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Abstract — The estimation of water resources in ungauged areas is of major importance to develop adequate
and sustainable water management strategies. Hydrological modelling can provide a powerful tool to assimi-
late hydro-meteorological data and estimate the total amount of water available from ungauged areas. Satellite
images provide important information on the snow cover area in inaccessible mountain areas. The Hydrolo-
giska Byrans Vattenbalansavdelning model (HBV) was used to estimate the total amount of snow, ice and rain-
fall runoff in two ungauged areas in north-eastern Iceland (Leirdalshraun, a 274 km? area above 595 m a.s.1.
and Heljardalsfioll, a 946 km? area above 235 m a.s.l.) that could potentially be used for hydropower pro-
duction. The model parameters were determined using a multiple dataset calibration (MDC) relying on one
year of satellite derived snow cover images and discharge data of gauged sub-catchments. Runoff from the un-
gauged area potentially used for hydropower exploitation was estimated using the parameter sets of the gauged
sub-catchments. Snow cover in the ungauged areas as well as discharge in the gauged sub-catchments were val-
idated over a 10 year validation period, revealing a robust simulation of snow melt in the entire area. The total
amount of snow-melt, ice-melt and rainfall runoff available in Leirdalshraun and Heljardalsfjoll amounts up to
~690 M m> a=' and ~1190 M m> a™', respectively. The theoretical potential energy of these water resources
would account for up to 1.9 TWh a™', a tremendous hydropower potential if the water could be collected in
respective reservoirs and be deviated to turbines at sea-level. While the results are only valid for the specific
case study, the modelling approach can be applied to any remote mountain area dominated by snow melt runoff.
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INTRODUCTION

Large scale hydrological modelling that includes ar-
eas with limited data availability has been identified
as one of the key challenges facing hydrological re-
search in the coming decade (McMillan et al., 2016).
Indeed, large scale modelling could provide valuable
information about vital water resources for a wide va-
riety of stake holders (Gupta et al., 2014), ranging
from drinking water supply to hydropower production
to name just a few. Realistic modelling tools can help
optimize water resources management of large water-
sheds (Wu et al., 2015). Such evidence- based infor-
mation could help develop resilience-based policies,

JOKULL No. 68, 2018

leading to a sustainable usage of this vital resource
(Rockstrom et al., 2014; Xu et al., 2015). In the scope
of global climate change, research on water resources
and associated hydropower production in remote ar-
eas with limited data availability is of eminent impor-
tance to anticipate upcoming challenges.

One way of assessing runoff from ungauged
catchments is by regionalizing model parameters and
applying parameters sets form gauged catchments
to catchments with similar characteristics (Merz and
Bloschl, 2004; Sefton and Howarth, 1998; Seibert,
1999). This is a valuable method as long as repre-
sentative catchment characteristics can be identified
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and regionalized (Xu and Singh, 2004). Regionaliza-
tion can become particularly difficult in the case of
heterogeneous and porous underground such as karst
systems in the Alps (Finger et al.,2013; Jeannin et
al.,2013), complex topography with heterogeneous
vegetation (El Maayar and Chen, 2006), glacier- and
snowmelt- fed catchments (Hock, 2005) and catch-
ments characterized by porous volcanics as in Iceland.

In recent years remotely sensed observations cou-
pled to hydrological models have proven to enhance
the estimation of water resources in ungauged basins.
For example, Sun et al. (2010) demonstrated that re-
motely sensed river cross sections correlate well with
discharge observations and Khan et al. (2011) used
remotely mapped flood areas to improve predictions
of ungauged watersheds. Brakenridge et al. (2012)
used satellite retrieved discharge measurements to cal-
ibrate a global hydrology model. More recent stud-
ies concluded that remote sensing data can indeed re-
duce uncertainty when modelling large scale hydro-
logical runoff (Lamouroux et al., 2014; Pechlivanidis
and Arheimer, 2015). In mountain areas where snow
melt provides a major contribution to the runoff, satel-
lite retrieved snow cover images have proven to im-
prove hydrological modelling results (Duethmann et
al., 2014; Finger et al., 2011; Koboltschnig et al.,
2008). Finally, remotely sensed snow water equiva-
lent estimations (SWE) of snow depth are promising
but have proven to have a high uncertainty (Dong et
al., 2005). While it would certainly be helpful to
model SWE, for most modeling approaches the thick-
ness of snow is irrelevant for instant snow melt com-
putation, as degree day factors or the enhanced tem-
perature index are independent of snow depth (Finger
etal.,2011; Jost et al., 2012; Seibert and Vis, 2012).

A particularly challenging location to test new
methods for estimating water resources in ungauged
rivers is Iceland. Iceland’s numerous glaciers cover
over 10% of the island’s surface and contain about
3600 km?3 of ice (Bjornsson et al, 2013). The
biggest glacier, Vatnajokull (Figure 1), has an area
of 8100 km? and rises up to 2110 m a.s.1.. Topogra-
phy east of Vatnajokull is characterized by steep val-
leys that drain ice melt, snow melt and rain runoff
into the surrounding regions, including the Neovol-

48

canic Zone. Mean annual precipitation in southeast
Iceland can exceed 8000 mm a~! (Crochet et al.,
2007), which is more than 10 times the world average
(Adler et al., 2003; Xie and Arkin, 1997). High pre-
cipitation rates combined with glacier ice and snow
melt lead to an annual runoff of over 10000 mm a~!
in some regions (Jonsdottir, 2008). These condi-
tions make Iceland ideal for low carbon emission
and renewable hydropower production. In 2013, hy-
dropower made up approximately 20% of renewable
energy production, representing approximately 75%
of the total electricity production in Iceland (Orku-
stofnun, 2014). In 2008, total electricity production
from hydropower was approximately 12.5 TWh a™—?!,
while the total technical potential for hydropower ex-
ploitation in Iceland has been estimated to account for
up to 33 TWh a~! (Témasson, 1981), with at least
11 TWh a~! unsuitable for exploitation based on flora
and fauna protection, land conservation and ecologi-
cal concerns (Steingrimsson et al., 2007). Accord-
ingly, hydropower is one of the main emphases of the
Icelandic Master Plan for energy development (Stein-
grimsson et al., 2007). In this regard, numerical mod-
elling can provide a valuable tool in quantifying wa-
ter availability and identifying suitable locations for
hydropower production, thus providing fundamental
knowledge for decision makers. In particular, satel-
lite based snow cover images are important for assess-
ment of ungauged catchments (Hall ez al., 2002). Re-
sults of such numerical simulations can provide valu-
able estimations on water availability to help select
appropriate new hydropower sites.

