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Abstract

Hydropower and water resources management are an important issue in most countries

of the world, included Switzerland. The scientific community is currently engaged to

produce numerical models and simulations which aim at understanding the most
important oncurring factors of climate with the support of different tools and methods,

at both regional and global scales. In this case, the purpose is to simplify reality while
reducing errors and uncertainties related to streamflow prediction. The latter umiesrtai

can be due to different sources, such as the initial hydrologic conditions of a catchment,

the hydrol ogical model 6s input data and st
which is applied while implementing such modelling procedures.

The am of this work is to investigate the propagation of uncertainties from the input
meteorological forecasts to the resulting streamflow predictions. A weather generator has
been used to create synthetic weather decadal forecasts. These forecasts haea then be
fed into the hydrological modelydrologiska Byrans Vattenbalansavdeln{itBV), and
simulations have been run in order to obtain corresponding runoff forecasts. The accuracy
of the meteorological and runoff forecasts has been calculated with siratigticsl

metrics with the aim to assess the propagation of uncertainty. Three statistical metrics,
defined as dskil/l scoreso, have been appl
performed for two glacierized catchments both located in the Swiss Atjgel€én and

Gries. The simulations were performed by assuming different scenarios of glacier extent
in order to observe the influence of the amount of ice present in the catchment on the
results. The effect of a varying input glacier extent on simulatedffrtnas then been
studied, together with an assessment of the modifications on the hydrological regime. The
simulations have been run by applying the recentlylemented glacier routine in the
hydrological model with different settings, with the aim talgze how skill transfer can

be affected. In addition, a sensitivity analysis has been performed on the parameters and
routines of the hydrological model in order to study their contribution to model efficiency.

It has been observed that the influence of precipitation on runoff forecasts is lower than
the one of temperature for highfyacierized catchments. This influence increases with
diminishing glacierization. In a hypothetical ifree catchment, the effeat precipitation

on skill transfer tends to become more relevant, for both Findelen and Gries catchments.
Another important factor of skill transfer is the lead time from which a forecast is
produced, and also the morphological and topographical featfirdse acatchment.
Moreover, the application of different settings of the glacier routine can also have an
influence on skill transfer and on the influence of temperatures and precipitation.

Keywords Decadal forecast, streamflow forecast, synthetioccfast forecast skill, forecast lead
ti me, uncertainty propagati on, skill scor e, S
Hydrologiska Byrans VattenbalansavdelniiBV) model.
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Equations, tables and figures

Equations

Equation 1, general formula for skill score calculapn 3 3

Equation 2, principle of thBashSutcliffeHBV efficiencyA p 5

Equation 3, formula of the HBV glacier routide  Q(t) = S(t) * (K min + Krange * €AG * SWE()
Equation 4, general normalization forméla  "Q

Equation 5, determination ofiandn slope parametely ~ Qskill = m * Tskill + n * Pskill
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Equations to determine skill difference between weather and rApoﬁf Uil QQaa

Equations to determine skill scores:

a) RMSE (Root Mean Square Errdy) —B

-B
b) RV (Reduction of Variancedy p
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C) CC (Correlation Coefficient}

Tables

Table 1: Description of the most important modelling steps in hydrology and their main features. The steps are ordered
from the first basic to the final one, applied at the end of the modelling procedure (Beven, 2012).

Tabl e 2: F o r e c aesnposabrangiey guomrsing donviirphty (L@8B)r The column on the right shows the
category of forecast types, which is related to their ass

Table 3: Parameters and feasibility ranges used in the Mzarte calibration for both catchments. For minimum and
maximum values, the left column (marked in blue) shows the parameter ranges of the calibration used for simulations,
while the right columrimarked in orange) is related to the calibration used for the hydrological analysis.

