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A B S T R A C T

In Alpine regions, future changes in glacier and snow cover are expected to change runoff regimes towards
higher winter but lower summer discharge. The low summer discharge will coincide with the highest water
demand for irrigation, and local and regional water shortages are expected to become more likely. One pos-
sible measure to adapt to these changes can be the extension of current uses of artificial reservoirs and
natural lakes to the provision of water for the alleviation of water shortage. This study assesses the potential
of reservoirs and natural lakes for the alleviation of water shortages in a nationwide analysis in Switzerland.
To do so, we estimated water supply and demand under current and future conditions both under normal
and extreme runoff regimes for 307 catchments. Water demand was assessed for various categories includ-
ing drinking water, industrial use, artificial snow production, agriculture, ecological flow requirements,
and hydropower production. The aggregated supply and demand estimates were used to derive water sur-
plus/shortage estimates. These were then compared to the storage capacity of reservoirs and natural lakes
within a catchment to determine the potential for alleviating summer water scarcity. Our results show that
water shortage is expected mainly in the lowland region north of the Alps, and less in the Alps. In this low-
land region, the potential of natural lakes for alleviating water scarcity is high. This potential is lower in the
Alps where it is expected to increase or decrease under future conditions depending on the region of inter-
est. Catchments with a high storage capacity can potentially contribute to the alleviation of water shortage
downstream. We conclude that a spatial mismatch between water scarcity and storage availability exists
since water stored in reservoirs on the southern side of the Alps is often not available for the use on the
northern side.
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1. Introduction

Water is required for fulfilling multiple water needs including
but not limited to irrigation, livestock feeding, drinking and industry
water supply, hydropower production, tourism, ecology, and ther-
mal cooling. In Europe, the demand for water is particularly high
in summer when more water is needed for irrigation and cooling.
Current runoff regimes in Alpine catchments meet such high sea-
sonal water demands because their runoff also peaks in the summer
months. This summer runoff peak is owed to runoff contributions
from snow- and glacier melt, which are of particular importance in
dry years (Huss, 2011; Stahl et al., 2016; Jenicek et al., 2018). Indeed,
the development of a hydrological drought is strongly influenced
by the storage capacity of a catchment, the latter being composed
of snow and glaciers but also soil, groundwater, lakes, and reser-
voirs (Van Loon, 2015). Snow and glaciers, two natural storages, are
expected to decline in the future due to a warming climate leading
to glacier retreat and a reduction in winter snow cover (Farinotti et
al., 2016; Marty et al., 2017; Beniston et al., 2018). These changes are
projected to cause a shift in the seasonality of Alpine runoff regimes,
with increased discharge in winter and spring but a decrease in sum-
mer and fall, while the total runoff volume is expected to remain
relatively stable (Bernhard and Zappa, 2012; Addor et al., 2014). This
decrease in summer discharge might be challenging with respect
to water management since it coincides with a high water demand
from the agricultural sector. This temporal mismatch between sea-
sonal water availability and demand might lead to seasonal and
local water shortages, especially in late summer (Weingartner et al.,
2014). It might be even larger if droughts become more severe and
occur more often (Bernhard and Zappa, 2012).

Water shortages can have socio-economic and ecological con-
sequences such as restrictions in industrial production due to a
limited availability of water for cooling, restrictions in shipping due
to low river levels, or constraints in the water use in households
and the tourism industry. In addition, water shortages might lead
to increased fish mortality due to high water temperature and an
insufficient water quality due to reduced dilution effects (Sabater
et al., 2018). The alleviation of water shortages is crucial for reduc-
ing such associated negative effects. One option for alleviating water
shortages in summer would be to maintain the favorable, cur-
rent runoff regime with the highest runoff in the summer months.
This could be achieved by substituting the reduced melt contribu-
tions from snow and glaciers by contributions from other types of
storages. It has been suggested that artificial reservoirs, as those
currently used for hydropower production, could be used for pre-
serving similar runoff regimes as today by storing water in winter
and spring and releasing it later in the year (Barnett et al., 2005;
Biemans et al., 2011; Farinotti et al., 2016). Today, artificial reser-
voirs are mostly used for hydropower production as they allow for
a shift of electricity production from summer, when inflow is high,
to winter, when the electricity demand is highest (Schaefli et al.,
2019). This situation might alter in future. In Switzerland, most
concessions for hydropower water use expire until 2050 (Thut et
al., 2016). This offers the chance to rethink current management
practices, the modification of which might be beneficial in order
to adapt to climate and socio-economic change (Dorchies et al.,
2014). In the future, reservoirs may be operated to provide services
beyond electricity generation, including irrigation, water supply,
flood protection, modulation of runoff regimes, recreational activ-
ities, navigation, and fishery (Branche, 2015; Schleiss, 2016). Such
multi-purpose reservoirs could at least partially take the role of
natural storages such as snow and glaciers, by storing winter precipi-
tation and releasing water in summer (Viviroli et al., 2011; Thut et al.,
2016). A major challenge with multi-purpose reservoirs, however,
is sharing water among competing users (Branche, 2015; Nazemi
and Wheater, 2015; Andrew and Sauquet, 2017), especially during
droughts (Labadie, 2004).

Water resources assessments often focus on natural water avail-
ability, and often neglect water demand and storage in reservoirs.
This is unfortunate as they should be considered together (Viviroli
et al., 2011; Nazemi and Wheater, 2015) due to the potential role
of reservoirs in alleviating water scarcity in summer (Buytaert et
al., 2017). To date, only few studies have jointly considered water
demand and reservoir storage. Adam et al. (2007) developed a
method for the estimation of potential contributions of reservoirs
to long-term changes in seasonal streamflow. Loukas et al. (2007)
modeled not only water availability but also reservoir operation and
water demand to evaluate the sustainability of water resources man-
agement strategies in two catchments in Greece. Haddeland et al.
(2006) have studied the impacts of reservoirs on continental surface
water fluxes. The question is, however, whether such reservoirs have
the capacity to eventually buffer projected seasonal shifts in runoff
regimes. This has been investigated by Barnett et al. (2005) who com-
pared simulated annual runoff to the capacity of existing reservoirs
for the world’s largest river basins. However, they did not investigate
whether the storage capacity was sufficient to cover existing water
demand. Biemans et al. (2011) went into this direction by estimat-
ing the impact of reservoirs on irrigation, and found that reservoirs
contribute significantly to irrigation water supply.

In this study, we assess the potential role of reservoirs and lakes
in alleviating water shortages. We do so by comparing reservoir
storage capacity with water shortage for current and future climate
conditions. We assume that water shortage can be alleviated effi-
ciently if the ratio between storage and shortage is large. However,
if this ratio is small, then the shortage exceeds the storage capac-
ity, and there is little potential for alleviation. A similar concept has
been applied by Anghileri et al. (2016) who defined stress situations
as cases when reservoir capacity was small and water demand was
high. In order to define the potential of reservoirs for alleviating sum-
mer water scarcity under current and future conditions, we address
the following questions:

1. What is the spatial and temporal distribution of water short-
age under current and future i) normal and ii) extreme climate
conditions?

2. How do these water shortages differ for current and future
climate conditions?

3. Where and to what degree is the regional storage capacity
of artificial reservoirs and natural lakes sufficient for bridging
current and future summer water shortages?

According to Clarvis et al. (2014), augmenting the integration and
comprehensiveness of reservoir and lake management for adapta-
tion purposes will be particularly important in an Alpine context.
We conduct a nationwide analysis in Switzerland focusing on spatial
patterns rather than individual case studies. This becomes possible
thanks to a spatially comprehensive dataset of 307 medium-sized
catchments in Switzerland at a comparably fine spatial resolution.
This is anticipated to provide a comprehensive picture and is there-
fore distinct from existing studies that focus on individual reservoirs
or catchments. Such as spatial overview is necessary to identify
regions where reservoirs, existing or newly built, might take an
important role in alleviating water scarcity.

2. Methods and material

2.1. Assessment framework

We addressed the questions listed in the previous section in a
framework consisting of the four elements A) water supply, B) water
demand,C)watersurplus/shortage,andD)storagecapacity(Fig.1).For
each of these elements, we 1) computed total volumes averaged over
thewholeyearand2)assessedtheseasonalityovertheyear. Inthecase
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Fig. 1. Study framework: The four elements A) water supply, B) water demand, C) water surplus/shortage, and D) storage capacity are analyzed with respect to 1) volume and 2)
seasonality. They are used to assess 3) extremes and 4) the potential of natural lakes and reservoirs for alleviating water shortages.

of water scarcity, we estimated extreme water scarcity by applying a
univariate frequency analysis on simulated summer water shortages.
The potential of reservoirs and lakes for alleviating summer water
shortage was subsequently computed as the ratio between storage
at the catchment scale and water shortages which were estimated to
occur under normal and extreme discharge conditions.

2.2. Study area

The study was performed on a comprehensive and spatially
complete dataset consisting of 307 medium-sized catchments in
Switzerland (Fig. 2) (Federal Office for the Environment FOEN,
2015). Brunner et al. (2018) have shown that nationwide water
scarcity assessments should focus on a catchment-scale rather than a
regional scale if the variability in physiographical and meteorological
catchment characteristics is large.

The variation in topography, precipitation sums and seasonality,
as well as other catchment characteristics leads to various runoff

regimes including glacial, nival, and pluvial regimes (Blanc and
Schädler, 2014). Spatial variability exists not only in the natural
water supply but also in the demand for water, owing to dif-
ferences in land use, population density, degree of urbanization,
industry density, and other factors. Water is used for agricultural
purposes (roughly 400 106 m3 per year or 0.028 mm/d), house-
hold water supplies (ca. 500 106 m3 or 0.033 mm/d), for industry
water supplies (1.1 109 m3 or 0.076 mm/d), and for cooling nuclear
power plants (1.6 109 m3 or 1.108 mm/d) (Federal Office for the
Environment FOEN, 2014). The demand for water does not only vary
in space; it also varies temporally, owing to seasonal differences
in temperature which affect cooling, or to differences in evapo-
transpiration which affect irrigation (Björnsen Gurung and Stähli,
2014). The variety of both hydrological and land-use conditions
makes this dataset a representative case study for addressing the
research questions presented in Section 1. The methods described
in the subsequent sections, especially the computation of the
potential of reservoirs and lakes for alleviating summer water

Pre-Alps

Southern Alps

Jura Plateau

Alps

Regions
Catchments
Lakes
Rivers

50 km

Fig. 2. Map of Switzerland with 307 catchments and the five main geographical regions: Jura, Plateau, Pre-Alps, Alps, and Southern Alps.
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scarcity, are not restricted to this dataset but can be applied to other
study regions.

