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Glacier and snow cover changes with related impacts on melt runoff can seriously affect human societies
which are depending on fresh water from cryospheric sources. Observed trends and projected future evo-
lutions of climatic and cryospheric variables clearly show the need to adapt to these changes. Accord-
ingly, the topics addressed herein have been put on the agendas of many larger funding agencies. This
article provides a brief overview on major ongoing activities on glacier, snow and related runoff research
in order to then analyze data gaps and research needs from a climate change adaptation perspective.
Major data needs are identified with respect to the spatial and temporal coverage of local-scale data
and related needs for (data) services that distribute and maintain these data sets. Moreover, clear
research needs are also recognized at the local scale where process knowledge needs to be improved
(e.g., the influence of albedo on snow and ice or debris cover on glaciers) in order to derive plausible cli-
mate change impacts assessments. The paper then discusses directions on how to move forward to better
serve the practical needs for climate change adaptation planning. In the future, substantial support by
large funding agencies might be key for capacity building in target regions of climate change adaptation
programs, for longer-term and more sustainable commitments, and for the development of approaches,
which aim at assessing the transferability of data, techniques, and tools.

1. Introduction

Glaciers and seasonal snow cover in mountain areas are an
important component of the water cycle and the climate system
(Barnett et al., 2005). They supply a significant part of the water
resources for fresh water, irrigation or power production in moun-
tain regions and adjacent lowlands, particularly in arid or semi-
arid environments (Viviroli et al., 2007). In the Colorado Rocky
Mountains, for instance, high elevation snow pack provides about
70% of the annual runoff of the Colorado River and the seasonal
runoff pattern is heavily dominated by winter snow accumulation
and spring melt (Christensen et al., 2004). In the tropical Andes,
with their distinct wet-dry climate, glacierized mountain ranges
such as the Cordillera Vilcanota (Southern Peru) play a significant
role in providing water from glacier melt during the dry period

for irrigation, power production and fresh water supply, and are
thus an important socio-economic factor (Vergara et al., 2007). In
the headwaters of the Ganges, river flow variation has been shown
to be driven by the summer monsoon. As a consequence, much of
the discharge reductions since the 1960s (by 50% in the lower
Sutlej and north-west Ganges basin) were caused by a weakening
monsoon – with a related decrease in the temporary water storage
in the form of snow – but less so by melting glaciers (Collins et al.,
2013).

Mountain glaciers and snow are particularly sensitive to cli-
matic changes because of their proximity to melt conditions. As
air temperature is a major index for ice and snow melt processes
(e.g., Hock, 2003), the observed and projected rise in global mean
air temperature cause overall significant losses of ice masses
worldwide (IPCC, 2013), an effect which is either damped or
enhanced by changes in regional precipitation patterns. A large
number of in situ and satellite based observations provides evi-
dence of the global-scale shrinkage of mountain glaciers
(Gardner et al., 2013). Similarly, various monitoring studies indi-
cate a decline in snow cover extent in most months, and in
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particularly in spring (Déry and Brown, 2007), since the early 20th
century (Brown and Mote, 2009; Henderson and Leathers, 2010;
Marty, 2008; Voigt et al., 2011). Since snow cover is a seasonal phe-
nomenon, its spatial variability is accordingly much higher than for
glaciers. For the future, modeling studies at various temporal and
spatial scales and degrees of complexity consistently suggest a
strong decrease in glacier extent, ice volume, and snow cover
extent and duration (Huss et al., 2008; Marzeion et al., 2012;
Salzmann et al., 2012; Brutel-Vuilmet et al., 2013).

The contribution of glaciers to downstream runoff depends on
glacier size, proportion of glacier area to catchment size, and sea-
sonal climatic conditions. There is substantial concern that warm-
ing will have a negative effect on freshwater supply, hydropower
production and other eco-services (Finger et al., 2012; Huss et al.,
2014). In fact, for some catchments in the Andes of Peru or the
Alps, ‘peak water’, i.e. the point in time when runoff starts to
decline, has probably already passed, based on documented long-
term runoff monitoring (Collins, 2006; Baraer et al., 2012).

