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Abstract. To evaluate how summer low flows and droughts are affected by the winter snowpack, a Tri-National
effort will analyse data from three catchments: Alpbach (Prealps, central Switzerland), Gudjaretis-Tskali (Lit-
tle Caucasus, central Georgia), and Kamenice (Jizera Mountains, northern Czech Republic). Two GIS-based
rainfall-runoff models will simulate over 10 years of runoff in streams based on rain and snowfall measurements,
and further meteorological variables. The models use information on the geographical settings of the catchments
together with knowledge of the hydrological processes of runoff generation from rainfall, looking particularly
at the relationship between spring snowmelt and summer droughts. These processes include snow accumulation
and melt, evapotranspiration, groundwater recharge in spring that contributes to (the) summer runoff, and will
be studied by means of the environmental isotopes 180 and 2H. Knowledge about the isotopic composition of
the different water sources will allow to identify the flow paths and estimate the residence time of snow melt-
water in the subsurface and its contribution to the stream. The application of the models in different nested or
neighbouring catchments will explore their potential for further development and allow a better early prediction
of low-flow periods in various mountainous zones across Europe. The paper presents the planned activities in-
cluding a first analysis of already available dataset of environmental isotopes, discharge, snow water equivalent
and modelling experiments of the (already) available datasets.

1 Introduction

Seasonal low flows are important for sustaining ecosystems
and supplying human needs during the dry season (Godsey
et al., 2014). In mountainous areas, a substantial fraction of
winter precipitation is typically stored aboveground in sea-
sonal snowpacks which persist beyond the end of the win-
ter precipitation season. Furthermore snowmelt contributes
to about 40 % of the total annual runoff in Switzerland. Sea-
sonal snowpacks usually melt in late spring or early summer,
depending mainly on the site’s topography (elevation, aspect,
slope, exposure), meteorology (net solar radiation, wind) and
vegetation (Lundquist and Dettinger, 2005). Snowmelt sus-
tains flow through the spring and early summer, and infil-
trates into the ground to recharge groundwater. Some of this

stored groundwater then slowly feeds low flows later in the
season (Van Loon et al., 2014).

The relationship between snow cover/snowmelt and sum-
mer low flow is highly complex and remains poorly under-
stood. The spring/summer snowmelt typically can be ex-
pected to yield different amounts of net recharge due to
(1) the timing and intensity of the arrival of the liquid (in-
filtrating) phase, (2) differing antecedent soil moisture — and
thus the conductivity and infiltration capacity, and (3) a vari-
ation in the immediate evapotranspiration losses of near-
surface water (Godsey et al., 2014). As the climate change
is expected to affect the volume and timing of snowmelt,
the projected decrease in snowpack volume may be caused
by: (1) more frequent melt events throughout the winter,
(2) warmer temperatures that shift the phase of winter pre-
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cipitation from snow to rain, or (3) lower total precipitation
(Dettinger et al., 2004).

Two approaches to predict properties of low streamflow
events in the longterm are available: stochastic approach and
coupled rainfall-runoff modelling. The stochastic approaches
relate the current state of a catchment and potential predic-
tors to what has been observed in the past, inferring the like-
lihood of low streamflow within the prediction period (J6rg-
Hess et al., 2014). On the other hand, the main challenge
in rainfall-runoff modelling with emphasis on the linkages
between snowmelt and droughts lies in the difficult param-
eterization of snow input (Parajka and Bloeschl, 2008) and
the related groundwater recharge and discharge that supply
the streams during low flows (Kuras et al., 2008). There is a
substantial potential in supporting models with more experi-
mental results to allow an improved parameterization of the
models. Knowledge gaps also remain in the understanding
of how the model approaches should address the hydrolog-
ical droughts and their control by snow resources in moun-
tainous catchments. To close the gap between the physical
understanding of water movement through catchments and
its parameterization in rainfall-runoff catchment models, en-
vironmental isotope approaches have been used since the
1970’s. Isotopic analysis tracks processes more reliably than
traditional monitoring techniques, yet there is scope for im-
provement for their successful simulation in rainfall-runoff
models. For instance, Dincer et al. (1970) published the first
analysis of snowmelt contribution to streamflow in moun-
tainous catchments based on environmental isotopes in 1970.
Many experimental studies then ensued to distinguish the
critical runoff components and their travel times through the
subsurface from recharge to discharge with an emphasis on
snowmelt (Holko, 1995; McGuire et al., 2002; Rodgers et al.,
2005). Moreover, Seibert and McDonnell (2002) have high-
lighted the rationale for a better parameterization of catch-
ment models through incorporation of experimental results
(“soft data”) such as runoff contributions to total streamflow
or the travel times of groundwater from recharge to streams.