2.3. Water supply

We used runoff time series simulated with the hydrological
model PREVAH (Viviroli et al., 2009b) to quantify water supply in the
307 catchments in Switzerland (Fig. 2) at a daily temporal resolution.
Using even finer temporal resolution was found to be of little added
value in water shortage assessments (Brunner et al., 2018). Water
transfers between regions were not considered because local supply
was compared to local demand.

PREVAH is a conceptual process-based model consisting of sev-
eral sub-models which represent different parts of the hydrologi-
cal system. These include interception storage, soil water storage
and depletion by evapotranspiration, snow accumulation and melt,
glacier melt, groundwater, runoff and baseflow generation, discharge
concentration, and flow routing. PREVAH has been chosen as it was
shown to reliably simulate the water balance of Switzerland (Zappa
and Pfaundler, 2009; Speich et al., 2015) and because it has previ-
ously been adopted for climate impact studies (Köplin et al., 2010).
A gridded version of the model (Speich et al., 2015) at a spatial res-
olution of 500 m was set up for Switzerland. The high resolution is
needed to capture the variations of discharge regimes, which are
observed for regions with distinct physiographical and meteorologi-
cal characteristics.

For the calibration, runoff time series from 140 mesoscale catch-
ments covering the different runoff regimes were used. The model
calibration was conducted over the period 1984–1996. Verification
was performed with periods 1980–1983 and 1997–2009, using (i) vol-
umetric deviation (Viviroli et al., 2007) and (ii) benchmark efficiency
(Schaefli and Gupta, 2007) as objective functions. The calibration and
validation procedures are described in detail in Köplin et al. (2010).
The parameters for each model grid cell were derived by regionaliz-
ing the parameters obtained for the 140 catchments with a procedure
based on ordinary kriging (Viviroli et al., 2009a; Köplin et al., 2010).

The calibrated and validated model was then driven with daily
meteorological data including precipitation, temperature, relative
humidity, radiation, and wind speed, representing both reference
and future climate conditions. The reference period comprised the
years 1981–2010 while the future period lay at the end of the century
(2071–2100) when the projected changes in runoff are expected to
be most noticeable. The two reference periods were used as they are
commonly adopted in climate impact studies (World Meteorological
Organization, 2015). The transient forcing meteorology for future
climate was derived from the CH2018 climate scenarios (National
Centre for Climate Services, 2018). They are based on the
EURO-CORDEX initiative (Jacob et al., 2014; Kotlarski et al., 2014)
which reflects the most recent climate model developments and con-
tains transient simulations based on greenhouse gas forcing. The
scenarios are based on representative concentration pathways (RCP)
(Moss et al., 2010; van Vuuren et al., 2011) and a regional down-
scaling approach based on quantile mapping. For a more detailed
description of quantile mapping approaches, refer to Themeßl et al.
(2012) or Gudmundsson et al. (2012). The meteorological data was
derived for the 39 model chains in the ensemble, which provide tem-
perature, precipitation, relative humidity, radiation, and wind speed,
for various meteorological stations in Switzerland. For a full list of
the model chains used, refer to Table A.1 in the appendix. The use of
the set of chains allows for the consideration of uncertainties com-
ing from the choice of both (i) emission scenarios and (ii) global and
regional climate models (GCMs and RCMs). Addor et al. (2014) have
shown that the choice of the GCMs and RCMs is an important source
of uncertainty in hydrological climate impact assessments while the
choice of the hydrological model and thus the technique used for
spatial data interpolation are less important.

The meteorological data were interpolated to a 2 × 2 km
grid using detrended inverse distance weighting The scheme uses
elevation-dependent regression, and spatially interpolates the resid-
uals of that regression with inverse-distance weighting (Viviroli et
al., 2009b). During the model run, PREVAH reads the meteorological
grids and further downscales the data to the computational grid of
500 × 500 m using bilinear interpolation. For temperature, a moist-
adiabatic lapse rate of −0.65 ◦C/100 m was additionally used. This
indirectly allows for the consideration of local topographic effects.
This two-steps procedure has been introduced to cope with the large
amount of data needed to run PREVAH for 119 years in transient
mode for 39 scenarios.

Future glacier extents were obtained from simulations with a
glacier evolution model. Two different approaches were used for
short and long glaciers, with a threshold set at 1 km glacier length.
Glacier lengths were taken from the Randolph Glacier Inventory ver-
sion 6.0 (RGI Consortium, 2017), and refer to the year 2003. For short
glaciers, the future glacier evolution was modeled with the global
glacier evolution model (GloGEM; Huss and Hock, 2015). In GloGEM,
glacier changes were simulated from a retreat parameterization
that relies on observed glacier changes (Huss et al., 2010). For long
glaciers, GloGEMflow (Zekollari et al., 2018) was used. GloGEMflow
is a new, extended version of GloGEM with an added dynamic ice
flow component. This new model was extensively validated over the
European Alps, by relying on observed surface velocities and glacier
changes and by comparing the future projected glacier changes to
those resulting from detailed projections from detailed 3-D modeling
studies focusing on individual glaciers (e.g. Jouvet et al., 2011; Zekol-
lari et al., 2014). The simulated glacier extents were transformed
from the GloGEM(flow) 1D model grid to the 2D PREVAH model grid
by conserving the area of each elevation band.

For illustration purposes, we chose the results of three climate
model chains among the 39 available ones. We identified climate
chains leading to wet, medium, and dry hydrological conditions,
respectively. These conditions were assessed on the period 2070–
2100 using three discharge characteristics, namely, mean discharge,
the 5% quantile of discharge, and seven day lowflow. These char-
acteristics were computed for the results of each of the 39 model
chains, and ranked across the chains. The chain leading to dry hydro-
logical conditions was identified as the one with the lowest rank
across the three characteristics, the chain leading to wet condi-
tions as the one with the highest rank, and the chain leading to
medium conditions as the one with mean ranks across the chains. The
characteristics of the model chains are listed in Table 1.

The daily, simulated runoff series resulting from the 39 model
chains were used to compute a mean runoff regime over (i) the
period 1981–2010, representing current normal runoff conditions
and (ii) the period 2071–2100, representing future normal runoff
conditions. The simulated series were also used to extract extreme
runoff regimes for current and future conditions. The year 2003 was
chosen to represent very dry conditions at present (Beniston, 2004;
Rebetez et al., 2006; Schär et al., 2004; Zappa and Kan, 2007) for
current conditions and the year with the minimum monthly flow
was chosen to represent dry conditions in future. These regimes were
used, together with the water demand estimates, to estimate water
surpluses/shortages.

Table 1
Summary of the three climate chains considered for illustrating dry, medium, and wet
conditions: global circulation model (GCM), regional climate model (RCM), represen-
tative concentration pathway (RCP), and type of grid resolution (Resolution).

Conditions GCM RCM RCP Resolution

Dry MOHC-HadGEM2-ES CLMcom-CCLM4-8-17 8.5 EUR-44
Medium ICHEC-EC-EARTH SMHI-RCA4 4.5 EUR-44
Wet ICHEC-EC-EARTH DMI-HIRHAM5 4.5 EUR-11
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2.4. Water demand

In this study, we focused on both net and gross water abstraction
from surface water because they both provide important infor-
mation on water stress (Vanham et al., 2018). Net water abstrac-
tion comprises consumptive water uses only, while gross water
abstraction includes non-consumptive uses such as hydropower
production (Liu et al., 2017). Water demand was estimated for
various water use categories including 1) drinking water (domes-
tic and tourism), 2) industry (second and third sector), 3) artifi-
cial snow production, 4) agriculture (irrigation and livestock), 5)
ecological flow requirements, and 6) hydropower production. The
estimation procedures for the considered water demand categories
are described in the subsequent paragraphs. For drinking water,
industry, agriculture, and ecology, they are the same as in Brunner et
al. (2018).

1) Drinking water. We considered both drinking water demand
from households and from the tourism sector. Drinking water
demand from households was estimated by multiplying the water
use rate of 142 l per person and day (Freiburghaus, 2015) with the
number of inhabitants per catchment (Swiss Federal Statistical Office
FSO, 2017) as in Loukas et al. (2007). The drinking water demand
from households was assumed to be constant over the year. Drinking
water demand for tourism was estimated in a similar way by mul-
tiplying the same water use rate by the number of overnight stays
(Swiss Federal Statistical Office FSO, 2015b) per catchment. The esti-
mated annual water demand for tourism was attributed to the winter
(December–February) and summer season (June–September) which
were considered to be most relevant for tourism.

2) Industry. Industrial water demand was estimated by multiply-
ing the water use rate per employee with the number of employees
per catchment (Swiss Federal Statistical Office, 2018). The second
(manufacturing) and third sector (services) were treated separately
by using two different water use rates: 148 m3 per employee and
year for the second sector and 85 m3 per employee and year for the
third sector (Freiburghaus, 2009). The industrial water demand was
assumed to be constant over the year.

3) Artificial snow production. In Switzerland, artificial snow is pro-
duced in the winter season to support winter tourism. The water
demand for this purpose was estimated by multiplying ski run
area with the mean water demand per area (1200 m3 per hectare
Teich et al., 2007). Ski run areas were derived by multiplying ski
run lengths obtained by MySwitzerland (2018) and provided by the
skiing regions with an average piste width of 30 m (Iseli, 2015).