This study demonstrates the added value of multi
dataset calibration (MDC) (Etter et al., 2017; Finger
et al., 2011, 2015) to estimate snow, ice and rain-
fall runoff from two ungauged catchments in east-
ern Iceland (Leirdalshraun, a 274 km? area above
595 m a.s.l. and Heljardalsfjoll, a 946 km? area above
235 m a.s.l.). Both areas could potentially be used
for hydropower production as they are characterized
by high precipitation rates, snow- and glacier melt
and steep slopes. To calibrate and validate the hy-
drological model, daily discharge data from nearby
sub-catchments and daily satellite derived snow cover
images of the entire area (Hall ef al., 2010; Hall et al.,
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Figure 1. Overview of the Leirdalshraun and the Heljardalsfjoll areas located at a and b in the Iceland map,
respectively. Dark grey area in the Iceland map illustrates the Neovolcanic Zone (labelled with R on the Iceland
inset) is dark grey and Vatnajokull light grey (V). White dots represent potential water intakes where water will
be collected and deviated into a potential water reservoir (R, and Ry). White arrows indicate flow direction in
potential water pipelines. Yellow arrow indicates pressure pipes to a potential power station. Large white circles
locate discharge gauging stations labelled with vhm and the respective serial number. Red area designates area
lower than the reservoir for each study area. — Yfirlitskort af Leirdalshrauni og Heljardalsfjollum, stadsetning er
merkt a og b d Islandskortinu. Dékkgrda sveedid afmarkar gosbelti Islands (R) og ljosgrda sveedid Vatnajokul
(V). Hvitir punktar gefa til kynna moguleg vatnsinntok par sem vatni verdur safnad saman i hugsanleg vatnsion
(Rr, og Ry ). Hvitar orvar syna fledisstefnur pipuvatnslina. Gular orvar syna prystipipur ad mogulegri aflstoo.
Storu hvitu hringirnir syna stadsetningu melistoova merktum vhm og videigandi niimerum. Raud svedi gefa til
kynna sveedi sem liggja leegra en vatnslonin d hvoru rannséknarsvedanna.

2002) were used. The study concludes by estimating
the potential for hydropower production in the two un-
gauged areas. While the numeric results of this study
are only valid for this specific case study, the mod-
elling approach could be applied to large scale hydro-
logical modelling anywhere in the world.

STUDY SITES AND DATA

In the framework of the master plan for geothermal
and hydropower development in Iceland (Steingrims-
son et al., 2007), the National Energy Authority of
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Iceland (NEA, Orkustofnun) identified two study sites
for potential new hydropower installations in eastern
and north-eastern Iceland (Figure 1). The delineation
of the area for hydropower exploitation defined by the
NEA considered ecological concerns and the legal as-
pects provided by the Environmental Impact Assess-
ment Act (No. 106, 25 May 2000). The first study site
is located in the highlands, ~20 km northeast from
Vatnajokull in an area hereafter called Leirdalshraun,
comprising the glacier Prandarjokull (Figure 1a). The
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second study site is located about ~150 km north of
Vatnajokull, comprising the headwaters of the rivers
Sandd and Hafralonsd (Figure 1b) hereafter called
Heljardalsfjoll. The topography for both study sites
was obtained from a digital elevation model with 25 m
grid size provided by the Icelandic Geodetic Survey
(Landmelingar). Three vegetation zones (grassland,
swamps and areas without vegetation) were identified
based on digital land cover maps from the CORINE
programme of the European Environmental Agency
(Moss and Wyatt, 1994).

A description of the two catchments is given in the
following sections and the main characteristics and
hydrometeorological data are summarized in Table 1
and Figure 2, respectively.

The Leirdalshraun area

Leirdalshraun is located in eastern Iceland in the
vicinity of Prandarjokull (Figure 1a). The entire area
is characterized by Tertiary basalt formation dating
3.3 to 16 million years ago. The NEA has classified
the majority of this area as ’direct snow melt runoff’
(Sigurdsson and Einarsson, 1988; Sigurdsson et al.,
2006) with little to no groundwater contribution. The
potentially usable drainage area for hydropower ex-
ploitation extends over five sub-catchments, compris-
ing a total area of 274 km? located above 595 m ele-
vation. The highest elevation of the area is the top of
Prandarjokull, reaching an elevation of 1231 m a.s.l..
Water intakes in the five sub-catchments (Z1 to Z5 in

Figure 1a) would have to be connected with pipelines
in order to collect and deviate water into a reservoir
Ry, at an elevation of 595 m a.s.l.. For this purpose,
water intakes at numerous locations would have to
be installed to collect the discharge in small moun-
tain creeks and surface runoff from the designated
hydropower exploitation area. The collected water
would be stored in reservoir Ry, and subsequently be
used for power production by supplying it through
pressure pipes to a power station at sea level close to
the shore.

Daily discharge in the rivers Geithellnad, Fossa
and Fellsa are available from three gauging stations
(vhm149 at an elevation of 17 m a.s.l., vhm148 at
26 m a.s.]. and vhm206 at 114 m a.s.l., respec-
tively) operated by the Icelandic Meteorological Of-
fice (IMO). Discharge monitoring started in 1991 with
a 7 year disruption from the end of 1998 to spring
2006. The gauging station of River Geithellnad (sub-
catchment Z2) is the only gauging station that drains
a partially glacierized watershed. This watershed
comprises parts of Prandarjokull, which covers about
5.7% of the entire Leirdalshraun area. Most of the
melt water from Prandarjokull would also be collected
in water intakes and deviated in pipelines into the
reservoir Ry, for storage. Accordingly, it is essential
to account for glacier melt when modelling the Leir-
dalshraun area and therefore only discharge data from
River Geithellnaa (station vhm149) can be used to cal-
ibrate ice melt parameters.

Table 1. Overview of catchment characteristics. — Yfirlit mismunandi vatnssofnunarsveda.

Name Type(l) Area Elev. m a.s.l. Glacier- Ann.(2) PET®)  Annual discharge PCOM(‘Q

km? min max ization Precip. % mma—! m3s~! mma~!

mma~!

Leirdalshraun east Iceland D 274 595 1231 5.7 2441 ~480 Ungauged
Geithellnad vhm149 D 189 17 1231 35 2772 ~480 16.4 2734 0.99
Fossd vhm148 D 115 26 859 0 2541 ~480 83 2261 0.89
Fellsd vhm206 D 126 114 937 0 1777 ~480 7.3 1826 1.03
Heljardalsfjoll area D 946 235 985 0 1441 ~420  Ungauged
Sandd vhm026 G 266 980 0 1312 ~420 12.4 1589 1.3

(1) Characterization of the watershed according to Sigurdsson et al. (2006); D: primarily direct runoft; G: erosive soils,

pot. groundwater contribution.

(2) Based on areal averages between 1991 and 2010, computed from gridded data as described in Crochet et al. (2011).
(3) Potential evapotranspiration (PET) as estimated by Einarsson (1972).

(4) The empirical P, factor is defined by the ratio of annual discharge and annual precipitation.
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Figure 2. Average monthly hydro-meteorological observations from 1991 to 2010 in sub-catchments of Leir-
dalshraun and Heljardalsfjoll. a), b) and c) Observations of precipitation, temperature and discharge in Leirdals-
hraun, respectively and d, e and f for Heljardalsfjoll. — Mdnadarmedaltol vatnafars- og vedurfrediathugana
innan vatnasveeda Leirdalshrauns og Heljardalsfjalla, frd 1991 til 2010. a), b), c) Meelingar d virkomu, hitastigi
og leysingum i Leirdalshrauni og fyrir Heljardalsfjoll, d), e), f).