The objective of the Tri-National SREP-DROUGHT
project (Snow Resources and the Early Prediction of hydro-
logical DROUGHT in mountainous streams) is to evaluate
and predict the relationship between winter snowpack and
summer low flows in three mountainous streams in central
Switzerland (northern Prealps), central Georgia (Little Cau-
casus) and the northern Czech Republic (Jizera Mountains).
SREP-DROUGHT first focuses on the parallel application of
the two distributed hydrological rainfall-runoff models PRE-
VAH (Viviroli et al., 2009) and GSSHA (Downer and Og-
den, 2004). Secondly, environmental isotope methods in the
three catchments will be used to identify the runoff gener-
ation from snow accumulation, snowmelt and groundwater
recharge. Third, the relationships between anomalies in air
temperature, aridity index, potential evapotranspiration and
the runoff generation processes will be parameterized to al-
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Figure 1. Location of the study areas in Switzerland, Georgia and
Czech Republic.

low a better simulation of low flows and mitigation of hydro-
logical droughts.

2 Study areas

In each country of this Tri-National project nested basins
have been identified (Fig. 1):

2.1 Switzerland

The small Erlenbach catchment (0.7 km?) is situated within
the larger Alp catchment (46.4 km?). This basin is located in
the Alptal, a north-south oriented valley in Central Switzer-
land. Annual precipitation in the basins might range be-
tween 1500 and 2500 mm at elevations between 1100 and
1550 ma.s.l. In years with cold winters, up to 40 % of that
amount falls as snow. In the summer, thunderstorms are
frequent and intensive rains produce short but pronounced
peaks in streamflow with elevated rates of suspended sedi-
ment and bed load transport. The hydrological research top-
ics and facilities in the Alptal area are described in Hegg et
al. (2006) which include state-of-the-art hydrometeorologi-
cal monitoring, evaluation of nitrogen storage and leakage in
the forested catchments. Biweekly water sampling for hydro-
chemical analyses, established by the National River Moni-
toring and Survey Programme Switzerland (NADUF), is now
complemented by sampling for environmental isotope (°H
and 180) analyses (Fischer et al., 2013).

2.2 Georgia

The study area is situated in the south western part of Geor-
gia, in the Little Caucasus Mountains, the Adjara-Trialeti
range, in which the larger catchment Gudjareti (catch-
ment area 316 km?) and the smaller catchment Mitarbi (ca.
10 km?) are located. Mean annual air temperature is 8.3°C
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in Borjomi (altitude 794 ma.s.l.) and 4.4 °C in Bakuriani (al-
titude 1703 ma.s.l.). Mean annual precipitation in the area
varies from 650 to 950 mm in Bakuriani. Apart from the rou-
tine hydrological (Kura River) and meteorological (Bakuri-
ani) observations, most of the monitoring and environmen-
tal isotope analytical facilities were established after 2000,
dominantly under the auspices of the International Atomic
Energy Agency (IAEA).

2.3 Czech Republic

The experimental headwater catchment UhliFska (1.78 km?)
and the larger catchment of Kamenice (145 km?) are located
in the northern part of the Czech Republic in the Jizera
Mountains. The average altitude of the headwater catchment
is 822ma.s.l. with gentle convex-concave slopes, whereas
the larger catchment reaches down to 450ma.s.l. into a
sparsely populated area. Two dams in the larger Kamenice
catchment supply water for a nearby agglomeration. Annual
precipitation in the area ranges between 930 and 1800 mm.
The average air temperature (1961-1997) in the headwater
catchment is 4.7 °C (HrngiF et al., 2010). First hydrological
data in the Uhlifsk& catchment were collected in 1982 and
a monitoring and sampling network was subsequently devel-
oped, primarily aimed at studying extreme flood events as a
consequence of deforestation. Further research objectives in
this area also included hillsope preferential flow (Sanda and
Cislerova, 2009; Snéhota et al., 2010). HrnciF et al. (2010)
concluded that, similarly to many other headwater catch-
ments the antecedent wetness of hillslope soils is a key fac-
tor governing the magnitude and duration of runoff events.
Sanda et al. (2014) also demonstrated that meltwater and
winter precipitation are the prevailing source of the peren-
nial groundwater recharge.

3 Methods

3.1 Field data

All the study areas are already equipped with facilities for
collecting hydrological and meteorological data, including
precipitation, air temperature, air humidity, snow height and
water level or discharge. Particular innovation emphasis in
all three countries will be given to water sampling for iso-
topic analysis. Snow resources are measured by in-situ mea-
surements including snow depth and snow water equivalent
(SWE).