4) Agriculture. Agricultural water demand was derived from water
demand for livestock feeding and irrigation. Livestock water demand
was computed by multiplying the water use rate per unit of livestock
(110 l per day; Freiburghaus, 2009) with the number of livestock
per catchment (Swiss Federal Statistical Office FSO, 2015a), in line
with Wada et al. (2016). The livestock water demand was assumed
to be constant over the year. The irrigation water demand, which
represents the difference between the crop water requirement and
effective precipitation (Allen et al., 1998) was computed using time
series derived by the hydrological model described in the previous
section. Crop water requirement was defined as the potential evapo-
transpiration computed using the Penman-Monteith equation (Allen
et al., 1998). Effective precipitation, which represents the portion of
rainfall that contributes to meet crop water demand (Patwardhan et
al., 1990), was estimated using the current precipitation index, which
describes the current catchment wetness. It is defined as a con-
tinuous function of precipitation which accumulates on rainy days
and exponentially decays during the recession periods of no rainfall
(Smakhtin and Masse, 2000). To characterize the exponential decay,
we here used a recession coefficient of 0.7. Irrigation water demand
is seasonally variable but withdrawal for irrigation was restricted to
the spring and summer months (April to September).

5) Ecology. Ecological flow requirements were considered by
using a threshold flow value corresponding to the 95% quantile of
daily discharges as prescribed by Swiss legislation (Aschwanden and
Kan, 1999). The ecological flow requirement was assumed to be con-
stant over the year. We did not consider further specific needs, e.g.
for sustaining protected wetlands or the avoidance of hydro peaking.

6) Hydropower. We only considered storage hydropower and
neglected run-of-river hydropower plants since they can usually
not be actively regulated (Schaefli, 2015). The water demand for
hydropower production was estimated for each storage reser-
voir within Switzerland and then aggregated to basin-wide water
demand. The monthly water demand was estimated by multiplying
the monthly percentage change in storage content with the storage
capacity of the reservoir, and by subsequently adding the monthly
natural inflow to the reservoir. The monthly percentage changes in
storage content were derived using monthly storage content curves
provided by the Swiss Federal Office of Energy (2017) for four large
regions, being the cantons (i) Valais, (ii) Grisons, (iii) Ticino, and
(iv) the aggregated remaining cantons. The monthly inflows were
computed based on the catchment runoff simulated with the hydro-
logical model PREVAH (see previous section), which was adjusted
proportionally to the catchment area contributing to reservoir inflow.
Locally, water used for hydropower production becomes unavailable
for other uses since it is diverted from the natural channel. It becomes
usable again downstream of the location where the water is released
after electricity production (Johnson, 2009).

The seasonal values were explicitly estimated for drinking water
in the tourism sector, irrigation, and hydropower water demand. For
the remaining demand categories, the seasonal values were derived
from the annual values distributing them equally across all seasons.
This is because historical records on sectoral water withdrawals are
sparse, and restricted to the annual scale (Huang et al., 2018).

2.5. Future water demand

For calculating future water demand, we considered changes in
the demand related to population growth and changes in the hydro-
logical conditions. Drinking water demand was estimated using pop-
ulation projections provided by the Swiss Federal Statistical Office
FSO (2016). Industry water demand was kept at the current level
since no projections are available for this sector. Artificial snow pro-
duction was estimated taking into account that skiing areas below
a certain altitude threshold will disappear due to unprofitability
(Uhlmann et al., 2009; Fischer et al., 2011) and assuming that the
water consumption per hectare will increase to 1500 l (upper limit
provided by Teich et al., 2007). The altitude threshold was set to
2000 m a.s.l. because temperature has a more important impact on
snow below altitudes around 1500–2000 m a.s.l. than on those above
(Beniston, 2012). Water demand for livestock feeding was kept at the
current level while water demand for irrigation was estimated using
potential evapotranspiration representing future climate conditions.
Future hydropower demand was computed with future reservoir
inflows. Changes in production patterns were not considered due to
the high uncertainty (Gaudard et al., 2014; Ranzani et al., 2018). Total
catchment water demand was estimated by aggregating the demand
estimates from the different demand categories.

2.6. Water surplus and shortage

Water surplus or shortage were estimated by computing the differ-
ence between the water supply and the total water demand estimates
both at an annual and at a monthly resolution. A water surplus resulted
if this difference was positive and a water shortage if it was negative.

Normal, i.e. mean monthly water surplus/shortage was computed
using mean runoff conditions over the time period of interest. In con-
trast, extreme monthly water surplus/shortage was estimated using



1038 M. Brunner, A. Björnsen Gurung, M. Zappa, et al. / Science of the Total Environment 666 (2019) 1033–1047

an annual hydrograph representing extreme runoff conditions. For
current conditions, we used the hydrograph of the year 2003, which
represents a very dry year. For future conditions, we used the hydro-
graph comprising the minimum monthly flow (i.e. the minimum
flow over the whole time series) within all future time series. Sum-
mer water shortage was computed as the aggregated water shortage
in the months June to September. Extreme summer water shortage
was estimated using univariate frequency analysis on the cumulative
shortages of the months June to September. For future conditions,
we used the water shortage estimates combined from all 39 climate
model chains, and fitted a Generalized Extreme Value (GEV) distri-
bution. The distribution was not rejected at a level of significance of
0.05 by a Anderson–Darling goodness-of-fit test following Chen and
Balakrishnan (1995). We used the fitted GEV distribution to derive
water shortage estimates corresponding to return periods of 10 and
100 years, which are the return periods commonly used for planning
purposes.

2.7. Storage capacities

We focused on reservoir storage capacity and distinguished
between two types of reservoirs: natural lakes and artificial reser-
voirs. Currently, the latter are mainly used for hydropower produc-
tion. In the following, we will refer to these two types of reservoirs
just as lakes and reservoirs.

• Lakes: For the largest lakes (>0.5 Mm3), we used volume esti-
mates provided by the Swiss Federal Office for the Environment
(FOEN). The storage capacity of the remaining lakes was com-
puted by multiplying the mean lake depth, defined by using the
isolines of the digital elevation model for Switzerland (Federal
Office of Topography swisstopo, 2018), with the lake surface
area.

• Reservoirs: The storage capacity of hydropower reservoirs in
Switzerland was provided by the Swiss Federal Office for
Energy (BFE) (Panduri and Hertach, 2013).

We assumed that the total storage capacity of different reservoirs
in a catchment was available in a single, virtual reservoir (Loukas
et al., 2007; Ahn et al., 2016; Garrote et al., 2018). The total stor-
age capacity was computed by aggregating the capacities of the two
reservoir types.

2.8. Potential of reservoirs and lakes for alleviating summer water
scarcity

The potential of reservoirs and lakes for alleviating summer water
scarcity was estimated as the ratio between storage capacity and
water shortage estimates derived for normal and extreme conditions
(10-year and 100-year estimates). A large storage-shortage ratio rep-
resents a high potential for alleviating local water scarcity, while a
small ratio represents situations where catchments either have a low
storage capacity or where high shortages are expected. The assess-
ment was performed at a catchment-scale, where local shortages
were compared to local storage capacities. Catchments with storage
capacities that are higher than estimated shortages might, however,
also contribute to the alleviation of water shortages in catchments
downstream. This possibility was not accounted for.

3. Results

3.1. Current water supply, demand, and shortage

The runoff regimes in Switzerland are influenced by different
factors depending on the region (see Fig. 3 for four example
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Fig. 3. Hydrological mean regimes under current (bold line) and future (dashed lines) climate conditions for four example catchments: a) Bagnes, b) Surses, c) Zurich, and d) Thur
(map to the right). The grey lines represent mean regimes computed from the 39 climate chains available. (For interpretation of the references to color in this figure legend, the
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Fig. 4. a) Annual estimated water demand over all catchments for the considered water-demand categories, and (b) spatial distribution of the water demand over all categories.
The grey box indicates a region with a comparably high water demand: Zurich region. (For interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)

catchments). Alpine regions (e.g. Bagnes and Surses) are influenced
by glacier- and/or snow melt, and are therefore characterized by
runoff regimes with high runoff in spring and summer and low
runoff in winter. In contrast, runoff regimes in the Plateau region (e.g.

Zurich and Thur) are influenced mainly by rainfall, and characterized
by low runoff in summer and higher runoff in winter.

Estimated current water demand varies between categories. Over
all catchments, annual water demand is estimated to be highest for
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Fig. 5. Estimated annual water demand for the 307 catchments. Categories are sorted in order of decreasing water demand. Note that the three rows have different color scales
due to the large differences in magnitude. (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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Fig. 6. Annual water shortage/surplus estimates for a) current mean conditions (1981–2010) and b) extreme conditions represented by the year 2003. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

ecological flow requirements (ca. 8000 106 m3) and for hydropower
production (ca. 6000 106 m3) (Fig. 4 b). Water demand for irriga-
tion (ca. 1000 106 m3) and drinking (ca. 1000 106 m3) are much lower
but still substantial. The water demand decreases in the follow-
ing order: ca. 900 106 m3 for industry sector three, 360 106 m3 for
industry sector two, 70 106 m3 for livestock feeding, 15 106 m3 for
drinking and tourism, and 8 106 m3 for snow production. The water
demand does not only vary according to the categories but also in
space (Fig. 4b). The overall water demand is highest in the Plateau
region, especially in the region Zurich (grey square Fig. 4b). The spa-
tial pattern is quite diverse for the different water demand categories
(Fig. 5). Ecological flow requirements are dependent on the natural
flow conditions and therefore highest in the regions with compa-
rably high discharges such as the Alps and Southern Switzerland.
Water demand for hydropower production is mainly restricted to the
Alps, the Pre-Alps, and the Southern Alps, where most hydropower
reservoirs are located. In contrast, livestock and irrigation water
demand are highest in the Plateau region because of the compara-
bly flat terrain suitable for agriculture. Water demand for drinking
and industry are highly dependent on the population density and
the number of employees, respectively, and are therefore highest in
the densely populated areas in the Swiss Plateau. Drinking water
demand for tourism is highest in the Alps, where the mountain
resorts are located, and in the large cities in the Plateau which also
attract tourism. The locations of the mountain resorts also appear

in the spatial distribution of demand for snow production, which is
restricted to the Alps.

The high water demand in the Plateau region is reflected in the
low water surplus estimates for current conditions. The estimates
are lower in the Plateau region than in the Alps (Fig. 6). Estimated
water shortage is higher for the extreme year 2003 (Fig. 6b) than for
average conditions (Fig. 6a).