Changes in seasonality of runoff will also be significantly influ-
enced by snow cover and related modifications due to climatic
changes. Combined effects of glacier and snow cover changes will
thus exacerbate shifts in seasonality of runoff. The importance of
snow cover on the availability and timing of runoff in the Greater
Himalayas has been outlined recently by Rohrer et al. (2013).
Water supply in the Greater Himalayas often strongly depends
on the sub-region and even on the particular watershed, as can
be illustrated by the example of two villages in Mustang (Nepal).
The people of these two villages heavily depend on the highly var-
iable and increasingly reduced runoff from snow cover. As a conse-
quence of seriously felt changes, both villages have now decided to
move down-valley to locations where water provision is more
diversified. A third village in the same Himalayan valley has con-
sidered searching for a new location as well, but finally decided
that water resources are still sufficient, at least for the time being
(Kamforsud-Supsi, 2012).

These considerations and experiences clearly signal the need for
mountain and downstream societies to respond and adapt to
changes of water resources. The increasing number of climate
change adaptation programs with a clear focus on water resources
(e.g. PACC (Salzmann et al., 2009; IH-CAP (http://www.ihcap.in);
CAWa (Vorogushyn et al., 2008) clearly demonstrate that the chal-
lenge has been understood and is being addressed at high political
levels. However, while there is a clear observed and projected glo-
bal trend of increasing air temperature, the pattern for precipita-
tion is less consistent (Fig. 1) and at regional to local scales also
the magnitude of air temperature increase can vary considerably,
particularly in regions with distinct high-elevation topography
(Schauwecker et al., 2014). In combination with differences in
the climate sensitivities of earth surface processes, the effective
impacts can vary significantly as illustrated by Fig. 2, which shows
the observed cumulative changes in glacier mass balance of
selected glaciers of the Swiss Alps. This fact of high spatial and
temporal variability of key climate variables and physical impacts
is a serious drawback for adaptation efforts, since it underlines the
need for data and knowledge to be available at the local scale, in
addition to the development of adequate adaptation measures
within the local socio-economic context.

This article aims at providing a general overview on directions
and recent progress in glacier, snow and related runoff research
as often supported by major funding institutions such as the Euro-
pean Commission (under its past Seventh Framework Programme
or now in Horizon 2020), the World Bank, or governmental devel-
opment agencies (e.g., Swiss Agency for Development and Cooper-
ation SDC). Rather than addressing issues related to fundamental
research, we are adopting a perspective of needs for climate change
adaptation measures to be developed. Thus, we strive (i) to analyze

how progress in data acquisition, management and research is sup-
portive for the development of adaptation measures, (ii) to identify
research and data gaps in view of adaptation needs, and (iii) to dis-
cuss possible ways to move forward. Consequently, we are far from
aspiring a comprehensive state-of-the-art analysis or review of
monitoring, research and data gaps in the fields of glacier and snow
runoff. Rather, we select a number of key issues that are relevant
from a climate impacts and adaptation perspective, including
selected examples from different mountain regions of the world.

2. General overview and selected examples of glacier, snow and
runoff research

Adverse impacts associated with a decrease of snow and ice and
the related changes in melt runoff can affect societies seriously
(Barnett et al., 2005; Beniston et al., 2011; Viviroli et al., 2011).
International programs (e.g. UNEP, WMO under the Global Terres-
trial Network GTN) and funding agencies (e.g. EU, World Bank)
have responded to these challenges with a multitude of research
programs and funding schemes dedicated to glacier and snow
research. In the following, we provide a brief overview in the form
of selected examples from large research programs in glacier and
snow runoff research without attempting to being comprehensive
or to including all major ongoing initiatives.

2.1. Glaciers

As glaciers are among the most obvious, because most clearly
visible indicators of climate change, great efforts have been put
into global glacier monitoring programs in the past. While some
of these programs have been running for several decades (e.g.
World Glacier Monitoring Service, WGMS), others started more
recently (e.g. Global Land Ice Measurements from Space, GLIMS)
and when new methods and techniques became available. These
programs complement each other in terms of monitored variables,
spatial coverage and applied methods.