Mean daily precipitation, air temperature and dis-
charge rates for all available sub-catchments are il-
lustrated in Figure 2a,b,c, respectively. Precipitation
and temperature data were derived from the gridded
data set described in Crochet et al. (2007) and Cro-
chet and Johannesson (2011). Monthly mean pre-
cipitation reaches a maximum of over 10 mm d~!
in October and a minimum of 5 mm d~! in May
and June (Figure 2a). Mean monthly air tempera-
tures drops to -5°C in winter and reaches about 5°C
in summer (Figure 2b). The typical regional weather
patterns of wet ocean air coming from the east can
clearly be identified by the seasonal patterns of the
five sub-catchments. The sub-catchments on the east-
ern slopes (Z1, Z2 and the watersheds of vhm149 and
vhm148) receive about 30% more precipitation then
the western slopes. In total, 2441 mm a~! (equiva-
lent to 669 million m? a—!) precipitation falls on the
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entire Leirdalshraun area. The annual discharge mea-
sured at the three gauging stations (vhm148, vhm149
and vhm206) compares adequately to the estimated
mean areal precipitation in the corresponding water-
sheds (Figure 2c), revealing less than 10% discrep-
ancy (Table 1). The discrepancy can be attributed
to evapotranspiration (Einarsson, 1972), glacial mass
change of Prandarjokull, karstic flow pathways across
topographic water divides and uncertainties in the dis-
charge data (Coxon et al., 2015).

The Heljardalsfjoll area

The Heljardalsfjoll area is located in north-eastern
Iceland in the headwaters of the rivers Sandd and
Hafralonsa (Figure 1b). Almost the entire area is
characterized by Plio-Pleistocene formations (aging
between 0.7 and 3.3 million years) and Upper Pleis-
tocene formations (aging less than 0.7 million years).
While the headwaters of Heljardalsfjoll are character-
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ized by direct snow melt runoff, the areas closer to the
Neovolcanic Zone are permeable and it is assumed
that water infiltrates and diffuses through the adja-
cent underground (Sigurdsson, 1990; Sigurdsson and
Einarsson, 1988; Sigurdsson et al., 2006). The Helj-
ardalsfjoll area is over 150 km north of Vatnajokull
and does not include any glacierized areas within its
perimeter. The potential drainage area for hydropower
production is visualized in Figure 1b and encloses
a total area of 946 km2. The highest elevation of
the area is close to the source of the River Sand4 at
985 m a.s.l.. In order to collect all the water from
the Heljardalsfjoll area, over 25 water intakes would
have to be installed above the 260 m a.s.l. altitude
line to collect and divert runoff into the reservoir R g
at 235 m a.s.l.. The collected water could be stored in
Ry and delivered through pressure pipes to a power
station at sea level close to the village of Pérshofn.

Mean annual precipitation in the entire Heljardals-
fjoll area amounts up to 1441 mm a~*, implying about
40% less precipitation than in the Leirdalshraun area
(Table 1). Monthly precipitation (Figure 2d) reaches
a maximum in October (~6 mm d~') and a minimum
in June (~3 mm d—!) while monthly air temperature
rises during the summer month up to 8°C and drops
below -4°C in winter (Figure 2e).

In the watershed of River Sandd, precipitation
rates are about 9% lower than in the entire un-
gauged area, indicating that precipitation increases
with altitude. At the gauging station vhm026, max-
imum monthly discharge rates of 25 m? s~! are
recorded in May, when snow melt is expected to
be most intense. Mean annual precipitation in the
drainage area of vhm026 is estimated to amount up to
1312 mm a~*', which is about 20% less than observed
runoff (1589 mm a~!) at the gauging station. Pre-
vious studies have observed similar discrepancies be-
tween precipitation and runoff, arguing that estimated
precipitation has to be corrected by up to 20% to bal-
ance the water budget with the watershed (Einars-
son and Jénsson, 2010; Grondal, 2002; Pérarinsdéttir,
2012). However, the discrepancy within the water bal-
ance can also be explained by external water sources
infiltrating from outside the topographic watershed
of River Sandd. This hypothesis is fortified by the
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monthly low flow discharge patterns during winter of
more than 9 m3 s~! (Figure 2f), even though air tem-
peratures are below freezing and thus preventing any
melt or surface runoff generation. Einarsson and Jons-
son (2010) demonstrated that the discrepancies be-
tween precipitation and discharge is probably due to
an external groundwater source. Such an external wa-
ter contribution can be explained by the Neovolcanic
Zone (Figure 1), (Einarsson, 2008; Gislason, 2008)
potentially leading melt water from the western part
of Vatnajokull to the watersheds of rivers Sanda and
Hafralénsa (Egilson and Stefansdéttir, 2014). Based
on these more recent studies and the newer precipi-
tation data sets (Crochet et al., 2007), it must be as-
sumed that an external groundwater contribution leads
to the observed discrepancy in the watershed of River
Sanda.

Remotely sensed snow cover data

Daily snow cover images with ~500 m spatial reso-
lution for all watersheds were derived from the Mod-
erate Resolution Imaging Spectroradiometer (binary
MODIS product MOD10A1 V005), available online
since 2000 (http://nsidc.org/) (Hall et al., 2002). The
geographic location of both study sites reveal a par-
ticular high frequency of cloud cover, making the vis-
ibility of snow cover in the satellite images limited.
In this study, only images with less than 30% cloud
cover were used for calibration and validation pur-
poses. This minimizes the uncertainty of the frac-
tional area of snow cover to less than 15% of the total
investigated area as described in Glaus (2013). This
restriction leads to an average of 47 days per year
when snow cover images were available for the two
study sites (see method section), equivalent to mean
consecutive obscuration periods of ~8 days.

MODELLING APPROACH
The upgraded HBV model

The upgraded version of the Hydrologiska Byrans
Vattenbalansavdelning model (HBV-model) is a
lumped conceptual model where the watershed is rep-
resented by its fractional areas of elevation, aspect
and vegetation zones and which can compute the frac-
tional snow cover within a given catchment (Finger
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et al., 2015). The HBV model was originally devel-
oped by Bergstrom (1976, 1992) and has been widely
used in Scandinavian countries and other parts of the
world (Cunderlik et al., 2013; Krysanova et al., 1999;
Razavi and Coulibaly, 2013). The upgraded HBV-
light version is based on the earlier HBV-light model
described in Seibert and Vis (2012) but has an up-
graded glacier routine and is able to compute the
major runoff components: i) snow melt (Qgsnow), ii)
ice melt from glaciers (Qjce) and iii) rainfall runoff
including rain that falls on bare ground, snow and
glaciers (Qrain)- Ice melting rates are computed us-
ing the degree-day method (Equation 1):

Qice = Pcralacier X Pormax (T(t) — Prr) (Equation 1)
where Pepyiax (mm d—1C~1) is the degree-day fac-
tor and Pcralacier corrects the melt rates of ice due
to lower albedo. The new features of the HBV model
have successfully been tested in catchments with dif-
ferent degrees of glacierization (Finger et al., 2015),
making this model suitable for this study.

Actual evapotranspiration is calculated internally
using user defined potential evapotranspiration (PET).
Monthly PET was derived from observations by Ein-
arsson (1972) as listed in Table 1. Altogether, 21
model parameters have to be calibrated, as summa-
rized in Table 2. A more detailed description of HBV-
light can be found in Seibert and Vis (2012).