Under normal conditions, hardly any region is expected to be
affected by water shortage on an annual scale. However, under
extreme conditions, a few catchments in the Plateau region are
expected to be affected by water shortage. This is also the case for
some regions in the Alps. If the water shortage estimates are aver-
aged over all months, only a few regions are affected. This is different
for monthly water shortage estimates, as shown for April, August,
and December (Fig. 7).

Under current normal conditions, monthly estimates indicate
local water shortages in only a few catchments in the Alps and the
Plateau region. This can mainly be explained by hydropower water
demand. In contrast to normal conditions, extreme conditions are
expected to lead to local water shortages in most catchments in the
Plateau region in summer. Water shortages are also expected in a
few regions in the Alps in winter.

The storage capacity of both natural lakes and artificial reservoirs
is distributed heterogeneously (Fig. 8). The largest natural lakes are
located in the Pre-Alps and Western Switzerland, while the storage

C

Normal 
conditions

Extreme
conditions

April August December
Monthly surplus/
shortage

[mm/d]

Fig. 7. Monthly water shortage/surplus estimates for the months April (left panels), August (middle panels), and December (right panels) considering normal (upper panels) and
extreme water supply conditions (lower panels). (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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Fig. 8. Storage capacities for natural lakes (a) and hydropower reservoirs (b).

capacity of reservoirs is highest in the Alps and the Southern Alps.
The storage capacities in catchments in the Plateau region are rather
low compared to the Alps except for catchments with a natural lake.

3.2. Future water supply, demand, and shortage

The hydrological regime is expected to be modified under future
climate conditions both for melt-dominated and rainfall-dominated
catchments (Fig. 3). The maximum runoff of the hydrological regime
of the melt-dominated catchments (e.g. Bagnes and Surses) is
expected to be shifting from summer to spring, which results in
a future surplus of water in winter, an earlier melt season, and a
deficit in summer. A regime shift is also expected for the rainfall-
dominated regimes whose winter runoff is increased while the
summer lowflows become more intense.

Future water demand was assumed to remain at the current level
for industry, livestock feeding, tourism, and ecology. On the other
hand, it was estimated to increase for drinking water in house-
holds due to population increase, and in irrigation due to a projected
increase in potential evapotranspiration. Future water demand for

snow production was estimated to increase in catchments maintain-
ing snow production in future, and to reduce to zero in the remaining
catchments. The future water demand was found to remain approx-
imately stable for hydropower production due to the small annual
changes in reservoir inflow. Remember that production patterns
were assumed to remain constant.

Fig. 9 shows annual water surplus/shortage estimates for current
and future conditions.

For visualization purposes, the future conditions are summa-
rized by three climate model chains representing dry, medium,
and wet conditions. On an annual scale, hardly any water short-
ages are expected under normal conditions, independently of the
model chain. Under extreme conditions, however, water shortage
estimates are more severe in future than currently, even for wet
conditions. Similarly as under current conditions, water shortage
estimates vary over the year (Fig. 10). In the melt-dominated regions,
water shortages are estimated to occur in winter, when runoff is
lowest. In rainfall-dominated regions, instead, water shortages are
estimated to occur in summer. These shortages are expected to be
more severe under future than under current climate conditions.

C
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Future conditionsCurrent conditions
Dry Medium Wet

Surplus/shortage
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Fig. 9. Annual water shortages/surplus estimates for current and future normal (upper panels) and extreme (lower panels) climate conditions. The future conditions are repre-
sented by three climate model chains: dry, medium, and wet. (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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Fig. 10. Seasonal water shortages for current (bold lines) and future (dashed lines) normal (light green) and extreme (dark green) climate conditions. Future estimates are given
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In melt-dominated catchments (i.e. mainly in the Alps), the differ-
ences between current and future conditions are more noticeable for
extreme than for normal conditions.

The Plateau region, where the water demand is highest (Fig. 4),
is expected to be affected most by water shortages (Fig. 7). This is
especially in the summer months, when water demand for irrigation
is highest. For further analyses, we therefore focused on the months
June to September. Fig. 11 shows mean and extreme summer short-
age estimates for return periods of 10 and 100 years under current
and future conditions.

While the mean shortage estimates are relatively similar for cur-
rent and future conditions, there are significant differences between
the 10- and 100-year estimates. The catchments in the Plateau region
are more severely affected by water shortage under future condi-
tions, and a few regions in the Alps may also be impacted when
considering shortage estimates with a high return period (i.e. a low
recurrence frequency).

3.3. Potential of reservoirs and lakes for the alleviation of summer
water shortages

Water shortage situations can potentially be alleviated by using
water stored in natural lakes and artificial reservoirs. The estimated

potentials are displayed in the upper two panels of Fig. 12. Under
current and future mean conditions, only a few catchments in the
Plateau region are expected to experience water shortage. For these
catchments, the potential of reservoirs for the alleviation of water
scarcity is relatively small, and storage capacities are limited to
regions with large natural lakes (Fig. 8). In the latter regions, lakes
have a high potential for the alleviation of summer water scarcity.
For dry summers with a return period of 10-years under future con-
ditions, a few regions in the Alps have a significant reservoir potential
for alleviating shortages — in addition to the catchments in the
Plateau region. For a summer water shortage with a return period
of 100 years, the potential is maintained in the catchments of the
Plateau with large natural lakes, but is reduced in some regions in
the Alps where the increased shortage can not be covered entirely
by existing storage capacities. However, some regions in the South-
ern Alps show a high potential for alleviating water scarcity through
reservoirs not affected by water shortage under less extreme condi-
tions. The lower panel in Fig. 12 shows that the potential of reservoirs
and lakes for alleviating summer water scarcity in future can both
increase or decrease. While the differences in current and future
potential are rather small for mean conditions, they can be large
under extreme conditions.

The potential in the Lake region (brown box in Fig. 12), for
example, decreases under future conditions because of an increase
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Fig. 11. Mean and extreme summer (June–September) water shortage/surplus estimates under current (upper panels) and future (lower panels) conditions. The displayed values
were calculated by combining all 39 climate model chains. (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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in water shortage, even though the potential is still large. In
contrast, the potential of reservoirs in the Crans-Montana region
increases because the region includes a few reservoirs but is
only affected by water scarcity under extreme future condi-
tions. Also in the Zug region, the reservoir potential increases
in the future, since it is affected by water shortage only
in the future. On the contrary, the region has a decreasing
potential in the future under very extreme conditions (100-year
event) because future shortage becomes larger compared to current
shortage.

4. Discussion

The expected shifts in runoff regimes lead to an increase in
water availability in winter but to a decrease in summer. This
is not ideal with respect to the seasonality of irrigation water
demand, which is highest in summer when potential evapotranspi-
ration is high. In contrast, the expected regime shifts are poten-
tially beneficial for hydropower production via both run-of-river
and storage power plants. This is because water supply and high
energy prices would coincide, prices being highest in winter due
to heating requirements. Note, however, that energy demand might
increase in summer due to cooling requirements (Gaudard et al.,
2014). The additional water that becomes available in winter can
potentially be stored in reservoirs, and released in the season it
is needed. The seasonal lack of water can therefore partially be
alleviated by reservoirs and regulated lakes. In addition to the sea-
sonal mismatch between water availability and demand, there is a
spatial mismatch between water supply and demand. Catchments
in the Plateau generally have a higher water demand than those
in the Alps. However, water availability shows the opposite pat-
tern, with high availability in the Alps and rather low availability
in the Plateau region. It must be noted, however, that this spatial
distribution will in practice be solved by water flowing from the
Alps towards the Plateau, where it can contribute to satisfy water
demands.

The Plateau is the region mainly affected by water scarcity.
This is because more runoff is generated in the Alps, where higher
annual precipitation is found. While annual water demand is hardly
higher than annual water supply, seasonal water demand can
exceed local water supply both locally and regionally. Water short-
age is highest in summer, and enhanced by extremely low runoff
conditions. When considering hydropower as a water demand,
even catchments in the Alps can experience water scarcity under
current and future conditions, especially in winter and spring
when natural runoff is low for melt-dominated regimes but the
demand for hydropower is highest. It is noteworthy that win-
ter water scarcity hardly becomes apparent due to the use of
hydropower reservoirs which enable hydropower companies to
store water in the Alps during the water-abundant summer, and to
release it in winter. This strategy is already now used for alleviating
water shortage.

Our analysis has shown that reservoirs and natural lakes can
also help to alleviate summer water scarcity. The potential is high-
est in regions where large natural lakes are located in places with
water scarcity. In addition, potential for water scarcity alleviation
also exists in regions where both water demand for hydropower
production and seasonal storage of water in hydropower reservoirs
are large. While this potential is not very different in future than
at present for average conditions, it can significantly differ under
extreme conditions. Some regions were shown to have an increased
future potential when they become affected by water scarcity. Other
regions had a lower potential because they are less affected by
water scarcity under current conditions than in future. If the stor-
age capacity of a region exceeds the volume needed to cover

local water scarcity, the water might also be used in other
regions. This might, however, be associated with (high) trans-
portation costs and/or environmental damage. In some cases,
not the whole storage capacity can be used for the alleviation
of water scarcity since the reservoirs are not necessarily con-
nected to the regions with the highest water scarcity. The reser-
voirs in the south-western part of Switzerland (Valais) or the
Southern Alps are for instance hydrologically not connected to the
Plateau region.

Water scarcity issues can be either considered from a water
supply or demand perspective (Montanari et al., 2013). Using exist-
ing reservoirs in a multi-purpose framework is only one mea-
sure for alleviating water scarcity, thereby addressing the supply
side of the problem. Another measure is the use of groundwa-
ter resources which have a high but currently not fully exploited
potential (Sinreich et al., 2012). In regions with high expected
shortage but low natural water availability, new reservoirs could
be constructed which collect rainwater in winter to be used for
irrigation in summer. Other measures rather address the demand
side in times of water scarcity. Potential measures include the
choice of drought-resistant crop types, improved irrigation tech-
niques, public awareness campaigns, efficient cooling techniques,
etc. Multi-purpose reservoirs would ideally complement such mea-
sures, but can probably not replace them due to the spatial
differences in storage availability and water demand. In a sce-
nario analysis, Hao et al. (2015) showed that combining reser-
voir management with a reduction in irrigation water demand
by altering the cropping system and improving irrigation tech-
niques is much more effective than building additional reservoirs.
Last but not least, it is crucial to note that water quality can sig-
nificantly influence the availability of water resources (Lissner et
al., 2014). Water quality should be considered together with water
availability and infrastructure.