Some of the longest records of standardized glacier mass bal-
ance measurements and length changes are compiled and dissem-
inated by the WGMS. The data is based on standardized in situ
measurement methods such as stake networks, and is dissemi-
nated online and in the form of printed products (e.g. Glacier Mass
Balance Bulletin (GMBB) or Fluctuations of Glaciers (FOG)). From
Fig. 3, it becomes obvious that the observed glaciers are not evenly
distributed in space. In particular, regions with high vulnerabilities
to glacier change (IPCC, 2013), such as the Andes (cf. Fig. 6) or Cen-
tral Asia dispose only of a limited number of long-term observa-
tional records, whereas the Alps have a fairly dense network of
long observation series.

The aforementioned in situ monitoring measurements are com-
plemented by data from optical satellite instruments. GLIMS pro-
vides worldwide glacier outlines and collects the corresponding
satellite scenes, mainly from ASTER imagery. The data products
offered by GLIMS have recently been supplemented by the new
and freely available global glacier inventory, the Randolph Glacier
Inventory (RGI; Arendt et al., 2012), an initiative that was consid-
erable supported by the GlobGlacier, Glacier_cci (funded by ESA;
Paul et al., in press), Cryoclim (funded by ESA), and ice2sea (funded
by the EU FP7 program) projects. The compilation of the RGI was
motivated by the release of the Fifth Assessment Report of the
Intergovernmental Panel on Climate Change (IPCC AR5). RGI pro-
vides worldwide glacier outlines based on various data sources
such as satellite data, dating back to the 1950s, or the World Gla-
cier Inventory (WGI) dataset, and includes data until 2010. In that
sense, and in difference to some other, more regional products, the
RGI does not represent the state of glaciers for a certain point in
time or a specific decade.
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Programs and projects such as GLIMS or GlobGlacier/Glacier_cci
were in the first place based on optical satellite remote sensing
data such as the widely used Landsat TM images, but have also
incorporated synthetic aperture radar (SAR) data more recently
(Paul et al., in press; Strozzi et al., 2008). Furthermore, laser altim-
etry data, both airborne and spaceborne, have also gained increas-
ing importance for mountain glaciers over the past few years. An
early study was using airborne altimetry analyzed elevation
changes for glaciers in Alaska (Arendt et al., 2002). Later on, anal-
ysis of the laser altimetry data on board ICESat has allowed, for
instance, new insights into glacier mass changes over the Himala-
yas (Kääb et al., 2012). Additionally, data from the Gravity Recov-
ery and Climate Experiment (GRACE) has recently been analyzed
for larger mountain systems, in addition to the more common
applications over the ice sheets. Experiences with GRACE such as
for Gulf of Alaska glaciers (Arendt et al., 2013) or on a global scale
(Jacob et al., 2012) indicate an interesting potential of gravity data
but also revealed difficulties of application in complex topography
and terrain as often present in mountain environments.

The data products of the above mentioned programs have been
used in various applications. A prominent application is the use of
the RGI for global assessments of glacial contribution to sea level
rise (e.g., ice2sea). Partly also in the course of these studies, several
approaches have been developed to estimate glacier volumes. Ice
volume methods have mostly been compared between each other
and less with measured ice thickness data, since such measure-
ments are scarce and availability limited on a global scale (e.g.
Frey et al., 2013; Huss and Farinotti, 2012).

A series of large-scale integrating EU-FP7 projects have
addressed glacier changes at the more regional level. The ACQWA
project, for instance, has focused on glacier changes in the Alps,
the Chilean Andes (Aconcagua) and the Tian Shan mountains of
Central Asia as well as the impacts of their melting and snow cover
changes on runoff (Pellicciotti et al., 2014a, b). In dry northern Tian
Shan, melting glaciers are currently producing ‘‘peak water’’, but
discharge is likely to decrease substantially by the end of the
century and in an area which is not only crucial for water availabil-
ity in Bishkek, but also for political stability in a much larger
region (Sorg et al., 2012; in press). The EU-FP7 HighNoon project
focused on changing water resources in the Ganges, where glacier
observation data is extremely scarce and where meteorological
and hydrological time series are not readily available. One of the
key foci of the HighNoon project therefore consisted in the creation
of the first full dataset on Hindukush–Karakoram–Himalayan
glaciers (Bolch et al., 2012; Fig. 5), their volumes (Frey et al.,
2013) and the consequences that changes in runoff might have
on downstream economies and the adaptive capacity of local
inhabitants (Collins et al., 2013; Moors and Stoffel, 2013).