Hydrological data in the Alptal in Switzerland have been
collected through the WSL since 1968. Isotopic monitoring
was established in 2010 through the University of Zurich
(Fischer et al., 2013). Manual biweekly water sampling for
isotopes at 5 sites will be changed to a weekly interval in
2015. Extension of the monitoring program includes the in-
stallation of Palmex-rain collectors for rainwater (Gréning et
al., 2012) and I1SCO sampling devices for automatic regular
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sampling of streamwater and composited rainfall. Snow sam-
ples from field campaigns will be melted and decanted in the
laboratory to analyse the isotopic composition of the snow
pit. Snow meltwater samples will be taken monthly within
the Alptal area at 17 forested or open land sites at different
altitudes, aspects and slopes, four of these originating in the
Erlenbach catchment (Stahli and Gustafsson, 2006).

Georgia has a hydrological and isotope monitoring net-
work in the study area since the early 2010°s. Monthly iso-
tope sampling was established at 4 locations in streams, pre-
cipitation, groundwater and springs in the larger Gudjareti
catchment, and at one location at its outflow at Likani where
the catchment contributes to the river Kura (Melikadze et al.,
2009). Regular monthly 180 and 2H isotopic data in rainwa-
ter (meteorological station Bakuriani) and river water (stream
gauge at the Kura river in Likani) are collected in the frame-
work of the IAEA Global Network of Isotopes in Precipita-
tion and Global Network of Isotopes in Runoff - GNIP and
GNIR (Vitvar et al., 2007). The smaller Mitarbi catchment
draining into the Gudjareti river is monitored at the Didi Mi-
tarbi profile where weekly isotope sampling has started in
September 2014 at 6 sites in precipitation and river water.
Regular snow campaigns are operated in the study area with
snow samples collected at four different locations within
the Gudjareti and one location within the Mitarbi catchment
which are either forested or open land sites. Additionally,
three measuring fields are equipped with snow lysimeters,
an extended funnel gauge, passive sampler and partly pas-
sive samplers to facilitate snowmelt water sampling (Penna
etal., 2014).

In the Czech Republic, hydrological monitoring in the Jiz-
era Mountains was established in the 1980’s. Water sam-
pling for analyses of 180 and 2H started in 2006 in the ex-
perimental catchment Uhlifska (Sanda and Cislerova, 2009).
Similar to the Georgian study area, the Uhlifsk& catchment
is also equipped with one GNIP and one GNIR station for
monthly isotope monitoring of rainwater and stream water.
In addition, samples of rainwater and stream water are col-
lected daily at two locations during vegetation season (May—
October) and weekly during November-April period. At high
flows stream water samples are collected with higher fre-
quency. The experimental catchment is equipped with ten
soil lysimeters which are sampled monthly. In the larger
Plavy catchment, two streamflow sites are sampled manually,
and one sub-catchment Jezdecka is sampled on a daily basis
during vegetation period. Show samples are collected weekly
at two locations. Furthermore, one of the sites is monthly
examined for different snow layers. Additional sampling of
snowmelt probes is also planned. The Czech Republic has
also established automatic weight systems to measure SWE.
One of the systems is tailor made by the Czech Technical
University in Prague, and is located at the GNIP site at the
small catchment Uhli¥ska. Three sites in the Plavy catchment
are designed by a local manufacturer. All sites are recali-
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Figure 2. Application of the PREVAH model in the Swiss study are
of the river Alp (gauge Einsiedeln, 46.4 km? area). Simulated (black
and blue lines) and observed (red line) hourly discharge values are
indicated for the snowmelt season in 2009. Black line (sim — rg)
shows simulations forced with interpolated precipitation data, while
the blue line (sim cp) shows a simulation forced by data obtained
combining rainfall-radar with pluviometer observations (Sideris et
al., 2014).

brated weekly by manual SWE sampling especially during
the snowmelt.

Analyses of 0 and 2H in water samples from all three
countries are performed with laser water isotope analyzers to
minimize analytical differences.

3.2 Rainfall-runoff modelling

Distributed hydrological rainfall-runoff models will be em-
ployed to simulate and predict the runoff response in dif-
ferent geographical settings in two nested or neighbour-
ing catchments: one small (1-2km?2) and one larger (100—
200 km?). The model GSSHA (Gridded Surface/Subsurface
Hydrologic Analysis; Downer and Ogden, 2004) is being
widely applied by the project partner Czech Technical Uni-
versity in Prague (David et al., 2013; Strouhal and David,
2013), whereas the model PREVAH (Viviroli et al., 2009)
is well established in Switzerland (Fundel et al., 2013, for
a drought-forecasting application). In particular, the first ap-
plication of both models in the Caucasus will provide a po-
tential to improve the parameterization of the model com-
ponents in different mountainous catchments across Europe.
The runoff simulation with PREVAH and GSSHA will cover
a period of 10 years or longer, which will require an extended
compilation and pre-processing of spatial and temporal data
particularly in the Georgian study areas. Figure 2 presents a
current application of the PREVAH model in the study area
of the river Alp in Switzerland (larger catchment) during the
snowmelt season in the year 2009 which was followed by a
dry period of three weeks.