This study provides decision makers with an overview of regions
where reservoirs and natural lakes might play a role in the alle-
viation of water scarcity. Its results are not directly transferable
to the scale of an individual community because water-demand
estimates were derived using input data at rather coarse spa-
tial resolution. If similar analyses are conducted at a commu-
nity scale, data on water demand should be collected locally, and
complemented with qualitative techniques such as surveys and
interviews. Depending on the location of the reservoir of inter-
est, other types of water demands not considered in this analysis
might be important. Volpi et al. (accepted for publication) have
for example shown that reservoirs can have a positive effect on
flood attenuation. In catchments with nuclear power plants or
important industrial facilities, thermal cooling needs to be taken into
account. In the case of reservoirs with a large surface, evapotran-
spiration from that surface should be accounted for (Loukas et al.,
2007).

Water management becomes crucial at the local scale as well. To
identify suitable operation modes for a multi-purpose reservoir, as
opposed to a hydropower reservoir, optimal management options
would need to be identified (Schaefli, 2015). This can be achieved
by minimizing the adverse effects of water shortage, or by maximiz-
ing the economic benefits of the water resource system (Anghileri
et al., 2011; Nazemi and Wheater, 2015). Hendrickx and Sauquet
(2013) have shown that an earlier filling of the reservoir is neces-
sary in winter to support minimum downstream flow in summer.
According to Kellner and Weingartner (2018), the suitability of a
multi-purpose reservoir needs to be assessed individually. They con-
clude that the use of multi-purpose reservoirs might not in every
case be the best solution, and rather propose water-systems well
connected by infrastructure.
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5. Conclusions

The region mostly affected by summer water scarcity in
Switzerland is the Plateau, where a relatively high demand meets
a relatively low natural water supply. There, catchments with nat-
ural lakes might profit from water scarcity alleviation through
nearby reservoirs and natural lakes. Our results have shown
that storage capacity can be several times larger than estimated
water scarcity. Reservoirs and lakes allow for a seasonal shift
of water from the season with water abundance to the sea-
son with water shortage. This study has shown that the future
potential of reservoirs and natural lakes for alleviating summer
water shortage at the catchment scale will be slightly larger than
under current normal conditions. This is because water short-
age only weakly increases. However, this potential is expected to
change under extreme future conditions. The potential will increase
in regions which have a substantial storage capacity in reser-
voirs and/or lakes, and which are not affected by water shortage
under extreme current conditions but might be under extreme
future conditions. On the contrary, the potential will decrease
in regions which are suffering from water scarcity under current
extreme conditions but even more under future conditions. In con-
trast to catchments with a potential for the alleviation of summer
water scarcity, many catchments with water shortage do not have
enough storage capacity to fully cover water shortages. These regions
might still profit from inflow from other catchments or from reser-
voirs and lakes located upstream. However, additional infrastructure
might be needed to transport water from places with a high water
availability to places with a high water demand. Due to high infras-
tructure costs and environmental damage, alternative measures,
addressing the demand side of the water shortage problem might be
necessary.
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A. Appendix

Table A.1
Summary of the 39 climate chains used in this study: Global climate model (GCM),
regional climate model (RCM), representative concentration pathway (RCP), and type
of grid resolution.

GCM RCM RCP Resolution

ICHEC-EC-EARTH DMI-HIRHAM5 2.6 EUR-11
ICHEC-EC-EARTH DMI-HIRHAM5 4.5 EUR-11
ICHEC-EC-EARTH DMI-HIRHAM5 8.5 EUR-11
ICHEC-EC-EARTH SMHI-RCA4 2.6 EUR-11
ICHEC-EC-EARTH SMHI-RCA4 4.5 EUR-11
ICHEC-EC-EARTH SMHI-RCA4 8.5 EUR-11
MOHC-HadGEM2-ES SMHI-RCA4 4.5 EUR-11
MOHC-HadGEM2-ES SMHI-RCA4 8.5 EUR-11
MPI-M-MPI-ESM-LR SMHI-RCA4 4.5 EUR-11
MPI-M-MPI-ESM-LR SMHI-RCA4 8.5 EUR-11
MOHC-HadGEM2-ES CLMcom-CCLM4-8-17 8.5 EUR-44
ICHEC-EC-EARTH CLMcom-CCLM5-0-6 8.5 EUR-44
MOHC-HadGEM2-ES CLMcom-CCLM5-0-6 8.5 EUR-44
MIROC-MIROC5 CLMcom-CCLM5-0-6 8.5 EUR-44
MPI-M-MPI-ESM-LR CLMcom-CCLM5-0-6 8.5 EUR-44
ICHEC-EC-EARTH DMI-HIRHAM5 2.6 EUR-44
ICHEC-EC-EARTH DMI-HIRHAM5 2.6 EUR-44
ICHEC-EC-EARTH DMI-HIRHAM5 4.5 EUR-44
ICHEC-EC-EARTH DMI-HIRHAM5 8.5 EUR-44
ICHEC-EC-EARTH DNMI-RACMO22E 4.5 EUR-44
ICHEC-EC-EARTH DNMI-RACMO22E 8.5 EUR-44
MOHC-HadGEM2-ES DNMI-RACMO22E 2.6 EUR-44
MOHC-HadGEM2-ES DNMI-RACMO22E 4.5 EUR-44
MOHC-HadGEM2-ES DNMI-RACMO22E 8.5 EUR-44
CCma-CanESM2 SMHI-RCA4 4.5 EUR-44
CCma-CanESM2 SMHI-RCA4 8.5 EUR-44
ICHEC-EC-EARTH SMHI-RCA4 2.6 EUR-44
ICHEC-EC-EARTH SMHI-RCA4 4.5 EUR-44
ICHEC-EC-EARTH SMHI-RCA4 8.5 EUR-44
MOHC-HadGEM2-ES SMHI-RCA4 2.6 EUR-44
MOHC-HadGEM2-ES SMHI-RCA4 4.5 EUR-44
MOHC-HadGEM2-ES SMHI-RCA4 8.5 EUR-44
MIROC-MIROC5 SMHI-RCA4 2.6 EUR-44
MIROC-MIROC5 SMHI-RCA4 4.5 EUR-44
MIROC-MIROC5 SMHI-RCA4 8.5 EUR-44
MPI-M-MPI-ESM-LR SMHI-RCA4 2.6 EUR-44
MPI-M-MPI-ESM-LR SMHI-RCA4 4.5 EUR-44
MPI-M-MPI-ESM-LR SMHI-RCA4 8.5 EUR-44
NCC-NorESM1-M SMHI-RCA4 2.6 EUR-44
NCC-NorESM1-M SMHI-RCA4 4.5 EUR-44
NCC-NorESM1-M SMHI-RCA4 8.5 EUR-44
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und Nutzung Ű heute und morgen. Thematische Synthese 1 im Rahmen des
Nationalen Forschungsprogramms NFP 61 Nachhaltige Wassernutzung. Technical
Report November 2014. Swiss Federal Institute for Forest, Snow and Landscape
Research WSL, Birmensdorf ZH.

Blanc, P., Schädler, B., 2014. Water in Switzerland — an overview. Technical Report.
University of Bern, Bern.

Branche, E., 2015. Multipurpose water uses of hydropower reserviors. Technical
Report. Electricité de France EDF, Bourget du Lac Cedex.

Brunner, M.I., Zappa, M., Stähli, M., 2018. Scale matters: effects of temporal and spatial
data resolution on water scarcity assessments. Adv. Water Resour. 123, 134–144.
https://doi.org/10.1016/j.advwatres.2018.11.013.

Buytaert, W., Moulds, S., Acosta, L., Bièvre, B.D., Olmos, C., Villacis, M., Tovar, C., Verbist,
K.M.J., 2017. Glacial melt content of water use in the tropical Andes. Environ. Res.
Lett. 12, 114014. https://doi.org/10.1088/1748-9326/aa926c.

Chen, G., Balakrishnan, N., 1995. A general purpose approximate goodness-of-fit test.
J. Qual. Technol. 2, 154–161.

Clarvis, M.H., Fatichi, S., Allan, A., Fuhrer, J., Stoffel, M., Romerio, F., Gaudard, L.,
Burlando, P., Beniston, M., Xoplaki, E., Toreti, A., 2014. Governing and managing
water resources under changing hydro-climatic contexts: the case of the upper
Rhone basin. Environ Sci Policy 43, 56–67. https://doi.org/10.1016/j.envsci.2013.
11.005.

Dorchies, D., Thirel, G., Jay-Allemand, M., Chauveau, M., Dehay, F., Bourgin, P.Y., Perrin,
C., Jost, C., Rizzoli, J.L., Demerliac, S., Thépot, R., 2014. Climate change impacts
on multi-objective reservoir management: case study on the Seine River basin,
France. Int. J. River Basin Manag. 12, 265–283. https://doi.org/10.1080/15715124.
2013.865636.

Farinotti, D., Pistocchi, A., Huss, M., 2016. From dwindling ice to headwater lakes:
could dams replace glaciers in the European Alps? Environ. Res. Lett. 11, 054022.
https://doi.org/10.1088/1748-9326/11/5/054022.

Federal Office for the Environment FOEN, 2014. Grundlagen für die Wasserversorgung
2025. Risiken, Herausforderungen und Empfehlungen. Technical Report. FOEN,
Bern.

Federal Office for the Environment FOEN, 2015. Einzugsgebietsgliederung Schweiz,
EZGG-CH. Topographische Einzugsgebiete der Schweizer Gewässer. Technical
Report. FOEN, Bern.

Federal Office of Topography swisstopo, 2018. swissALTI3D. Das hoch aufgelöste
Terrainmodell der Schweiz. Technical Report. Bundesamt für Landestopografie
swisstopo, Bern.

Fischer, A., Olefs, M., Abermann, J., 2011. Glaciers, snow and ski tourism in
Austria’s changing climate. Ann. Glaciol. 52, 89–96. https://doi.org/10.3189/
172756411797252338.