At the local scale, glacier studies are generally often motivated
by acute glacier-related hazards and risks (e.g. GLOFs in Huaraz,
Huggel et al., 2012 or the Indian Himalayas, Worni et al., 2013),
economic interests (e.g., hydropower production in the Alps) or
simply by specific research interests of a research group (e.g.
Machguth et al., 2006). As a result, these local studies are usually
funded by local governments, private companies or national fund-
ing agencies and thus suffer the drawback of limited project

Fig. 1. Global pattern of average changes in air temperature and precipitation based on CMIP5 multi-model mean results for two different scenarios (RCP2.6 and RCP8.5).
Source: IPCC (2013)

Fig. 2. Observed glacier mass balance changes of three glaciers in the Swiss Alps.
(Source: GLAMOS)
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duration and specific data collection. While such data are highly
valuable for the question addressed by the project, it is typically
hardly usable as baseline data for guiding adaptation strategies.

2.2. Snow

In general, the impacts of climate change on snow regimes and
therefore also on runoff have received much less attention than the
impacts on glacial changes. As a consequence, the importance of
runoff changes induced by altered snow regimes has possibly been
underestimated in various environments, including several parts of
the Greater Himalayas (Rohrer et al., 2013).

Compared to global glacier monitoring, measuring andmonitor-
ing of mountain snow has proven even more challenging. Due to
the seasonal character of snow cover and its dependence on
weather patterns, snow variables can be highly variable both in

time and space, which substantially complicates the collection,
measurement and analysis of snow parameters. Three snow vari-
ables are typically measured and also defined as Essential Climate
Variables (ECV) by the Global Climate Observing System (GCOS);
(i) snow cover extent (SCE), (ii) snow depth (SD), and (iii) snow
water equivalent (SWE). For the amount and timing of runoff, SD
and in particularly SWE are the most critical variables, but also
the most fluctuating ones in time and space and therefore more
challenging to measure; whereas SCE is more homogenously dis-
tributed annually, but of lower importance for runoff.

On a global scale, satellite-borne visible sensors operationally
monitor SCE, and respective products are made available through
the National Oceanic and Atmospheric Administration (NOAA)
and include the Moderate Resolution Imaging Spectro-radiometer
(MODIS) data with a resolution of ca. 500 � 500 m (e.g. Hall et al.,
2002). Other SCE-data products (for the northern hemisphere) are
provided weekly since 1966. Global monitoring of SD and SWE is
unlikely more challenging. Satellite based observation is basically
possible by microwave sensors, but is much more difficult in
regions with high relief than over flat terrain. Whereas for the
northern hemisphere (alpine areas masked out), SWE estimation
by space borne sensors is now possible with root mean square
errors below 40 mm for cases with SWE values below about
150 mm (Takala et al., 2011), these measurements are consider-
ably more complicated in mountainous areas at all SWE values
(Matzler and Standley, 2000; de Lannoy et al., 2012). As a conse-
quence, at the global scale, long-term data and/or spatially repre-
sentative data is scarce, particularly in mountain regions.

For SD and SWE, satellite-based observations are comple-
mented by in situ point measurements. Automatic station that
measure SD and SWE and ‘hand-methods’ are in use. New types
of terrestrial laser scanners are operating in a wavelength where
reflectivity of snow is very high, thus allowing to obtain high res-
olution (up to about 1 m cell size) air-borne or terrestrial pictures
of spatial variability of the snow cover and its temporal evolution
(e.g. Grünewald et al., 2010). As such, the repeated calculation of
snow distribution maps for small catchments in the accumulation
and ablation phase (e.g. Egli et al., 2012) becomes possible.