Table 4: Skill scores used for the quantification of decadal forecasts. Skill scores are calculated between the forecast
(f) and the observed values of the referenéfies er i es at a daily t emamr alndrn ammde sfor
the varisdntcbdeansd afi d®r d et atieattont h@ total number of | eadt

Table 5: Variability ofmandn parameters (related Tskill andPskill, respectivelyfor both catchments and for all the
three implemented statistical metrics. The predominant parameter related to the effskilide marked in orange
for each lead time, while the parameter which shows the lowest influence on runoff skill is mditdethiue.

Table 6: Parameters andn (cf. Equation 5) for both Gries and Findelen catchment. The mean values of the slope
parameters are represented for all skill scores.



Table 7: Variability ofm andn parameters (related fskill and Pskill, respectively) for (a) Gries catchment and (b)
Findelen catchment, for the RMSE skill score. The predominant slope param@gkilbis marked in orange for each
lead time, while the slope parameter which shows the lowest influence on runoff skitkednralight blue.

Table 8: Variability of the model efficiency and simulated runoff for all scenarios and for both Findelen and Gries
catchments. Results are shown by both assuming a static or a dynamic glacier area, for the sece@drlblonte

calibrato n , which is the one based on more Areali Reficfi par ame
indicates the value ofthe Nashu t ¢ | i f f e cQsinft eirs orng| athdéd et oA t he mean yearly

Table 9: Variability of simudted runoff of the HBV model by assuming different model settings. Results are
represented for Scenario 3 and for both Gries and Findelen catchments.

Figures

Figure 1: Components and elements of the integrated approach for hydropower production in the specific case of annual
income determination. This approach can be applied to quantify the evolution of the produced hydropower energy in
the future (Gaudardtal., 2016).

Figure 2: Components and elements of the integrated approach for hydropower production in the specific case of annual
income determination. This approach can be applied to quantify the evolution of the produced hydropower energy in
the future(Gaudard et al., 2016).

Figure 3: Methodology of the project, the general purpose is to understand how the skill is transferred between weather
forecasts and hydrological forecasts with the help of a hydrological model (i.e. red marked arrow in the figure

Figure 4: lllustration of a precipitation synthetic tiseries of three years. Each colored line corresponds to a specific
precipitation forecast which is generated every 15 days for a total length of 9 yearsaxibeepresents days, while
the y-axis shows precipitation values (in mm).

Figure 5: lllustration of a temperature synthetic tisegies of three years. Each colored line corresponds to a specific
precipitation forecast which is generated every 15 days for a total length of 9 yearsaxibeepresents days, while
the yaxis shows temperature values (in °C).

Figure 6: Description of the HBV model i nput s. The most
daily time series of precipharngeohiQdaPo)Othempiempdutr @t (iA
profile (Figure 6b), snow redistribution (Figure 6c¢), mean temperatures (Figure 6d), and mean potential evaporation

rate (Figure 6e). The | asftfittwo fiunngotodebeficierely:theegla@dtmads t o Aigoo
balance (Figure 6f), and the fraction of the catchment which is covered by snow at a daily timescale (Figure 6g).

Figure 7: Application of thefh-parameterizatiormethod by Husst al. (2010) for the dynamic glacieoutine of the
HBV model. The xaxis indicates years, while theaxis is related to the areal fraction of 1.

Figure 8: Daily runoff skill scores for precipitation (Figure 8A), temperature (Figure 8A), and simulated runoff (Figure
8C). Temperature skill score values are given in °C, precipitation ones in mm, while values of simulated runoff are
given in mm/day. Ta x-axis represents the leadtime (in days), while Haes represent the RMSE skill score values

for the axis on the left, and the RV and CC skill score values for the axis on the right.

Figure 9: Geographic situation of Gries and Findelen glacierizéchments: satellite representations including
outl ines, surface type and gl acier extent for different
indicates the Findelen catchment, whistftwarehgfi represents th

Figure 10: Findelen hydrological catchment in the year 2009 (https://content.meteoblue.com/fr/meteoscool/).
Figure 11: The Gries catchment (glacier and lake) in 2005 (http://www.unifr.ch/geoscience/geographie/ssgmfiches/).