Freiburghaus, M., 2009. Wasserbedarf der Schweizer Wirtschaft. Gas-Wasser-Ab-
wasser (gwa) 12, 1001–1009.

Freiburghaus, M., 2015. Wasserverbrauch. Aqua & Gas. pp. 72–79.
Garrote, L., Iglesias, A., Granados, A., 2018. Country-level assessment of future risk of

water scarcity in Europe. Proceedings International Association of Hydrological
Sciences. 379. pp. 455–462. https://doi.org/10.5194/piahs-379-455-2018.

Gaudard, L., Romerio, F., Dalla Valle, F., Gorret, R., Maran, S., Ravazzani, G., Stoffel,
M., Volonterio, M., 2014. Climate change impacts on hydropower in the Swiss
and Italian Alps. Sci. Total Environ. 493, 1211–1221. https://doi.org/10.1016/j.
scitotenv.2013.10.012.

Gudmundsson, L., Bremnes, J.B., Haugen, J.E., Engen-Skaugen, T., 2012. Technical note:
downscaling RCM precipitation to the station scale using statistical transforma-
tions — a comparison of methods. Hydrol. Earth Syst. Sci. 16, 3383–3390. https://
doi.org/10.5194/hess-16-3383-2012.

Haddeland, I., Skaugen, T., Lettenmaier, D.P., 2006. Anthropogenic impacts on conti-
nental surface water fluxes. Geophys. Res. Lett. 33, 2–5. https://doi.org/10.1029/
2006GL026047.

Hao, L., Sun, G., Liu, Y., Qian, H., 2015. Integrated modeling of water supply and demand
under management options and climate change scenarios in Chifeng City, China.
J. Am. Water Resour. Assoc. 51, 655–671. https://doi.org/10.1111/1752-1688.
12311.

Hendrickx, F., Sauquet, E., 2013. Impact of warming climate on water management
for the Ariège River basin (France). Hydrol. Sci. J. 58, 976–993. https://doi.org/10.
1080/02626667.2013.788790.

Huang, Z., Hejazi, M., Li, X., Tang, Q., Vernon, C., Leng, G., Liu, Y., Döll, P., Eisner, S.,
Gerten, D., Hanasaki, N., Wada, Y., 2018. Reconstruction of global gridded monthly
sectoral water withdrawals for 1971–2010 and analysis of their spatiotemporal
patterns. Hydrol. Earth Syst. Sci. 22, 2117–2133. https://doi.org/10.5194/hess-
22-2117-2018.

Huss, M., 2011. Present and future contribution of glacier storage change to runoff
from macroscale drainage basins in Europe. Water Resour. Res. 47, 1–14. https://
doi.org/10.1029/2010WR010299.

Huss, M., Hock, R., 2015. A new model for global glacier change and sea-level rise.
Front. Earth Sci. 3, 1–22. https://doi.org/10.3389/feart.2015.00054.

Huss, M., Jouvet, G., Farinotti, D., Bauder, A., 2010. Future high-mountain hydrology:
a new parameterization of glacier retreat. Hydrol. Earth Syst. Sci. 14, 815–829.
https://doi.org/10.5194/hess-14-815-2010.

Iseli, G., 2015. Künstliche Beschneiung in der Schweiz: Ausmass und Auswirkungen.
Technical Report. Universität Bern. Centre for Development and Environment
(CDE), Bern.

Jacob, D., Petersen, J., Eggert, B., Alias, A., Christensen, O.B., Bouwer, L.M., Braun,
A., Colette, A., Déqué, M., Georgievski, G., Georgopoulou, E., Gobiet, A., Menut,
L., Nikulin, G., Haensler, A., Hempelmann, N., Jones, C., Keuler, K., Kovats, S.,
Kröner, N., Kotlarski, S., Kriegsmann, A., Martin, E., van Meijgaard, E., Moseley, C.,
Pfeifer, S., Preuschmann, S., Radermacher, C., Radtke, K., Rechid, D., Rounsevell,
M., Samuelsson, P., Somot, S., Soussana, J.F., Teichmann, C., Valentini, R., Vautard,
R., Weber, B., Yiou, P., 2014. EURO-CORDEX: new high-resolution climate change
projections for European impact research. Reg. Environ. Chang. 14, 563–578.
https://doi.org/10.1007/s10113-013-0499-2.

Jenicek, M., Seibert, J., Staudinger, M., 2018. Modeling of future changes in seasonal
snowpack and impacts on summer low flows in Alpine catchments. Water Resour.
Res. 54, 538–556. https://doi.org/10.1002/2017WR021648.

Johnson, L.E.L., 2009. Geographic Information Systems in Water Resources
Engineering. CRC Press, Boca Raton.

Jouvet, G., Huss, M., Funk, M., Blatter, H., 2011. Modelling the retreat of Grosser
Aletschgletscher, Switzerland, in a changing climate. J. Glaciol. 57, 1033–1045.
https://doi.org/10.3189/002214311798843359.

Kellner, E., Weingartner, R., 2018. Mehrzweckspeicher als Anpassung an den Kli-
mawandel. Wasser Energ. Luft 110, 101–107.

Köplin, N., Viviroli, D., Schädler, B., Weingartner, R., 2010. How does climate change
affect mesoscale catchments in Switzerland? — A framework for a comprehensive
assessment. Adv. Geosci. 27, 111–119. https://doi.org/10.5194/adgeo-27-111-
2010.

Kotlarski, S., Keuler, K., Christensen, O.B., Colette, A., Déqué, M., Gobiet, A., Goergen,
K., Jacob, D., Lüthi, D., Van Meijgaard, E., Nikulin, G., Schär, C., Teichmann, C.,
Vautard, R., Warrach-Sagi, K., Wulfmeyer, V., 2014. Regional climate modeling on
European scales: a joint standard evaluation of the EURO-CORDEX RCM ensem-
ble. Geosci. Model Dev. 7, 1297–1333. https://doi.org/10.5194/gmd-7-1297-
2014.

Labadie, J.W., 2004. Optimal operation of multireservoir systems: state-of-the-art
review. J. Water Resour. Plan. Manag. 130, 93–111. https://doi.org/10.1061/
(ASCE)0733-9496(2004)130:2(93).

Lissner, T.K., Sullivan, C.A., Reusser, D.E., Kropp, J.P., 2014. Determining regional limits
and sectoral constraints for water use. Hydrol. Earth Syst. Sci. 18, 4039–4052.
https://doi.org/10.5194/hess-18-4039-2014.

Liu, J., Yang, H., Gosling, S.N., Kummu, M., Flörke, M., Hanasaki, N., Wada, Y., Zhang,
X., Zheng, C., 2017. Water scarcity assessments in the past, present, and future.
Earth’s Future 5, 545–559. https://doi.org/10.1002/eft2.200.

Loukas, A., Mylopoulos, N., Vasiliades, L., 2007. A modeling system for
the evaluation of water resources management strategies in Thessaly,
Greece. Water Resour. Manag. 21, 1673–1702. https://doi.org/10.1007/s11269-
006-9120-5.

Marty, C., Tilg, A.M., Jonas, T., 2017. Recent evidence of large-scale receding snow
water equivalents in the European Alps. J. Hydrometeorol. 18, 1021–1031.
https://doi.org/10.1175/JHM-D-16-0188.1.

Montanari, A., Young, G., Savenije, H.H., Hughes, D., Wagener, T., Ren, L.L.,
Koutsoyiannis, D., Cudennec, C., Toth, E., Grimaldi, S., Blöschl, G., Sivapalan, M.,
Beven, K., Gupta, H., Hipsey, M., Schaefli, B., Arheimer, B., Boegh, E., Schymanski,
S.J., Di Baldassarre, G., Yu, B., Hubert, P., Huang, Y., Schumann, A., Post, D.A.,
Srinivasan, V., Harman, C., Thompson, S., Rogger, M., Viglione, A., McMillan, H.,
Characklis, G., Pang, Z., Belyaev, V., 2013. “Panta Rhei-Everything Flows”: change
in hydrology and society — the IAHS Scientific Decade 2013–2022. Hydrol. Sci. J.
58, 1256–1275. https://doi.org/10.1080/02626667.2013.809088.

Moss, R.H., Edmonds, J.A., Hibbard, K.A., Manning, M.R., Rose, S.K., van Vuuren,
D.P., Carter, T.R., Emori, S., Kainuma, M., Kram, T., Meehl, G.A., Mitchell,
J.F.B., Nakicenovic, N., Riahi, K., Smith, S.J., Stouffer, R.J., Thomson, A.M.,
Weyant, J.P., Wilbanks, T.J., 2010. The next generation of scenarios for climate
change research and assessment. Nature 463, 747–756. https://doi.org/10.1038/
nature08823.

MySwitzerland, 2018. MySwitzerland snow reports. https://snow.myswitzerland.
com/snow_reports.

National Centre for Climate Services, 2018. CH2018 — Climate Scenarios for
Switzerland. Technical Report. NCCS, Zurich.