Fig. 3. Worldwide mass balance measurements. The map shows the location of ice bodies with reported direct measurements of the glacier mass balance. Data series with
surveys after 1999 are plotted as red and orange squares when having more or equal and less than 30 observation years, respectively. The locations of observation series
discontinued before 2000 are shown as black crosses. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.) Data source: WGMS (2008)

Fig. 4. Cascading impacts of climatic change at an example for high-mountain
glaciers.
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In several mountain ranges, large operational snow measurement
networks are maintained, which however, are often primarily
motivated by purposes other than climatic trend observations.
In the Swiss Alps, a relatively dense network of more than 160
snow measurement stations is operated by the Swiss Federal
Institute for Snow and Avalanche Research (SLF), primarily for
use in avalanche warning. Since these measurements are neither
verified nor corrected, they are not at a quality level needed for
climatic trend analyses. Another example for a relatively dense
snow station networks (over 730 sites) is SNOTEL (Snow Telem-
etry) in the U.S. Rocky Mountains. It was initially installed in
the late 1970s, primarily as a water-supply-forecasting hydrocli-
matic data collection network. Moreover, the used snow pillow
instruments are usually located in forest openings. These are rea-
sons, why SNOTEL sites are not necessarily distributed represen-
tative in space and regarding surface properties and for instance
do not represent physiographic and snowpack conditions in a
watershed, as shown by Molotch and Bales (2005) for the Rio
Grande headwaters. Furthermore, a basic data quality check is
done operationally, but data does not undergo a higher level of
correction and/or homogenization, which hampers its use for
temporal trend analyses.

As snow is an atmospheric variable, SWE and SD are also simu-
lated by Reanalysis, Global Climate Models (GCM) and Regional
Climate Models (RCM). Theses model outputs provide an interest-
ing possibility for snow parameters and respective analyses (e.g.
Steger et al., 2013), although at a relatively coarse spatial resolu-
tion for mountain topographies. However, Reanalysis and GCMs/
RCMs do not necessarily show skills in snow variables that are reli-
able and directly applicable at the local scale (Salzmann and
Mearns, 2012), interposing statistical adjustment can nevertheless
help to overcome some of the limitations (Rousselot et al., 2012).

3. Identification of research and data gaps for adaptation
practice

This article centers on glacier, snow and related runoff data and
research in mountain areas to be subsequently used for the sci-
ence-based development of adaptation measures. The outline of
research and data gaps presented in the following must thus be
seen from this perspective. As a consequence, the objective here
is to identify data and research gaps that hamper local understand-
ing of climate change impacts and risks related to mountain snow
and glacier runoff only, rather than to provide a comprehensive
scientific analysis on gaps of snow and glacier research in general.

As outlined above, coordinated and internationally supported
research on glacier and snow runoff usually focuses on global mon-
itoring, large-scale modeling and related applications. Accordingly,
data coverage and availability is relatively good overall at the glo-
bal scale, although the quality of some variables is certainly not at
the preferred level of quality and detail (e.g. SD and SWE). In addi-
tion, variables measured in situ are typically not optimally distrib-
uted in space and often biased towards easily accessible sites or
densely populated and developed areas, which hampers a balanced
analysis of individual parameters and thus affects the picture of
spatial and temporal variability of trends.

Impacts of climate change are typically felt by society at the
local scale, for instance through the occurrence of water shortage
(Fraser, 2012) or cryospheric hazards such as glacier lake outburst
floods (GLOFs; Worni et al., 2013). Adaptation measures thus need
to be developed and implemented at the local level, and also need
to consider the local societal context (e.g. Adger et al., 2003).
Because of the local societal context and the spatial and temporal
variability of trends (cf. Fig. 1), adaptation practice depends
strongly on local-scale data and research. At this scale, however,

Fig. 5. Glacier monitoring sites along the Himalayan arc and at the headwaters of the major river basins. For abbreviations of single glacier length changes refer to Bolch et al.,
2012 (modified from Bolch et al., 2012).
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glacier and snow data availability and data services, which provide
and maintain this information is usually much less organized than
the wealth of data handled by global-scale initiatives. In the frame-
work of international initiatives, current efforts on data services
focus mainly on weather and climate data, where national meteo-
rological offices are about to taking over responsibility for these
tasks and are supported for instance by the World Meteorological
Organization (WMO) and GCOS through the creation of Regional
Climate Centers.

The general lack of cryospheric observational data and data ser-
vices at the local to regional scale has also been clearly identified as
a major obstacle in various adaptation programs, where tremen-
dous efforts had to be invested into the creation of reliable regional
scientific baseline data as well as into the development of methods
and tools that allow the generation of such data (Schauwecker
et al., 2014; Salzmann et al., 2013; Schwarb et al., 2011).