Figure 12: Normalized precipitation skill scores according to the forecast block. Each colored line corresponds to a
different forecast block, an example is shown in this case for the Findelen catchment.



Figure 13: Normalized temperature skill scoresoading to the forecast block. Each colored line corresponds to a
different forecast block, an example is shown in this case for the Findelen catchment.

Figure 14: Normalized runoff skill scores according to the forecast block. Each colored linearoateetspa different
forecast block, an example is shown in this case for the Findelen catchment.

Figure 15: Relation between temperature, precipitation and runoff skill scores (RMSE and RV) for the two catchments
and Scenario 1. The runoff skill scoreave been interpolated by applying a linear interpolation with colors, while

areas with no values are shown in white. The black dots represent the 150 different forecasts. Results are represented
for individual lead times (LT) between 200 and 3200 dayd,taey have been produced with the HBV model.

Figure 16: Parameters andn for Scenario 1 and for both Gries and Findelen catchments. Gries catchment is shown
on the left column, while the Findelen catchment is represented on the right column.

Figure 17: Parametems andn for Scenarios 1 to 5 for both catchments (RMSE skill score). The Gries catchment is
shown on the left column, while the Findelen catchment is represented on the right column.

Figure 18: Parametensandn (cf. Equation 5) for (afsries catchment and (b) Findelen catchment. The color saturation
is related to the degree of glacierization which corresponds to each Scenario.

Figure 19: Representation of the three main components of simulated runoff: rain, snow and glacier melailiylea
runoff is indicated for both Findelen (a) and Gries (b) catchments. The percentage of glacierization is shown on the top
of each barplot in both cases.

Figure 20: Difference in RMSE skill between meteorological and runoff forecasts over all lead times. Each line refers
to a Scenario (each scenario is defined by a different degree of color saturation) for both Gries (a) and Findelen (b)

catchments. The folula———— 0 i "Qltas been applied to determine skill difference.

Figure 21: Parameters of the HBV model which show the highest contribution to model efficiency according to the
outcomes of the sensitivity analysis which bagn performed on the Mor@arlo automated calibration procedure.
On the yaxes, the value ofthe Nashu t ¢ | i f f e Raffo)e fifs criemrte (eAnt ed .

Figure 22: Correlation between some efficiency criteria of the HBV model. The correlation is deaerbatcertain
criteria and the one which has been used for the hydrological analysis of this chapter, {Bathl#metric. The x

axis always indicates the NaShitcliffe efficiency criteria. In the first case (Figure 22a), ttaig indicates the lhg-

Gupta efficiency metric, then the Flow Weighted Efficiency is shown (Figure 22b). Next, the Lindstrdom measure is
illustrated (Figure 22c), and last the seasonal Magdhliffe metric is represented (Figure 22d). All parameters
illustrated in the xand y-axes are coefficients without units.

Figure 23: Variability of simulated daily runoff (for the
is related to the simulations which have been regularly performed to determine skill @S, a 3G fiar e

the model setting which consider onl $no@neseadart i tnlyr es gredan d
modi fied snow routine, fADistributedo indicatMoZla modi fi ca
assumes the absenke Koifi aMleé Pseem&eet B8GWR0 3 aB3NM3G wahré e A
related to two more variants of a model SEGWDi sgtwinly ikre
related to the introductioon f t hr ee groundwater boxes in the B8iddel by wusi
(storage in top soil 3GWM3ey(etOnnghesotbgar tdaddbythesiimil ar
part of the model, but in this case an upperzmile groundwater box is also applied. The green dashed lines above the

bars of the plots allows for a more efficient visual comparison.