Nazemi, A., Wheater, H.S., 2015. On inclusion of water resource management in Earth
system models Part 2: representation of water supply and allocation and oppor-
tunities for improved modeling. Hydrol. Earth Syst. Sci. 19, 63–90. https://doi.
org/10.5194/hess-19-63-2015.

http://refhub.elsevier.com/S0048-9697(19)30657-6/rf0040
https://doi.org/10.1038/nature04141
https://doi.org/10.1029/2003GL018857
https://doi.org/10.1002/wcc.179
https://doi.org/10.5194/tc-12-759-2018
http://refhub.elsevier.com/S0048-9697(19)30657-6/rf0065
https://doi.org/10.1029/2009WR008929
https://doi.org/10.1029/2009WR008929
http://refhub.elsevier.com/S0048-9697(19)30657-6/rf0075
http://refhub.elsevier.com/S0048-9697(19)30657-6/rf0080
http://refhub.elsevier.com/S0048-9697(19)30657-6/rf0085
https://doi.org/10.1016/j.advwatres.2018.11.013
https://doi.org/10.1088/1748-9326/aa926c
http://refhub.elsevier.com/S0048-9697(19)30657-6/rf0100
https://doi.org/10.1016/j.envsci.2013.11.005
https://doi.org/10.1016/j.envsci.2013.11.005
https://doi.org/10.1080/15715124.2013.865636
https://doi.org/10.1080/15715124.2013.865636
https://doi.org/10.1088/1748-9326/11/5/054022
http://refhub.elsevier.com/S0048-9697(19)30657-6/rf0120
http://refhub.elsevier.com/S0048-9697(19)30657-6/rf0125
http://refhub.elsevier.com/S0048-9697(19)30657-6/rf0130
https://doi.org/10.3189/172756411797252338
https://doi.org/10.3189/172756411797252338
http://refhub.elsevier.com/S0048-9697(19)30657-6/rf0140
http://refhub.elsevier.com/S0048-9697(19)30657-6/rf0145
https://doi.org/10.5194/piahs-379-455-2018
https://doi.org/10.1016/j.scitotenv.2013.10.012
https://doi.org/10.1016/j.scitotenv.2013.10.012
https://doi.org/10.5194/hess-16-3383-2012
https://doi.org/10.5194/hess-16-3383-2012
https://doi.org/10.1029/2006GL026047
https://doi.org/10.1029/2006GL026047
https://doi.org/10.1111/1752-1688.12311
https://doi.org/10.1111/1752-1688.12311
https://doi.org/10.1080/02626667.2013.788790
https://doi.org/10.1080/02626667.2013.788790
https://doi.org/10.5194/hess-22-2117-2018
https://doi.org/10.5194/hess-22-2117-2018
https://doi.org/10.1029/2010WR010299
https://doi.org/10.1029/2010WR010299
https://doi.org/10.3389/feart.2015.00054
https://doi.org/10.5194/hess-14-815-2010
http://refhub.elsevier.com/S0048-9697(19)30657-6/rf0200
https://doi.org/10.1007/s10113-013-0499-2
https://doi.org/10.1002/2017WR021648
http://refhub.elsevier.com/S0048-9697(19)30657-6/rf0215
https://doi.org/10.3189/002214311798843359
http://refhub.elsevier.com/S0048-9697(19)30657-6/rf0225
https://doi.org/10.5194/adgeo-27-111-2010
https://doi.org/10.5194/adgeo-27-111-2010
https://doi.org/10.5194/gmd-7-1297-2014
https://doi.org/10.5194/gmd-7-1297-2014
https://doi.org/10.1061/(ASCE)0733-9496(2004)130:2(93)
https://doi.org/10.1061/(ASCE)0733-9496(2004)130:2(93)
https://doi.org/10.5194/hess-18-4039-2014
https://doi.org/10.1002/eft2.200
https://doi.org/10.1007/s11269-006-9120-5
https://doi.org/10.1007/s11269-006-9120-5
https://doi.org/10.1175/JHM-D-16-0188.1
https://doi.org/10.1080/02626667.2013.809088
https://doi.org/10.1038/nature08823
https://doi.org/10.1038/nature08823
https://snow.myswitzerland.com/snow_reports
https://snow.myswitzerland.com/snow_reports
http://refhub.elsevier.com/S0048-9697(19)30657-6/rf0280
https://doi.org/10.5194/hess-19-63-2015
https://doi.org/10.5194/hess-19-63-2015


M. Brunner, A. Björnsen Gurung, M. Zappa, et al. / Science of the Total Environment 666 (2019) 1033–1047 1047

Panduri, R., Hertach, M., 2013. Dokumentation minimales Geodatenmodell
Stauanlagen unter Bundesaufsicht. Technical Report. Bundesamt für Energie BFE,
Ittigen.

Patwardhan, B.A.S., Nieber, J.L., Johns, E.L., 1990. Effective rainfall estimation methods.
J. Irrig. Drain. Eng. 116, 182–193.

Ranzani, A., Bonato, M., Patro, E., Gaudard, L., De Michele, C., 2018. Hydropower future:
between climate change, renewable deployment, carbon and fuel prices. Water
10, 1197. https://doi.org/10.3390/w10091197.

Rebetez, M., Mayer, H., Dupont, O., Schindler, D., Gartner, K., Kropp, J.P., Menzel, A.,
2006. Heat and drought 2003 in Europe: a climate synthesis. Ann. For. Sci. 63,
569–577. https://doi.org/10.1051/forest:2006043.

RGI Consortium, 2017. Randolph Glacier Inventory – a dataset of global glacier out-
lines: Version 6.0: Technical Report, global land ice measurements from space,
Colorado, USA. Digital Media.. Technical Report. RGI, Colorado, USA. https://doi.
org/10.7265/N5-RGI-60.

Sabater, S., Bregoli, F., Acuña, V., Barceló, D., Elosegi, A., Ginebreda, A., Marcé, R.,
Muñoz, I., Sabater-Liesa, L., Ferreira, V., 2018. Effects of human-driven water
stress on river ecosystems: a meta-analysis. Sci. Rep. 8, 1–11. https://doi.org/10.
1038/s41598-018-29807-7.

Schaefli, B., 2015. Projecting hydropower production under future climates: a guide
for decision-makers and modelers to interpret and design climate change impact
assessments. Wiley Interdiscip. Rev. Water 2, 271–289. https://doi.org/10.1002/
wat2.1083.

Schaefli, B., Gupta, H.V., 2007. Do Nash values have value? Hydrol. Process. 21, 2075–
2080. https://doi.org/10.1002/hyp.6825.

Schaefli, B., Manso, P., Fischer, M., Huss, M., Farinotti, D., 2019. The role of glacier
retreat for Swiss hydropower production. Renew. Energy 132, 615–627. https://
doi.org/10.1016/j.renene.2018.07.104.

Schär, C., Vidale, P.L., Lüthi, D., Frei, C., Häberli, C., Liniger, M.A., Appenzeller, C., 2004.
The role of increasing temperature variability in European summer. Nature 427,
332–336. https://doi.org/10.1038/nature02230.1.

Schleiss, A., 2016. Talsperren und Speicher als lebenswichtige Infrastrukturanlagen für
den weltweiten Wohlstand. WasserWirtschaft 6, 12–15.

Sinreich, M., Kozel, R., Lützenkirchen, V., Matousek, F., Jeannin, P.Y., Löw, S., Stauffer,
F., 2012. Grundwasserressourcen der Schweiz. Aqua & Gas. 9. pp. 16–28.

Smakhtin, V.Y., Masse, B., 2000. Continuous daily hydrograph simulation using dura-
tion curves of a precipitation index. Hydrol. Process. 14, 1083–1100.

Speich, M.J., Bernhard, L., Teuling, A.J., Zappa, M., 2015. Application of bivariate map-
ping for hydrological classification and analysis of temporal change and scale
effects in Switzerland. J. Hydrol. 523, 804–821. https://doi.org/10.1016/j.jhydrol.
2015.01.086.

Stahl, K., Weiler, M., Kohn, I., Freudiger, D., Seibert, J., Vis, M., Gerlinger, K., 2016. The
snow and glacier melt components of streamflow of the river Rhine and its trib-
utaries considering the influence of climate change. Technical Report. University
of Freiburg, University of Zurich, HYDRON GmbH, Freiburg. www.chr-khr.org/en/
publications.

Swiss Federal Office of Energy, 2017. Electricity statistics: Füllungsgrad der Spe-
icherseen. http://www.bfe.admin.ch/themen/00526/00541/00542/00630/index.
html?lang=en&dossier_id=00766.

Swiss Federal Statistical Office, 2018. Arbeitsstätten und Beschäftigte nach
Gemeinde, Wirtschaftssektor und Grössenklasse. https://www.bfs.admin.ch/bfs/
de/home/statistiken/industrie-dienstleistungen/unternehmen-beschaeftigte/
wirtschaftsstruktur-unternehmen.assetdetail.px-x-0602010000_102.html.

Swiss Federal Statistical Office FSO, 2015a. Statistischer Atlas der Schweiz.
Grossvieheinheiten. Bezirke. https://www.bfs.admin.ch/bfs/de/home/statistiken/
regionalstatistik/atlanten/statistischer-atlas-schweiz.html.

Swiss Federal Statistical Office FSO, 2015b. Statistischer Atlas der Schweiz.
Logiernächte. Gemeinden. https://www.bfs.admin.ch/bfs/de/home/statistiken/
regionalstatistik/atlanten/statistischer-atlas-schweiz.html.

Swiss Federal Statistical Office FSO, 2016. Szenarien zur Bevölkerungsentwickung der
Kantone 2015-2045. Technical Report. FSO, Bern. https://www.bfs.admin.ch/bfs/
de/home/aktuell/neue-veroeffentlichungen.gnpdetail.2016-0374.html.

Swiss Federal Statistical Office FSO, 2017. Ständige und nichtständige
Wohnbevölkerung nach Kanton, Anwesenheitsbewilligung, Geburtsort,
Geschlecht und Alter. https://www.bfs.admin.ch/bfs/de/home/statistiken/
kataloge-datenbanken/tabellen.assetdetail.5887496.html.

Teich, M., Lardelli, C., Bebi, P., Gallati, D., Kytzia, S., Pohl, M., Pütz, M., Rixen,
C., 2007. Klimawandel und Wintertourismus: Ökonomische und ökologische
Auswirkungen von technischer Beschneiung. Technical Report. Institute for Snow
and Avalanche Research SLF, Davos.

Themeßl, M.J., Gobiet, A., Heinrich, G., 2012. Empirical-statistical downscaling and
error correction of regional climate models and its impact on the climate change
signal. Clim. Chang. 112, 449–468. https://doi.org/10.1007/s10584-011-0224-4.

Thut, W.K., Weingartner, R., Schädler, B., 2016. Zur Bedeutung von
Mehrzweckspeichern in der Schweiz. Wasser Energ. Luft 108, 179–186.

Uhlmann, B., Goyette, S., Beniston, M., 2009. Sensitivity analysis of snow patterns in
Swiss ski resorts to shifts in temperature, precipitation and humidity under con-
ditions of climate change. Int. J. Climatol. 29, 1048–1055. https://doi.org/10.1002/
joc.1786.

Van Loon, A.F., 2015. Hydrological drought explained. Wiley Interdiscip. Rev. Water 2,
359–392. https://doi.org/10.1002/wat2.1085.