(Long-term) data on local-scale processes are the fundament to
understand ongoing processes and the related climate sensitivities,
and to derive reliable trends for the past and hence plausible pro-
jections for the future. That is, above all, data and scientific inves-
tigations are needed to improve our process understanding and to
allow for plausible assessments of the future evolution of snow and
melt runoff and related impacts for the affected societies. In the
following, we therefore outline a non-exhaustive selection of
research and data needs in the fields of glacier, snow and related
runoff that are critically required for the development of adapta-
tion measures at the local scale.

Ice thickness is a basic number to calculate ice volumes and
thus the presently stored amount of water in glaciers. Currently,
there are several methods in use to estimate ice volumes (for an
overview see Frey et al., 2013), however, only few cases exist
where modeled thickness can be validated against measurements

Fig. 6. Glaciers monitored in the Cordilleras of the tropical Andes. Glaciers with long-term mass balance series (small red hexagons) are labeled. For these glaciers, length
(yellow cube) and area (blue circle) records also exist. In Bolivia, the large red hexagon depicts a sample of 21 glaciers in the Cordillera Real, for which mass balance
reconstructions are available from 1963 to 2006 (Soruco et al., 2009a). Other glaciers whose changes in length and/or in area are monitored are numbered. (modified from
Rabatel et al., 2013). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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(e.g. Linsbauer et al., 2011; Farinotti et al., 2009). Techniques and
methods to measure ice thickness are in principle available (e.g.
Ground Penetrating Radar (Sold et al., 2013), but systematic mea-
surements and data collection clearly remains at a case-study level
for specific scientific projects and purposes.

Debris cover on glaciers can significantly control the energy
and mass balance of a glacier and thus influence melt and runoff
processes. The number and percentage of debris covered glaciers
varies between regions, however, comparably large numbers are
found in the Himalayas. Debris cover on glacier can be delineate
relatively easily on satellite images, however, it is very time con-
suming. Studies on the effective influence of debris cover on the
glacier mass balance and runoff are rare (e.g. Zhang et al., 2007,
for the Tian Shan or Mayer et al., 2011, for the Altai mountains).
A sensitivity study at Findelen glacier (Swiss Alps) has quantified
the influence of debris cover on runoff (Huss et al., 2014), showing
that debris cover is of minor importance for runoff. However, the
results of this study cannot simply be transferred to other glaciers
or other regions, and more investigations are needed to improve
our understanding of the impacts of debris cover on runoff. Fur-
thermore, to our knowledge, no models exist so far where future
debris cover on a glacier can be simulated. Under certain circum-
stances (i.e. when associated with lakes), debris covered glacier
can also retreat faster than debris-free glaciers, as shown e.g. by
Basnett et al. (2013) for glaciers in the Sikkim Himalayas.

Mass balance measurements represent one component to learn
about mass changes of a glacier. The dynamics of glaciers forms a
second component that dictates runoff. To assess future runoff, the
understanding of glacier dynamics must be further improved.

Albedo is a critical factor of the energy balance and thus for
snow and ice melt processes (Oerlemans et al., 2009). Albedo val-
ues change when snow ages or when dusts are deposited. The lat-
ter, induced e.g. by anthropogenic emissions or through ice-cleared
rock slopes, has the potential to change albedo values consider-
ably; these changes need to be taken into account in work focusing
on future changes. However, to date very few albedo measure-
ments have been undertaken on glaciers or been made available.
New approaches, including the use of spaceborne data, are cur-
rently being tested (e.g., Joerg et al., in revision; Naegeli et al.,
2014).

Direct runoff measurements from specific glaciers are rare.
Often, measurements are taken further downstream along rivers
and where an attribution of changes in streamflow to individual
runoff components (ice, snow, rain) is no longer feasible, because
measurements performed at lower elevations do not represent
true (natural) but disturbed runoff due to anthropogenic influences
(e.g. by water taken for irrigation, power production, etc.). More-
over, the influence of permafrost on the hydrological regime is typ-
ically largely unknown, however can be an important factor, too
(e.g. Qiu, 2012). Therefore, runoff model calibration is severely
hampered and exact values for runoff and its changes over time
become difficult to derive. For assessments of the impacts of gla-
cier and snow changes on future runoff, however, streamflow data
measured at their source are needed and with stations positioned
directly at the glacier tongue.