Model application

The HBV model was set up for the respective gauged
sub-catchment (River Geithellnad gauged at station
vhm149 and River Sand4 gauged at station vhm026).
Each watershed was divided into 100 m elevation
bands, three vegetation zones (grass, wetlands and no
vegetation) and north-, south- and east-west facing
slopes. Additionally, in the Geithellnad catchment,
the Prandarjokull was delineated as glacierized area
and ice melt was modelled using the glacier module
of the HBV-light model. As discussed by Finger et al.
(2015) the model set up described above is adequate
for runoff modelling of snow, ice and rainfall runoff.

The multiple dataset calibration (MDC)

The HBV model was calibrated using the MDC ap-
proach (Etter et al., 2017; Finger et al., 2011, 2015)
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combining daily satellite derived snow cover images
and discharge observations of the gauged watersheds
to determine the 21 model parameters. The calibra-
tion routine relies on a Monte Carlo (MC) simulation
approach during which the overall consistency perfor-
mance, Poa, of the model is optimized. Poa is an
efficiency which allows equal weighting of multiple
efficiency criteria as described and discussed in previ-
ous studies (Finger et al., 2011, 2012, 2015). Accord-
ingly, only a short outline of the method is presented
here. First 10000 MC simulations are generated using
parameter sets produced from a uniformly distributed,
physically constrained, range. Out of the 10000 pa-
rameter sets, the 100 best runs for a typical one year
calibration period are selected based on their perfor-
mance regarding daily discharge, 3, mean monthly
discharge, Qmontnly, and daily fractional area cov-
ered by snow, SC. Efficiency regarding daily dis-
charge was quantified using the Nash-Sutcliffe effi-
ciency criterion (Nash and Sutcliffe, 1970), regard-
ing monthly mean discharge using the volumetric effi-
ciency as suggested by Criss and Winston (2008) and
regarding fractional snow cover area using the cor-
rectly predicted snow cover index (Finger et al., 2015)
(Table 3). Hence, the three observational datasets
are only used to calibrate model parameters and there
is no feedback mechanism requiring real time snow
cover area as suggested by Thirel ez al. (2012).

The year 2006 was selected as calibration period
because precipitation, temperature and runoff were
closest to the long-term averages in both respective
watersheds. By constraining the melt parameters of
the model with snow cover observations, the cali-
bration of snow melt runoff becomes independent
of geologic and pedologic characteristics, allowing a
transfer of these parameters to nearby areas. The se-
lection of the 100 best runs was made as described in
Finger et al. (2011) by averaging the ranking values
and computing an overall consistency performance,
Poa, regarding all efficiencies listed in Table 3. For
comparison purposes the calibration routine above
was repeated using only single data set calibration
(namely only Q, only Qmonthiy and only SC) in order
to assess the value of MDC.
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Table 2. Overview of model parameters and their values. — Yfirlit yfir breytur reiknilikans.

Parameter (1 Description Units Min Max Vhm149 VhmO026
mean std mean std
External groundwater contribution
Qacw m3 s—1 0 6 0.022 - 4.74 -
Rescaling Parameters of Input Data
PpcarT change of precipitation with elevation % (100 m)~1 5 15 10.27 2.59 9.95 2.78
Prcarr change of temperature with elevation °C (100 m)—1 0.5 1.5 0.95 0.25 0.84 0.20
Snow and Ice Melt Parameters
Prr threshold temperature for liquid and °C -3 1 -0.88 1.01 0.37 0.48
solid precipitation.
Pcrmax degree-day factor mmd—!°oCc—1 1.5 10 6.83 2.14 4.85 1.91
Psrcr snowfall correction factor - 0.8 1.2 0.99 0.11 1.00 0.12
Pcrr refreezing coefficient - 0.02 0.1 0.06 0.02 0.05 0.02
Pcown water holding capacity of the snow - 0.1 0.4 0.25 0.09 0.26 0.08
storage
Pcorciacier glacier melt correction factor - 0.3 3 1.70 0.80 1.82 0.77
(2>Pcpslope slope snow melt correction factor - 0.3 3 1.74 0.77 1.71 0.69
G)PKgmin minimum value for the outflow co- - 0.01 0.2 0.11 0.05 0.11 0.06
efficient representing conditions with
poorly developed glacial drainage sys-
tems in late winter
(3)PRangeKG range of the annual outflow coefficient - 0.01 0.5 0.29 0.13 0.26 0.14
variation
G)Pac calibration parameter defining the sen- - 0 3 1.39 0.92 1.52 0.92
sitivity of the outflow coefficient to
changes in the snow storage
Soil Parameters
PprRrc maximum percolation from upper to mmd—?! 0 4 1.49 1.02 2.29 1.09
lower groundwater storage
Pko storage (or recession) coefficient 0 d-! 0.1 0.5 0.37 0.09 0.30 0.11
Px1 storage (or recession) coefficient 1 d-1! 0.01 0.2 0.13 0.05 0.13 0.05
Pko storage (or recession) coefficient 2 d-! TE-7 0.1 0.05 0.03 0.04 0.03
PymAaxBAS length of triangular weighting function d 1. 2.5 1.96 0.30 1.68 0.38
Prc Max. soil moisture storage mm 100 700 441.46 163.54 51441 128.68
PLp Rel. soil water storage below which - 0.3 1 0.63 0.22 0.60 0.20
AET is reduced linearly
PBeta factor governing snow and rain contri- - 1 5 291 1.11 2.47 1.17

bution to runoff and soil box

1) A detailed description of model parameters is given in Seibert and Vis (2012).

2) Slope factor correcting PCFMAX accounting for dependency of melt rates on aspect of topography.

3) Glacier parameters described in Stahl et al. (2008).

Particular attention was given to potential exter-
nal groundwater sources as discussed in the descrip-
tion of the study site and described by Sigurdsson and
Einarsson (1988). This was done by incorporating a
new model parameter, Qaw, defining an external wa-
ter contribution. The unique purpose of Qagw is to
equilibrate the water balance of the model, but it has
no further physical constraint on the ground water sys-
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tem. Qgw was calibrated by optimizing the overall
consistency performance, Poa, during MC-test runs
with varying Qgw. For validation purposes, the 100
best parameter sets were applied to a 10-year valida-
tion period (2001 to 2010), quantifying the efficiency
of the model regarding discharge and fractional snow
cover area.
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Table 3. The three efficiency criteria used to evaluate model performance. — Jofnur reiknilikans.

Efficiency criteria Calibration Period Equation
L 2
(qobs,i - clsim,i)
. ; 1 ; - i=1
Nash-Sutcliffe of q( ), Eq 1 Jan.-31 Dec. Eq=1- -
(qobs,i - qobs,i)2
i=1
n
- (Chnonthly,obs,i - Chnonthly,sim,i)2
Monthly volumetric efficiency of 1 Jan.-31. Dec. EQ,montny =1 — Zzl
Qmonthly(l)a EQ,monthly (Qmonthly,obs,i - Qmonthly,obs,i)2
i=1
1 n
Correctly predicted snow cover area 1 Jan.—-31. Dec. Esc=— > (1 — |asim,i — @obs,i )
of SC), Egc =1
1
Overall consistency performance of 1 Jan.-31. Dec. Poa =- (PE,Q + PElenonthly + PE,SC)
MDC®), Poa 3
Period / Area Leirdalshraun Heljardalsfoll
Eq EQmonthly Esc | Eq EQ,monthly  Esc
Calibration (2006) 0.58 0.81 0.91 0.44 0.86 0.92
Validation (2001-2010) 0.58 0.81 0.88 0.49 0.86 0.90
Ungauged area (2001-2010) n/a n/a 0.89 n/a n/a 0.89

1) qobs Observed daily discharge; qsim i simulated daily discharge and the index ¢ the time step.

