardson, S.D., Glasser, N.F., 
Hambrey, M.J., and Reynolds, J.M. 2005. Optical remote 
sensing techniques in high-mountain environments: appli-
cation to glacial hazards. Progress in Physical Geography, 
29(4):475-505.

Quincey, D.J., Richardson, S.D., Luckman, A., Lucas, R.M., 
Reynolds, J.M., Hambrey, M.J., Glasser, N.F.  2007.  Early rec-
ognition of glacial lake hazards in the Himalaya using remote 
sensing datasets.  Global and Planetary Change, 56: 137-152.

Radic, V. and Hock, R. 2006. Modelling future glacier mass 
balance and volume changes using ERA-40 reanalysis and cli-
mate models: a sensitivity study at Storglaciären, Sweden. Jour-
nal of Geophysical Research 111, doi: 10.1029/2005JF000440.

Rees, H. G., and Collins, D. N. 2006. Regional differences in 
response of flow in glacier-fed Himalayan rivers to climatic 
warming. Hydrological Processes 20: 2157-2169

Rhoades, R. 2007. Disappearance of the glacier on Mama Co-
tacachi: Ethnoecological research and climate change in the 
Ecuadorian Andes. Pirineos 163: 37-50.

Richardson, S.D. and Reynolds, J.M. 2000. An overview of 
glacial hazards in the Himalayas. Quaternary International, 
65-66, 31-47.

Salick, J., Fang, Z. D., and Byg, A. 2009. Eastern Himala-
yan alpine plant ecology, Tibetan ethnobotany, and climate 
change. Global Environmental Change-Human and Policy 
Dimensions 19(2): 147-155.

Shahgedanova, M., Nosenko, G., Khromova, T. and Muraveyev, 
A. 2010 Glacier shrinkage and climatic change in the Russian 
Altai from the mid-20th century: An assessment using remote 
sensing and PRECIS regional climate model. Journal of Geo-
physical Research-Atmospheres, 115. D16107. ISSN 0148-0227

Shekhar, M. S., Chand, H., Kumar, S., et al. 2010. Climate-change 
studies in the western Himalaya . Annals of Glaciology 51: 105-112. 

Schild, A., and Vadya, R. A. 2009. The Evolving Role of ICI-
MOD in the Development of Water Storage Capacity. Sustain-
able Mountain Development 56: 38-41.

Schneeberger, C., Blatter, H., Abe-Ouchi, A. and Wild, M. 
2003. Modelling changes in the mass balance of glaciers of 
the northern hemisphere for a transient 2 x CO2 scenario. 
Journal of Hydrology 282, 145-163.



52

Shresta, R.R. 2009. Rainwater Harvesting and Groundwater 
Recharge for Water Storage in the Kathmandu Valley. In; Wa-
ter Storage – A Strategy for climate change adaptation in the 
Himalayas. ICIMOD Report 56/2009, pp. 27-30.

UNDP 2006. Human Development Report: beyond Scarcity: 
Power, Poverty and the Global Water Crisis. New York: United 
Nations development Program.

UNEP 2009. The environmental food crisis. A rapid re-
sponse assessment. www.grida.no

UNEP 2010a. Sick Water? The Central Role of Wastewater 
Management in Sustainable Development. A Rapid Response 
Assessment. www.grida.no.

UNEP 2010. Too much, too little water: Adaptation to climate 
change in the Hindu kush Himalayas and Central Asia. www.
grida.no

UNU-IAS (United Nations University . Institute of Advanced 
Studies) 2008. Nepal Climate Change and Secirity Factsheet 
Series 2008/1.

USAID 2007. South Asia – Regional Floods. Fact Sheet no. 
2/2007.

Upadhya, M. 2009. Traditional Techniques for Water Har-
vesting. Sustainable Mountain Development 56: 24-26.

Viviroli, D., Weingartner, R. and Messerli, B. 2003. Assess-
ing the hydrological significance of the world’s mountains. 
Mountain Research and Development 23: 32-40. 

Viviroli, D. and Weingartner, R. 2004. The hydrological sig-
nificance of mountains: from regional to global scale. Hydrol-
ogy and Earth System Sciences 8: 1016-1029.

Vuichard, D. and Zimmerman, M. 1987. The 1985 cata-
strophic drainage of a moraine-dammed lake, Khumbu Hi-
mal, Nepal: cause and consequences. Mountain Research and 
Development 7: 91-110.

Wang, Y. T., Hou, S. G., Liu, Y. P. 2009. Glacier changes in 
the Karlik Shan, eastern Tien Shan, during 1971/72-2001/02. 
Annals of Glaciology 50: 39-45. 

World Disaster Report 2009. International Federation of Red 
Cross and Red Crescent Societies, Geneva, Switzerland.

Xu, J., Grumbine, R.E., Shrestha, A., Eriksson, M., Yang, 
X., Wang, Y. and Wilkes, A. 2009. The melting Hima-
layas: Cascading effects of climate change on water, 
biodiversity and livelihoods. Conservation Biology 23,  
520-530

Zhang, J., Zhou, C., Xu, K., and Watanabe, M. 2003. Flood 
disaster monitoring and evaluation in China. Environmental 
Hazards 4, 33-43.

Yang, B., Brauning, A., Liu, J. J., et al. 2009. Temperature 
changes on the Tibetan Plateau during the past 600 years 
inferred from ice cores and tree rings. Global and planetary 
change 69: 71-78. 

Yao, T., Pu, J., Lu, A., Wang, Y, and Yu, W. 2007. Recent 
Glacial Retreat and Its Impact on Hydrological Processes 
on the Tibetan Plateau, China, and Surrounding Regions. 
Arctic, Antarctic, and Alpine Research 39(4):642-650. doi: 
10.1657/1523-0430(07-510)[YAO]2.0.CO;2

Ye，Q., Yao T., Zheng H., Zhang X. 2008. Glacier and lake 
co-variations and their responses to climate change in the 
Mapam Yumco Basin on Tibet (in Chinese with English ab-
stract). Geographical Research, 27(5)1178-1190.









www.unep.org
United Nations Environment Programme

P.O. Box 30552 - 00100 Nairobi, Kenya
Tel.: +254 20 762 1234
Fax: +254 20 762 3927

e-mail: uneppub@unep.org
www.unep.org

GRID-Arendal
Teaterplassen 3
N-4836 Arendal
Norway

Phone: +47 4764 4555
Fax: +47 3703 5050
grid@grida.no
www.grida.no