To our knowledge, studies are also critically lacking with
respect to the evaluation of the importance of SWE and SD at
the catchment scale. Under changing climatic conditions, SWE
and SD values will possibly be changing considerably, but so far
the impacts of such changes on snow melt runoff have only been
discussed in a few studies (e.g. López-Moreno et al., 2013a,b).

Important scientific knowledge needed in view of adaptation
strategies includes the detailed understanding of the sensitivity
of a process to changes of a specific climate variable such as in
mean, maximum, or minimum air temperature, precipitation
sums, intensity and frequency. Rates of change and the spatial

patterns of change are equally important. While understanding of
climate sensitivity is important to constrain global-scale climate
models and produce plausible climate scenarios (Knutti and
Tomassini, 2008), knowledge about the sensitivity of glaciers, snow
and runoff to climatic changes is essential for impacts and adapta-
tion at the local to regional scales.

In mountain regions, cascading climate impacts are particularly
important (Fig. 4). Typically, the climate signal decreases from
upstream to downstream locations, with a parallel increase of
the influence of non-climatic factors, such as related to human
activities (e.g. hydropower, agriculture, etc.). For instance, the final
signal observed in river runoff at some downstream sections, rep-
resents the integrated signal of climate change and the influences
of several confounding factors along the impacts cascade. For the
purpose of adaptation it is important to analyze and disentangle
the different driving factors, including the identification of the cli-
mate change signal. Such climate change detection and attribu-
tion research, however, is still poorly developed for the impacts
level and needs to be strengthened in the future (Stone et al.,
2013). This goal can only be achieved by substantial improvement
in monitoring of key climate impact variables and processes, where
glaciers, snow and runoff represent particularly important aspects
in high-mountain regions. Long-term monitoring series (several
decades) have an enormous value since they allow extracting cli-
mate signals from other confounding factors with higher confi-
dence. Similarly, they contribute to understanding of climate
sensitivity of specific processes, and thus provide more compre-
hensive baseline information for adaptation.

4. Overcoming weaknesses

In order to overcome the gaps in data and research identified
above and to provide the scientific basis for sustainable adaptation
measures, in the following we outline some possible directions of
thinking with regard to options, which would also require consid-
erable support from international bodies.

4.1. Accessibility and distribution of data

Although local-scale data is typically scarce, particularly in
remote mountain regions, our experience suggests that quite often
more data is available than one might have thought initially, both
at national institutions or from national or international initiatives
and bodies (e.g., Central Asia – glacier data from the Russian
times). Therefore, mechanism and services should be supported
that aim at making records of historical data visible and accessible
(data sharing platforms) and that also provide resources to treat
these data in a way that they become usable for climate impacts
applications. Data that is typically difficult to access stems from
past projects and programs that have not achieved systematic doc-
umentation. Although they often cover only 3–4 years, they can
still be of importance. Funding agencies could possibly take a lead-
ing role here in as such as they could improve the situation by val-
uing and providing time for searching and treating available data
to a project. Since this is a highly work-intensive effort, yet scien-
tifically not extremely attractive, new schemes must come from
funding agencies to support such work and to provide it with the
necessary scientific weight. The situation today supports typically
the production of modeling results, which, however, are of limited
value without sound validation baseline data.

Furthermore, funding agencies could further support data avail-
ability by maintaining a database where data (metadata) is stored
from previous projects. In this way, new projects could easily
screen the kind of data already available for a certain region.
Finally, funding agencies should also support monitoring efforts
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in order to generate homogenous long-term observational records
and make them easy accessible and available.

4.2. (Spatial) transferability

Even if the desirable efforts described above should become
reality, it is also clear that the possibilities of maintaining high
density data networks have their limitations in terms of financial
resources, but also in terms of accessibility of high mountain inves-
tigation sites. In order to make existing data most widely useful,
the analysis and development of knowledge-based techniques to
potentially transfer data, methods and research results between
locations would be of high value. With transferability, we further-
more also refer to ‘temporal’ transferability, meaning that major
data gaps that may have occurred for instance under specific polit-
ical circumstances (e.g., the disintegration of the Soviet Union and
the continuation of long-term measurements of Abromov glacier,
Kyrgyzstan; Barandun et al., 2013 or in Peru (Schwarb et al.,
2011; Salzmann et al., 2013)) or due to technical issues at high
elevation sites with hindered accessibility can be filled.