Vanham, D., Hoekstra, A.Y., Wada, Y., Bouraoui, F., de Roo, A., Mekonnen, M.M., van de
Bund, W.J., Batelaan, O., Pavelic, P., Bastiaanssen, W.G., Kummu, M., Rockström,
J., Liu, J., Bisselink, B., Ronco, P., Pistocchi, A., Bidoglio, G., 2018. Physical water
scarcity metrics for monitoring progress towards SDG target 6.4: an evaluation
of indicator 6.4.2 “Level of water stress”. Sci. Total Environ. 613-614, 218–232.
https://doi.org/10.1016/j.scitotenv.2017.09.056.

Viviroli, D., Archer, D.R., Buytaert, W., Fowler, H.J., Greenwood, G.B., Hamlet, A.F.,
Huang, Y., Koboltschnig, G., Litaor, M.I., López-Moreno, J.I., Lorentz, S., Schädler, B.,
Schreier, H., Schwaiger, K., Vuille, M., Woods, R., 2011. Climate change and moun-
tain water resources: overview and recommendations for research, management
and policy. Hydrol. Earth Syst. Sci. 15, 471–504. https://doi.org/10.5194/hess-15-
471-2011.

Viviroli, D., Gurtz, J., Zappa, M., 2007. The hydrological modelling system PREVAH. Part
II — physical model description. Geogr. Bernensia 40, 1–89.

Viviroli, D., Mittelbach, H., Gurtz, J., Weingartner, R., 2009a. Continuous simulation
for flood estimation in ungauged mesoscale catchments of Switzerland — part II:
parameter regionalisation and flood estimation results. J. Hydrol. 377, 208–225.
https://doi.org/10.1016/j.jhydrol.2009.08.022.

Viviroli, D., Zappa, M., Gurtz, J., Weingartner, R., 2009a. An introduction to the hydro-
logical modelling system PREVAH and its pre- and post-processing-tools. Environ.
Model Softw. 24, 1209–1222. https://doi.org/10.1016/j.envsoft.2009.04.001.

Volpi, E., Di Lazzaro, M., Bertola, M., Viglione, A., Fiori, A., 2018. Reservoir effects on
flood peak discharge at the catchment scale. Water Resour. Res. https://doi.org/
10.1029/2018WR023866. accepted for publication.

van Vuuren, D.P., Edmonds, J., Kainuma, M., Riahi, K., Thomson, A., Hibbard, K., Hurtt,
G.C., Kram, T., Krey, V., Lamarque, J.F., Masui, T., Meinshausen, M., Nakicenovic,
N., Smith, S.J., Rose, S.K., 2011. The representative concentration pathways: an
overview. Clim. Chang. 109, 5–31. https://doi.org/10.1007/s10584-011-0148-z.

Wada, Y., Flörke, M., Hanasaki, N., Eisner, S., Fischer, G., Tramberend, S., Satoh, Y., Van
Vliet, M.T., Yillia, P., Ringler, C., Burek, P., Wiberg, D., 2016. Modeling global water
use for the 21st century: the Water Futures and Solutions (WFaS) initiative and
its approaches. Geosci. Model Dev. 9, 175–222. https://doi.org/10.5194/gmd-9-
175-2016.

Weingartner, R., Reynard, E., Graefe, O., Herweg, K., Homewood, C., Kauzlaric, M.,
Liniger, H., Rey, E., Schneider, F., 2014. MontanAqua: Wasserbewirtschaftung in
Zeiten von Knappheit und globalem Wandel — Wasserbewirtschaftungsoptionen
für die Region Crans-Montana- Sierre im Wallis. Technical Report. Universität
Bern, Bern.

World Meteorological Organization, 2015. Technical Regulations. Volume I — general
meteorological standards and recommended practices. Technical Report. WMO,
Geneva.

Zappa, M., Kan, C., 2007. Extreme heat and runoff extremes in the Swiss Alps. Nat.
Hazards Earth Syst. Sci. 7, 375–389. https://doi.org/10.5194/nhess-7-375-2007.

Zappa, M., Pfaundler, M., 2009. An optimized grid dataset of mean monthly and annual
runoff for Switzerland: coupling modelled data with robust information derived
from observations. In: Marks, D., Hock, R., Lehning, M., Hayashi, M., Guruney, R.
(Eds.), Hydrology in Mountain Regions: Observations, Processes and Dynamics.
International Association of Hydrological Sciences (IAHS)., pp. 56–62.

Zekollari, H., Fürst, J.J., Huybrechts, P., 2014. Modelling the evolution of Vadret da
Morteratsch, Switzerland, since the Little Ice Age and into the future. J. Glaciol.
60, 1208–1220. https://doi.org/10.3189/2014JoG14J053.

Zekollari, H., Huss, M., Farinotti, D., 2018. Modelling the future evolution of glaciers in
the European Alps under the EURO-CORDEX RCM ensemble. Cryosphere Discuss.
1–38. https://doi.org/10.5194/tc-2018-267.

http://refhub.elsevier.com/S0048-9697(19)30657-6/rf0290
http://refhub.elsevier.com/S0048-9697(19)30657-6/rf0295
https://doi.org/10.3390/w10091197
https://doi.org/10.1051/forest:2006043
https://doi.org/10.7265/N5-RGI-60
https://doi.org/10.7265/N5-RGI-60
https://doi.org/10.1038/s41598-018-29807-7
https://doi.org/10.1038/s41598-018-29807-7
https://doi.org/10.1002/wat2.1083
https://doi.org/10.1002/wat2.1083
https://doi.org/10.1002/hyp.6825
https://doi.org/10.1016/j.renene.2018.07.104
https://doi.org/10.1016/j.renene.2018.07.104
https://doi.org/10.1038/nature02230.1
http://refhub.elsevier.com/S0048-9697(19)30657-6/rf0340
http://refhub.elsevier.com/S0048-9697(19)30657-6/rf0345
http://refhub.elsevier.com/S0048-9697(19)30657-6/rf0350
https://doi.org/10.1016/j.jhydrol.2015.01.086
https://doi.org/10.1016/j.jhydrol.2015.01.086
https://www.chr-khr.org/en/publications
https://www.chr-khr.org/en/publications
http://www.bfe.admin.ch/themen/00526/00541/00542/00630/index.html?lang=en&dossier_id=00766
http://www.bfe.admin.ch/themen/00526/00541/00542/00630/index.html?lang=en&dossier_id=00766
https://www.bfs.admin.ch/bfs/de/home/statistiken/industrie-dienstleistungen/unternehmen-beschaeftigte/wirtschaftsstruktur-unternehmen.assetdetail.px-x-0602010000_102.html
https://www.bfs.admin.ch/bfs/de/home/statistiken/industrie-dienstleistungen/unternehmen-beschaeftigte/wirtschaftsstruktur-unternehmen.assetdetail.px-x-0602010000_102.html
https://www.bfs.admin.ch/bfs/de/home/statistiken/industrie-dienstleistungen/unternehmen-beschaeftigte/wirtschaftsstruktur-unternehmen.assetdetail.px-x-0602010000_102.html
https://www.bfs.admin.ch/bfs/de/home/statistiken/regionalstatistik/atlanten/statistischer-atlas-schweiz.html
https://www.bfs.admin.ch/bfs/de/home/statistiken/regionalstatistik/atlanten/statistischer-atlas-schweiz.html
https://www.bfs.admin.ch/bfs/de/home/statistiken/regionalstatistik/atlanten/statistischer-atlas-schweiz.html
https://www.bfs.admin.ch/bfs/de/home/statistiken/regionalstatistik/atlanten/statistischer-atlas-schweiz.html
https://www.bfs.admin.ch/bfs/de/home/aktuell/neue-veroeffentlichungen.gnpdetail.2016-0374.html
https://www.bfs.admin.ch/bfs/de/home/aktuell/neue-veroeffentlichungen.gnpdetail.2016-0374.html
https://www.bfs.admin.ch/bfs/de/home/statistiken/kataloge-datenbanken/tabellen.assetdetail.5887496.html
https://www.bfs.admin.ch/bfs/de/home/statistiken/kataloge-datenbanken/tabellen.assetdetail.5887496.html
http://refhub.elsevier.com/S0048-9697(19)30657-6/rf0395
https://doi.org/10.1007/s10584-011-0224-4
http://refhub.elsevier.com/S0048-9697(19)30657-6/rf0405
https://doi.org/10.1002/joc.1786
https://doi.org/10.1002/joc.1786
https://doi.org/10.1002/wat2.1085
https://doi.org/10.1016/j.scitotenv.2017.09.056
https://doi.org/10.5194/hess-15-471-2011
https://doi.org/10.5194/hess-15-471-2011
http://refhub.elsevier.com/S0048-9697(19)30657-6/rf0430
https://doi.org/10.1016/j.jhydrol.2009.08.022
https://doi.org/10.1016/j.envsoft.2009.04.001
https://doi.org/10.1029/2018WR023866
https://doi.org/10.1029/2018WR023866
https://doi.org/10.1007/s10584-011-0148-z
https://doi.org/10.5194/gmd-9-175-2016
https://doi.org/10.5194/gmd-9-175-2016
http://refhub.elsevier.com/S0048-9697(19)30657-6/rf0460
http://refhub.elsevier.com/S0048-9697(19)30657-6/rf0465
https://doi.org/10.5194/nhess-7-375-2007
http://refhub.elsevier.com/S0048-9697(19)30657-6/rf0475
https://doi.org/10.3189/2014JoG14J053
https://doi.org/10.5194/tc-2018-267

	Present and future water scarcity in Switzerland: Potential for alleviation through reservoirs and lakes
	1. Introduction
	2. Methods and material
	2.1. Assessment framework
	2.2. Study area
	2.3. Water supply
	2.4. Water demand
	2.5. Future water demand
	2.6. Water surplus and shortage
	2.7. Storage capacities
	2.8. Potential of reservoirs and lakes for alleviating summer water scarcity

	3. Results
	3.1. Current water supply, demand, and shortage
	3.2. Future water supply, demand, and shortage
	3.3. Potential of reservoirs and lakes for the alleviation of summer water shortages

	4. Discussion
	5. Conclusions
	 Author contributions
	Acknowledgments
	References