2) a stands for the daily area fraction covered by snow; index sim and obs are estimations based on simulations or satellite
images; index i is the time step and n the number of days considered.

3) Poa is obtained through MDC as described in Finger et al. (2011). P; is the rank value of the best MC runs regarding

the efficiency j, i.e. Eq, EQ,montnly and Esc.

Finally, the 100 best parameter sets were applied
to the entire hydropower exploitation area to esti-
mate the water availability in all ungauged areas. For
this purpose, HBV-light was set up for the entire hy-
dropower area as illustrated in Figure 1a and b. Thus,
assuming a power station close to the shore line at sea
level, the theoretical potential energy (Epot in J) of
the runoff water collected in the reservoirs can be esti-
mated considering the altitude difference between the
reservoir and power station.

Epot = Vpgh

where V is the total water volume in m3, p is the den-
sity of water in kg m—3, g is the gravitational constant
inm s~2 and h is the altitude difference in m between
reservoir and power station.

(Equation 2)
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RESULTS

Model performance during calibration period in
the gauged sub-catchments

The mean values of the model parameter sets iden-
tified during MDC are summarized in Table 2. The
external groundwater contribution, Qgw, converged
in rivers Geithellnad (vhm149) and Sanda (vhm026)
to respective values of 0.022 m3 s=! (equivalent
to 0.0l mm d=') and 4.74 m?® s~! (equivalent to
1.54 mm d—!) (Figure 3a). These estimates are pure
numeric values obtained by optimizing Poa. Cur-
rently there are no observational data available to val-
idate Qgw. However, the estimates are comparable
to results from earlier studies (Einarsson and Jonsson,
2010; Grondal, 2002; Poérarinsdéttir, 2012) and are
fortified by the annual water balance of the respective
watersheds.
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Figure 3. Model performance during calibration year 2006 in the two gauged watersheds of River Geithellnad
(vhm149) and Sanda (vhm026). Plot a) illustrates the consistency performance for 10 000 MC simulations for
varying external groundwater contribution. b) and c) Mean efficiency of the 100 best runs regarding discharge
and snow cover area by optimizing either for Q, Qmontniy, SC or applying MDC. d) Mean overall consistency
performance (Pop ) obtained through MDC for the 100 best MC simulations and whisker illustrate the standard
deviation from the mean. — Kvardadar nidurstodur gagna frd drinu 2006 fyrir meeld vatnasveedi Geithellnadr
(vhm 149) og Sanddr (vhm 026). a) Samleitni 10000 Monte Carlo (MC) hermana fyrir breytilegan framgang
ytra grunnvatns. b) og c) Medalnytni 100 bestu keyrsina sem taka mid af leysingum d snjosvedum og hdmarka
Q, Qmonthly, SC eda nota margmidlunarkvardad gagnasafnskerfi (MDC). d) Medaltal heildar samleitni (Po o)

fengin med MDC fyrir 100 bestu MC hermanir, strikin gefa til kynna stadalfrdvik frd medaltali.

The model performance of the 100 best MC sim-
ulations regarding the three efficiency criteria for the
calibration period 2006 are shown in Table 3 and Fig-
ure 3, and Figure 4, for the validation period 2001 to
2010. The comparison of calibration runs using single
data set calibration (optimizing only Eq, only Egc or
only Eq montnly) and all data sets combined (optimiz-
ing Ppa) reveal that the individual efficiency criteria
are highest when only the relevant data set is used for
calibration (Figures 3b and c). However, the overall
consistency performance is significantly higher when
the data sets are used simultaneously for calibration
(Figure 3d). The expected trade-off between MDC
and efficiency performance regarding individual effi-
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ciency criteria is similar to previous studies (Finger et
al., 2011; 2015). With mean Eq monthiy above 0.8,
Esc above 0.9 and Eq above 0.4 in both study sites,
specific efficiencies of the MDC might appear low but
are acceptable in order to assess water resources in un-
gauged areas on a monthly basis. This is supported by
the direct comparison of observed and simulated daily
and monthly discharge patterns (Figure 4) as well as
snow cover ratios (Figure 5).

Figure 4a illustrates daily observed and simulated
discharge patterns during the calibration year for Geit-
hellnad (vhm149) ranging from few m?® s~! to over
170 m® s~ (~80mm d~'). Similar patterns are ob-
served in Sand4 (at vhm026), with discharge patterns
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Figure 4. Daily and monthly runoff in the two gauged catchments (River Geithellnad: vhm149 and River Sand4:
vhm026). Plots a and b illustrate the mean of the MDC (qSims QRain> ASnows dice) and measured discharge (qobs)
as well as precipitation (P) during the calibration year (2006). Plots ¢ and d illustrate mean monthly simulated
and observed discharge for the entire validation period (2001-2010), as well as simulated rain snow and ice
melt contribution. Symbols represent the monthly mean of MDC and whisker illustrate the standard deviation
of the mean. — Dag- og mdnadarlegt afrennsli d tveimur meeldum vatnasvedum (Geithellnad: vhm 149 m og
Sandd: vhm 026). a) og b) Medaltal MDC (qsim, QRain> dSnow» Jice) 08 meeldrar leysingar (qobs) dsamt lirkomu
(P) drid 2006. c) og d) Mdnadarmedaltol hermdrar og deetladrar leysingar 2001-2010 dsamt hermdyri tirkomu,
snjo og isbrddonun. Tdkn gefa til kynna mdnadarleg medaltol MDC dsamt stadalfrdvikum.

varying up to 50 m® s~! (>15 mm d—!) within a few
days, revealing a very dynamic runoff (Figure 4b). It
is noticeable that observed and simulated daily runoff
at vhm026 remains above 4.7 m® s~ (1.5 mm d—1),
revealing the continuous contribution of groundwater
inflow, dominating the discharge during the cold win-
ter months. Besides some short-term discrepancies
during summer floods, the daily patterns are generally
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well reproduced by the model and comparable with
earlier studies (Einarsson and Jénsson, 2010; Gron-
dal, 2002; Porarinsdottir, 2012).

Model performance during the 10-year validation
period

In Figure 4c and d, simulated and observed mean
monthly discharge of the two gauging stations
(vhm149 and vhm026) is illustrated for the entire 10-
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Figure 5. Daily discharge and fractional snow cover obtained with MDC and optimizing for Q only in the gauged water-
shed of Geithellnad (at station vhm149) and Sanda (at station vhm026) during the validation period (2001-2010). Panels
a and b illustrate simulated and observed daily discharge rates. Panels ¢ and d illustrate simulated and observed daily
fractional snow cover ratios. The grey area (range of asim and qsim) and the black line (mean of as;», and qsin ) indicate
the range of MDC by optimizing Poa, the red line indicates the performance if only Q(asim,eq and Qsim,eq) Was used for
calibration and the blue line and symbols illustrate observations. — MDC medaltal daglegrar leysingar og hlutfallslegrar
snjopekju, hdmorkud fyrir Q d meeldu vatmasvedi Geithellnadr (vhm 149) og Sanddr (vhm 026), timabilio 2001-2010. a)
0og b) Hermdur og deetladur daglegur hradi leysingar. c) og d) Hermt og deetlad snjopekjuhlutfall. Grda svedid (asim 0g
Qsim ) 0g svarta linan (medaltal af agim 08 Qsim ) syna MDC med pvi ad hdmarka Poa. Rauda linan; nidurstoour ef adeins

Q(asim,eq 08 Usim,eq) Voru notud til kvérounar, blda linan og tdkn syna athuganir.

year validation period (2001 to 2010, excluding the
missing data period between the end of 2001 and
the beginning of 2006 for vhm149, e.g. River Geit-
hellnad) using the parameter sets determined during
the calibration period. Overall, the monthly means are
well reproduced (mean EqQ monthly = 0.81 for vhm149
and 0.86 for vhm026; Figure 4c and d), indicating
that the calibration approach is suitable for season dis-
charge simulations.