4.3. Collaboration and capacity building

As adaptation and related data and research are needed at the
local scale, the engagement of local support for long-term data
and research activities becomes a prerequisite for any sustainable
program. Therefore, collaboration with local research institutions
is critical, but also difficult as the regions targeted by adaption
are often remote, with the consequence that related research
capacities can be low and only a limited number of persons bring
the basic knowledge required to collect data and to conduct
research. To maintain sustainability in monitoring and research
at the highest possible level, capacity building is of key importance,
and thus represents a component, which should be a major pillar of
any initiative in this regard. In parallel, it is at least of similar
importance to provide interesting perspective to (mostly) young
researchers that are selected and willing to take a lead in these
monitoring and research activities. Here, international programs
can play a critical role, but local authorities need also to be con-
vinced to invest into such long-term, high-effort-needed activities.
The recently launched Indo-Swiss collaborative Indian Himalayas
Climate Adaptation Programme (IH-CAP; http://www.ihcap.in) is
such an initiative where capacity building of young Indian students
is one of the key pillars of collaborative research. Similar programs
are also ongoing in the Andes and other regions (Huggel et al.,
2012).

4.4. Long-term support for selected representative locations

For most of the data and research needs identified above contin-
ued and long-term measurements are key to improve our under-
standing of changes and to adapt adequately to them. Local to
regional long-term monitoring programs, similar to global pro-
grams, should also be supported and coordinated at the local scale
through regional mountain centers/hubs. The current modalities of
financing favor programs with a lifetime of 3–4 years, or in other
words, have a clear focus on experimental research. To support
sustainable programs and longer-term measurement series, fund-
ing agencies should aim at overcoming the creation of short and
discontinued data series and create opportunities for researchers
to collect such viable information over a reasonable time so that
local process understanding on time scales relevant for adaptation
measures can be achieved. Coordination among funding institu-
tions and implementing government and science institutions
should become a priority to create synergies and take full advan-
tage of available resources.

5. Conclusion and outlook

Adaptation to adverse impacts of climate change is foremost a
challenge that has to be tackled at the local or regional scale and
within the societal context of the target region. Scientific disci-
plines that aim at considering needs by adaptation practitioners
require a focus on local-scale process understanding of past, ongo-
ing and future global changes. Furthermore, in terms of data and
local knowledge, an improved coordination of research activities
and data sharing as well as more longer-term observations are a
prerequisite for the definition of plausible local- to regional-scale
climate change impacts assessments, which in turn are the basis
for any sound adaptation measures.

Large international funding agencies and programs could play a
significant role in these fields and clearly represent the bodies,
which would have the potential to support local-scale monitoring
and the creation and maintenance of data services in a way they
currently do at the global scale, and start to do at more regional
scales for climate data. By doing so, there is also a need for new
techniques and methods in snow and glacier measuring techniques
to be systematically evaluated to render monitoring of these pro-
cesses and the changes of these on runoff potentially more
efficient.

Finally, interdisciplinary supported and integrative approaches
should play an increasingly important role so as to understand
and attribute observed changes in the system to causative factors.

Acknowledgements

We acknowledge collaboration and support by Marlene Scheel
and Tobias Bolch for glacier monitoring information on the Andes
and the Himalayas. We furthermore thank two anonymous review-
ers for the helpful comments and suggestions. Finally, the authors
acknowledge financial support by the Swiss Agency for Develop-
ment and Cooperation (SDC).

References

Adger, W.N., Huq, S., Brown, K., Conway, D., Hulme, M., 2003. Adaptation to climate
change in the developing world. Prog. Dev. Stud. 3, 179.

Arendt, A., Echelmeyer, K., Harrison, W.D., Lingle, G., Valentine, V., 2002. Rapid
wastage of Alaska glaciers and their contribution to rising sea level. Science 297,
382–386.

Arendt, A., Bolch, T., Cogley, J.G., Gardner, A., Hagen, J.-O., Hock, R., Kaser, G., Pfeffer,
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