4 First achievements

4.1 Environmental isotopes

Figure 3 shows values of 180 and §2H in samples collected
in 2010-2013 in various water types in the larger catchment
Gudjareti (Georgia). All values are concentrated along the
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Figure 3. 180-2H relationship in monthly samples in the test sites
of Gudjaretis in Georgia for the period, 2010-2013. Different colors
and circles relate to different water types.

Meteoric Water Line, suggesting modern recharge as op-
posed to very old palaesowaters or waters affected by signifi-
cant water-rock interactions. Figure 3 reveals that the heavi-
est isotopic values occur in summer rainwater, while the val-
ues of the snow cover are the lowest. Values of isotopically
more depleted winter rainfall and snowfall are close to those
of the groundwater’s (180 about —12 per mil SMOW). In
turn, the groundwater values are similar to the streams’, indi-
cating a common recharge for both sources. The composition
of snow meltwater covers a large range of isotopic composi-
tions, ranging from 5180 values —22 per mil SMOW up to
about —10 per mil SMOW. This shows that snowmelt and
winter precipitations are an important recharge source for
groundwater and stream water (Melikadze et al., 2013).

Figure 4 right shows the 80 composition of rainwater,
stream water and groundwater in the Uhlifska catchment,
Czech Republic, during the winter and spring 2009-2010.
Isotopically depleted winter rainfall values are manifested
by the isotopically depleted stream water during the follow-
ing spring snowmelt period. The groundwater maintains a
nearly constant isotopic composition. Figure 4 left demon-
strates that the spring snowmelt runoff is substantially sup-
plied by a baseflow component, originating from subsurface
water recharged from autumn rainfalls and recent meltwater
infiltration.

4.2 Snow resources

In the Alptal catchment the high heterogeneity of the SWE
is due to effects of topography, vegetation and exposition
(Stéhli and Gustafsson, 2006). The range of altitudes of the
Alp catchment between 1000 and 1500 ma.s.l. is critical, be-
cause the transition process of rain to snow is strongly influ-
enced by altitude.

Figure 5 shows a first approach to relate snow resources
and low-flows for the Erlenbach catchment (data 1981-
2012) and the Alp catchment (data 1991-2012) adopting the
methodology introduced by Jérg-Hess et al. (2014). Gridded
SWE values were calculated for the whole catchment with
respect to the calibrated SWE on 15 April (J6rg-Hess et al.,
2014). Additionally, the daily-minimum of the discharge of
the Erlenbach was extracted from the database. The scatter
plot in Fig. 5 shows the correlation between the log trans-
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Figure 5. The minimum runoff of the Erlenbach (left) and the Alp
River gauge in May (right), explained by the SWE on 15 April
(black circles). The linear regression (black line) is computed from
the log-transformed runoff and SWE variables and is then back-
transformed to the non-logarithmic space as described in Jorg-Hess
et al. (2014). The dotted lines represents the uncertainty of the pre-
diction band.

formed variables SWE and daily-minimum of the discharge
values in May. The calculated prediction interval was differ-
ent for the two catchments, and 95 % of the predicted low
flows were considered. Also significant is the higher uncer-
tainty of the 95 % prediction-band for the smaller Erlenbach
catchment compared to the larger Alp catchment. The lower
prediction-band represents the worst-case of the low flow
scenarios in May only depending on the gridded SWE val-
ues, thus it mainly characterizes low flows during cold peri-
ods with small amounts of precipitation.

5 Conclusions

The first achievements discussed above show a significant
potential for further analysis of the data sets of the three
catchments with different methods. Isotope data of Georgia
and Czech Republic reveal that the catchments show sig-
nificant differences in isotopic composition of water types
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contributing to streamflow. This will allow a more sensitive
quantification of the runoff components and therefore a bet-
ter parameterization of the rainfall-runoff models.

Concerning the snow water resources, the approach pre-
sented was applied to represent low flows within the study
catchments in Switzerland by only considering SWE. Addi-
tional information about isotopic composition and residence
times of the runoff components will give further knowledge
about all water sources contributing to low-flow discharge.

Synchronizing the sampling methodology and collection
as well as the pre-processing of spatial and temporal datasets
for the different background conditions in the project coun-
tries will substantially enhance the quality of this undertak-
ing. This will in turn improve the application of the models
and broaden their performance to different geographical set-
tings.
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