Daily discharge and snow cover ratios in both
study sites are illustrated in Figure 5. The simulated
and observed daily discharge patterns reveal some
discrepancies but correspond generally well through-
out the entire validation period (mean Eq = 0.58 for
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vhm149 and 0.49 for vhm026) in both gauged catch-
ments (Figure 5a and b). MDC reveals almost iden-
tical daily discharge patterns as the single dataset
calibration optimizing only Eq. This indicates that
the one-year calibration period is sufficient to gen-
erate daily discharge patterns during the entire 10
year validation period, agreeing with previous studies
(Finger et al., 2011, 2012, 2015). Simulated and ob-
served fractional snow cover area is well reproduced
throughout the entire validation period (mean Egc =
0.89 for vhm149 and 0.90 for vhm026) in both catch-
ments (Figure Sc and d). It is noticeable that the cal-
ibration optimizing Eq leads to significant overesti-
mation of snow cover in the area in the drainage area
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Figure 6. Estimated water amount (qgiy,) available for hydropower production in Leirdalshraun (a) and Heljar-
dalsfjoll area (b) and the contribution of snow (qgnow) and ice melt (qice), rainfall runoff (qrain), as well as
precipitation (P) during the period 2001-2010. All results are based on MDC, except qsim, g Which is obtained
by using only Q for calibration. Symbols represent the monthly mean of MDC and whisker illustrate the stan-
dard deviation of the mean. — Awtlad nytanlegt vatnsmagn (qsim ) til vatnsafisframleidslu ¢ Leirdalshrauni (a)
og sveedi Heljardalsfjalla (b) vegna snjoa (Qsnow), isbrddnunar (qice) affallsvatns (Qrain) 0g trkomu (P) fyrir
timabilio 2001-2010. Allar nidurstodur eru byggdar d MDC, nema qgsim rq Sem er kvardad it frd Q. Tdkn
gefa til kynna mdnadarlegt medaltal MDC og strik stadalfrdvik frd medaltali.

of vhm149 during all summer months of the calibra-
tion period. This effect is less visible in the drainage
area of vhm026, revealing lower performance regard-
ing snow cover area during numerous individual days.

During winter months both watersheds are en-
tirely covered by snow as average temperatures are
below freezing. During summer from August until
mid-October, the Sand4 watershed (vhm026) is nearly
snow free, while snow cover in the Geithellnad water-
shed (vhm149) can account for up to 5% of the area
in some years. Overall the simulated discharge (Fig-
ure 5a and b) and snow cover area (Figure 5c¢ and d)
do not reveal any major discrepancies during the val-
idation period, indicating an adequate and consistent
calibration of the model.

Estimations of runoff in the ungauged area

In order to estimate total available runoff in the un-
gauged area, the parameter sets identified during the
calibration period were applied to a model comprising
the entire area designated for hydropower exploitation
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(Figure 1). The simulated monthly discharge between
2001 and 2010 from the ungauged areas, Leirdals-
hraun and Heljardalsfjoll, is illustrated in Figure 6.

In Leirdalshraun, monthly runoff is estimated to
be less than 5 m3s~—! during the winter months but ex-
ceeding 50 m3s~! during the summer months. 57% of
the total runoff is attributed to snow melt, while the re-
maining discharge can be attributed to rainfall runoff
and ice melt from Prandarjokull, the latter accounting
for less than 4% of the total runoff (Figure 6a).

In the Heljardalsfjoll area, monthly runoff drops
below 15 m3s~! during the winter months and reaches
over 90 m® s~! during the month of July (Figure 6b).
Similarly to Leirdalshraun, ~57% of the total runoff
is attributed to snow melt.

It is noticeable that in both areas the calibration
optimizing Eq leads to significantly lower runoff dur-
ing the summer month than estimations based on opti-
mizing Poa (Figure 6). Since no discharge data exist,
it is impossible to state which estimation is more re-
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alistic. Nevertheless, the advantages of MDC by opti-
mizing Ppa are convincing, as outlined in the discus-
sion section of this paper.

As snow melt in both areas accounts for more
than half of the total runoff (Figure 6) it can be ar-
gued that an adequate simulation of snow cover is a
good indicator for a robust and realistic runoff esti-
mation. In Figure 7, the simulated fraction of snow
cover in the Leirdalshraun and Heljardalsfjoll areas is
compared to the observations in satellite snow cover
images. While Heljardalsfjoll is almost completely
snow free every summer, about 20 % of Leirdalshraun
remains snow covered during the entire summer. The
simulated snow cover obtained by optimizing Poa
matches the snow cover fraction determined in satel-
lite pictures adequately (mean Egc = 0.88 for Leir-
dalshraun and 0.89 for Heljardalsfjoll; Table 3). Sim-
ulated snow cover area obtained by optimizing Eq
leads to significant discrepancy, overestimating snow
cover in Leirdalshraun by up to 30% during all sum-
mer months and underestimating snow cover in Helj-
ardalsfjoll during numerous days. MDC reveals sig-
nificantly better performance, indicating that the ob-
served snow cover area is most of the time within the
standard deviation of the mean of the 100 best MC
runs. Regarding the reasonable model performance
in the gauged catchments of rivers Geithellnad and
Sandd (vhm149 and vhm026) and the adequate per-
formance of simulated snow cover in the ungauged
areas, the runoff estimations for the ungauged areas
using MDC can be considered the most reasonable es-
timations with currently available information.

Estimations of the hydropower potential of the un-
gauged areas

Based on the modelling results, the total water avail-
ability in the form of liquid and solid precipitation
and ice melt in the two study areas amounts to 1880
million m® water annually (Table 4). Under the as-
sumption that the entire water of the two study sites
is deviated into the respective reservoirs Ry and Ry
located at elevation of 595 m a.s.l. (Leirdalshraun)
and 235 m a.s.1. (Heljardalsfjoll), the potential energy,
Epot, of this water can be estimated using classical
mechanics (Equation 2). In Figure 8, monthly E,
is illustrated accounting for the total elevation differ-
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ence between sea level (0 m a.s.l.) and the respective
reservoirs. Eyq¢ of the annual water collected in the
two hypothetical reservoirs (Rz, and Rzr) accounts for
1.8 TWh a—!. In order to transform this energy into
usable electric energy the collected water would need
to be delivered through pressure pipelines to conven-
tional Pelton turbines close to sea-level. The efficient
exploitation and transformation of E,. represent a
challenging task, as various aspects (e.g. inter annu-
ally changing reservoir elevation, number of turbines,
and length of waterways) have to be accounted for in
order to maximize the overall efficiency of the power
plant. A complete description of the power plant
would go beyond the objective of this study. Typ-
ical overall plant efficiency ranges between 0.5 and
0.95 (Zhou et al., 2015). Hence, assuming a very con-
servative overall efficiency of 0.6 the estimated elec-
tric energy production in the two study sites could
amountup to 1.1 TWha~! (665 GWha~! in Leirdals-
hraun and 452 GWh a~! in Heljardalsfjoll). However,
besides the steep and inaccessible terrain of the two
ungauged catchments, the highly dynamic discharge
patterns present an additional challenge to install hy-
dropower infrastructure in this remote mountain area.

Table 4. Summary of catchment characteristics and
potential for energy production for Leirdalshraun
(L) and Heljardalsfjoll (H). — Aetlad vatnsmagn til
vatnsafisframleidoslu d vatnasvioum Leirdalshrauns
og Heljardalsfjalla.

Unit L H
Total area km? 274 946
Glacierization % 5 0
Total precipitation P mma~ ! 2441 1441

m3s~! 21.2 432
Simulated water m3s—1! 21.8 37.6
availability Qgim Mm3a-1  691.5+£10.3 1190.5+17.5
50 % quantile Q50 m3s~1 7.1 18.3
5 yr return period T’ m3s~1 174 373

Altitude difference Ah  m Max595 Max235
Pot. energy Epot GWha—1 <1121 ~762
Overall efﬁciency(l) - 0.6 0.6
Hydropower GWha—! <665 ~452

Potential 1) P

(1) The overall efficiency of a typical hydropower plant
ranges between 0.5 and 0.95 (Zhou et al., 2015). Here a
conservative efficiency of 0.6 was assumed.
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Figure 7. Validation of the fractional snow cover area in the ungauged Leirdalshraun and the Heljardalsfjoll
areas during the 10 year validation period (2001 to 2010). All results are based on MDC by optimizing Pga,
except asim,E,, Which is obtained by calibration only against Q. — Stadfesting d hlutfallslegu snjépekjusveedi {
omeeldu Leirdalshrauni og d Heljardalsfjallasvedi yfir 10 dra timabil frd (2001-2010). Allar nidurstéour eru
byggdar d MDC med pvi ad hdmarka Po a, nema asim g, Sem er fengio med kvordun it frd Q.

DISCUSSION

The estimations of runoff in ungauged catchments
is a core challenge of hydrological research. In the
past most researchers regionalized model parameters,
arguing that similar catchment characteristics (e.g.
sizes of the basins, topography, elevation, snow cover
area, geology, precipitation, soil type, soil cover) jus-
tify a transfer of calibrated model parameters to un-
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Figure 8: Estimated potential energy from
the estimated runoff in Leirdalshraun and
the Heljardalsfjoll area. Results are based
on MDC by optimizing Poa or calibrating
only against Q, as indicated in the legend.
— Mynd 8. Acetlud stéduorka frd deetludu
afrennslisvatni { Leirdalshrauni og svedum
Heljardalsfjalla. Nidurstodurnar eru byggo-
ar @ MDC med pvi ad hdmarka Poa eda
kvarda fyrir Q eins og synt er [ skyringum.

gauged watersheds (Merz and Bloschl, 2004; Sefton
and Howarth, 1998; Seibert, 1999). However, in
mountain catchments and volcanic areas character-
ized by direct snow and ice melt runoff and faults
in the bedrock (e.g. porous lava fields or karst sys-
tems) a regionalization can become inadequate as it
might misrepresent local characteristics. This paper
presents a supplement to the regionalization method
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by demonstrating the value of MDC, using namely
satellite retrieved snow cover and daily discharge ob-
servations to enhance the overall consistency perfor-
mance of the model (Finger et al., 2015). More im-
portantly, the presented results show how remotely
sensed snow cover data can be used to validate the
snow cover. This is especially valuable in catchments
dominated by snow melt, as a realistic simulation of
snow cover implies adequate snow melt rates.

The results presented for the two case studies in
Iceland reveal that the combination of snow cover im-
ages and discharge patterns can significantly improve
the overall consistency performance (Figure 3d), as
defined in (Finger et al., 2015). While MDC revels
slightly lower Nash-Sutcliffe efficiencies (Figure 3b),
MDC leads to drastically better Esc,monthiy perfor-
mance (Figure 3c) and significantly better Poa (Fig-
ure 3d) than calibration using only discharge data. In
particular, MDC can be used to estimate an external
groundwater, Qgw, contribution (Figure 3a), balanc-
ing out the water budget of complex watersheds. For
both case studies the optimization of Ppa leads to a
realistic Qgw estimation, falling in line with previous
studies (Einarsson and Jénsson, 2010; Grondal, 2002;
Pérarinsdottir, 2012). The determination of an ex-
ternal groundwater contribution implies that the main
water sources, e.g. snow melt and ice melt, are real-
istically estimated. Accordingly, an enhanced over-
all consistency performance, as illustrated in Figure
3d, is essential to avoid unrealistic trade-offs between
water sources. Nevertheless, the determined Qaw re-
mains an estimate and would require extensive tracer
experiments to be validated (Finger et al., 2013).

MDC leads inevitably to a reduction of individ-
ual efficiencies, as multiple objective optimization is
always linked to a trade-off between the considered
efficiencies (Figure 3, Table 3). However, daily dis-
charge and snow cover area for the gauged catch-
ments reveals to be reproduced adequately for the en-
tire 10-year validation period (Figure 5). In contrast to
this performance calibration using only discharge data
leads to significant discrepancies of simulated snow
cover area (Figure 5c and d), revealing the poor con-
sistency of the simulations based on calibration using
only discharge data (Figure 3d).
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The simulations using MDC are suitable to esti-
mate seasonal patterns of runoff and the contribution
of snow melt in the area as observations are most of
the time within modelling uncertainty (Figure 6). The
simulation results indicate that in gauged rivers snow
melt contributes more than half of the water to the to-
tal runoff (Figure 6a,b). Accordingly, adequate snow
cover simulations are essential to make estimations of
runoff in ungauged areas realistic. The presented re-
sults reveal that simulated seasonal snow cover cor-
responds well (mean Egc = 0.88 for Leirdalshraun
and 0.89 for Heljardalsfjoll) to the available snow
cover images in both ungauged areas (Figure 7). Con-
trastingly, simulations obtained by calibrating only
with Q, significantly overestimate snow cover area
in Leirdalshraun and reveal numerous discrepancies
from observation in Heljardalsfjoll. The results reveal
also that snow cover in both areas evolves gradually
(Figure 7), making weekly satellite images sufficient
for calibration purposes. Accordingly, MODIS daily
snow cover products are suitable for model calibra-
tion and validation, despite the frequent cloud cover
in Iceland (on average only 47 cloud free images per
year were available between 2001 and 2010, result-
ing in mean obscuration periods of 8 days). By us-
ing the daily product rather than the 8 day composite
MODIS product, the timing of a change in snow cover
status for single cells can be accounted for more pre-
cisely, as also discussed by Finger et al. (2011, 2012
and 2015). Based on the discussion above, the total
estimated runoff from both ungauged areas and the
associated hydropower potential obtained using MDC
appear to be the best possible estimation with the cur-
rently available data. As illustrated in Figure 8, results
from calibration using only Q differ significantly from
results obtained with MDC, revealing the importance
of MDC for ungauged mountain areas.

Nevertheless, the presented estimations are sub-
ject to various uncertainties, which should be con-
sidered carefully before using the results for further
purposes. The presented runoff estimations rely on
only 10 years of data availability, and might not ad-
equately account for the frequency of extreme dry
or wet years. Furthermore, the overall efficiency of
hydroelectricity plants ranges between 0.5 and 0.95
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(Zhou et al., 2015). In this study a conservative ef-
ficiency of 0.6 was assumed which has also been re-
ported in other power plants in arctic regions (Hart-
mann et al., 2017). It is therefore strongly advisable
to collect additional field data before using the present
estimates for decisions regarding the development of
water infrastructure. In particular the following field
observations should be collected to provide additional
validation of the estimations: i) tracer experiments to
determined external ground water contribution (Fin-
ger et al., 2013), ii) detailed assessment of the wa-
ter balance with additional discharge and precipitation
observations, iii) experimental observation of precip-
itation and temperature gradients to validate gridded
weather input data and iv) snow depth and glacier
mass balances in order to validate snow and ice con-
tribution. While these additional datasets would cer-
tainly fortify the results, the presented estimations are
the best possible estimates for data scarce areas and
very probably are more realistic than estimates based
on calibration using only Q.

Last but not least, the presented figures are based
on 100% efficient water collection in the two catch-
ments. However, the terrain in both areas is steep,
inaccessible and partially highly erodible. Accord-
ingly, the installation of infrastructure to collect runoff
water from ungauged catchments presents a com-
pelling civil engineering challenge. Furthermore, the
high runoff dynamic due to the local weather patterns
present an additional challenge to effectively harvest
all the water available in the two watersheds.

Considering all of the concerns addressed above,
the modelling results should be interpreted as a re-
alistic first estimate of water runoff in the ungauged
areas. Since snow cover images derived from the
MODIS product are available for the entire world, the
presented approach can be applied to any watershed
worldwide, making it also suitable for large scale
modelling.

CONCLUSIONS

The conceptual hydrological model HBV was cali-
brated using a multi dataset calibration (MDC) tech-
nique, based on discharge and daily satellite snow
cover images for gauged sub-catchments of poten-
tial areas designated for future hydropower reservoirs.
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The calibrated model was applied to the hydropower
exploitation area defined by Orkustofnun for poten-
tial hydropower use. With this method, the total hy-
dropower potential for the entire area, including un-
gauged catchment, was estimated. Based on the pre-
sented results the following conclusion can be drawn:

The combination of discharge data and snow
cover images allows a realistic estimate of external
ground water contribution, Qgw, balancing the water
budget of complex watersheds. For the two gauged
watersheds, River Geithellnad (vhm149) and Sanda
(vhm026), Qe w was estimated to amount up to 0.022
and 4.74 m? s~ 1, respectively, falling in line with pre-
vious studies (Einarsson and Jonsson, 2010; Grondal,
2002; Pérarinsdéttir, 2012). This is an essential find-
ing to estimate total runoff in the two ungauged areas.

The complementary use of satellite retrieved snow
cover images and one year of discharge observations
to calibrate a hydrological model reveals that snow
melt can be adequately predicted in ungauged moun-
tain areas. This technique allows improving and vali-
dating estimations of water resources in mountain ar-
eas with limited data availability.

The subpolar location of Iceland leads to frequent
cloud cover limiting the use of satellite imaging. On
average only 47 snow cover maps per year were avail-
able. Nevertheless, the presented results reveal that
despite the frequent cloud cover, satellite retrieved
snow cover images improve model performance sig-
nificantly and are suitable for the validation of snow
cover and snow melt in ungauged areas.

In the Leirdalshraun area, the total volume of an-
nual melt and rain water is estimated up to 691 mil-
lion m? of water. This water could be collected and
stored in a reservoir at an altitude of 595 m a.s.l.
Accordingly, the potential energy accounts up to
1121 GWh a—!, which could result in an annual en-
ergy production of up to 665 GWh of hydroelectricity.

In the Heljardalsfjoll area, the total volume of melt
and rain water is estimated up to 1191 million m3 of
water. This water could be collected and stored in a
reservoir at an altitude of 235 m a.s.l.. Accordingly,
the potential energy accounts up to 762 GWh a1,
which could result in an annual energy production of
up to 452 GWh of hydroelectricity.
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Altogether, the total estimated hydropower poten-
tial of the two watersheds combined amounts up to
1.1 TWh a—', which represents about 10% of Ice-
land’s current energy production. Nevertheless, these
numbers have to be considered with precaution, as
they are based on a number of assumptions (see dis-
cussion section) and on 100% efficient water harvest-
ing in the area, which presents a compelling civil en-
gineering challenge.

Finally, the use of daily snow cover images in
combination with limited discharge observations are
a valuable modelling approach that can be applied
worldwide, allowing a realistic estimation of water re-
sources in ungauged mountain areas.
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Vid gerd stefnumdtunar um stjérnun endurnyjanlegs
vatnsafls er mikilvaegt ad leggja mat 4 nytanlegt vatns-
magn 4 omeldum svedum. Vatnafredileg likon
eru oflug teki vid ad greina vatna- og vedurfarsleg
gogn og dxtla heildarmagn vatns frd é6maldum svad-
um. Gervitunglamyndir gefa mikilvaegar upplysingar
um snjémagn 4 fjallasvedum. Hydrologiska Byrans
Vattenbalansavdeling model (HBV) var notad til ad
datla heildarmagn af snj6 og afrennslisvatni 4 tveim-
ur 6maldum svaedum 4 nordaustanverdu Islandi (Leir-
dalshrauni, 274 km? yfir 595 m.y.s. og Heljardals-
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fjollum 946 km? yfir 235 m.y.s.). Petta vatnsmagn
metti hugsanlega nyta til vatnsaflsvirkunar. Breyt-
urnar 1 likaninu voru dkvardadar med margmidlun-
arkvordudu gagnasafnskerfi (MDC) sem byggdi 4 4rs
upplysingum fra gervitunglamyndum af snj6pekju og
skrddum gognum um leysingar af maldum undir-
vatnasvedum. Med pvi ad nota fyrrnefndar likana-
breytur er hegt ad dzetla hve mikid vatnsafl er haegt ad
nyta frd 6maldum svedum. Snjépekjur & dmeldum
svedum dsamt leysingarvatni af maldum vatnasvad-
um var metid yfir 10 dra timabil og kom { ljés mik-
il brddnun 4 6llu svedinu. Heildarmagn vatns vegna
bradnunar 4 {s og snjo, dsamt regni og afrennslisvatni
var ca. 690 M m®/éri i Leirdalshrauni og 1190 M
m?/4ri 1 Heljardalsfjollum. Fredileg stoduorka pess-
ara vatnsorkulinda er ndlegt 1,9 TWh/ari sem er feiki-
lega mikid og beisla mztti med uppistoduléni og leida
i hverfla til vatnsaflsvirkjunar vid sjdvarmal. P6 ad
nidurstodurnar séu adeins gildar fyrir dkvedid tilvik
pé er hagt ad beita likaninu 4 6nnur fjalllend svadi.
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