Figure 24: Difference between a simulation of the snow amount which has been performed by applying snow
redistribution (Figure 24a), and one which has been performed without applying it (Figure 24b).akiseshows

years related to the tingeries of 19 years which has been applied for this experiment (Section 3.1), whilexibe y
illustrates the simulated amountssfow (in mm).
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1.Introduction
1.1. Generalmtroduction

Hydropower and water management are an issue in most countries of the world, included
Switzerland. The scientific community is currently engaged to produce numerical models and
simulations which aim at understanding the most important concurring factolimate with

different tools and methods, at both regional and global scales, with the purpose to simplify reality

and reducing errors and uncertainties at the same timeertainties can arise from the initial

hydrologic conditions of a catchment, thgdiological model input data and structussdan
excessive user 6s empiric evaluation character
Determining and assessing the sources of unce:
uncertainty is transmitte during time, has long been a research topic among the scientific
community. However, progressesed stillto be done for research at a decadal temporal range

(Meehlet al, 2014 ; Murphyet al, 2010 ; Solomoet al,, 2010).

The hydropower sector héaced a lot of challenges recently, due to the variability of energy
prices and to the availability of energy sources. Consequently, there is the need to find more
efficient and alternative energgroduction procedure$or the coming years, and this is
patticularly due to climate change and its environmental consequences (Appesizal|€011).

I n Switzerl and, an i mportant el ement towards th
Str at e gSectien@3, Whiich §ims at preparing the tréien towards a more sustainable
energy production mechanish. mi | est one of this fAstrategyo i s |

which has been voted by the Swiss population in May 2017 (Hediger, 2016 ; Schiglirader

2016). The energy production ghwill favour the utilization of renewable sources such as
hydropower. Most hydropower plants can be found in the mountainous regions of the Swiss Alps,
because in this case the advantage is that the runoff from snowmelt and glaciers can also be
exploited to produce energy.

Glaciers are imprtant as water reserves and storage reservOirapters 2and3), but also to
determine the amount of energy which is produced periodically by hydropower infrastructures.
Moreover, they have prominentrole to do more studies and assess more considerations related
to climate change (Barry and Chorley08Q Husset al., 2008 ; Jansscet al.,, 2003). Runoff in
glacierized catchments has an influence on the amount of hydropower energy which is produced
by an infrastructure in a defined periodical range: this amount of energy, according to the nivo
glaciological regime, is higher between May and September than in the rest of the year. However,
the provision of decadal weather and runoff forecasts aimaudyisg this variability at an
intermediate timescale between sherdnd mearterm forecasts (spanning from days to seasons)
and climate scenarigspanning from decades to centuridddreover, this typology of forecasts

can be applied and produced aheita local oregional scale in different regions of the world.

The provision of forecasts is intimately related to technological progresses of software and
programming techniques, particularly during the last decades. Currently, the scientific community

is engaged to follow an integrated approach to couple weathehyairdlogical numerical
streamfl ow modelling in order to understand t
dynamics and on the most relevant hydrological properties of catchments at a variable spatial and

1
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temporal scale. Numerical models are releVanglaciology and hydrology because they aim at
simulating natural processes by representing them with a model that works with mathematical
formula and equation®ergstrom, 1992 ; Seibert, 1997 ; Seibert and Beven, 2009; Stiladst
2010).The aim of these models is to include a glaciological module in the hydrological analysis
by applying a modelling procedure which can represent glacier processes in a detailed way
(Freudigeret al, 2017 ; Seiberet al, 2017). Moreover, these models cdre of variable
complexity regarding the main parameters and settings that are used.

Hydrological models are useful to simulate the main properties of hydrological catslimant
numerical framework. By applying some parameters which represent the eatchman
idealized way, the aim is to obtain the highest degree of correspondency between observed and
simulated runoffHydrological models have been applied recently in order to perform analyses
of forecasts accuracy at some specific time scales (Fé&ria@13 ; Shuklaet al, 2013 ; Yossef

et al, 2013), and also integrated procedures by coupling hydrological models with glaciological
models and climate models (Dougktsal, 2016 ; Seiberet al, 2017 ; Shrestet al, 2013). The
integration of models to analyze glacier dynamics and mass balance evolution in hydrological
models and their relations with climate change is currently an issue, which can be particularly
relevant to determine the consequences of glacierksiy (i.e. for hydropower production, and

to study the hydrological, topographical and morphological properties of catchmiEmits).
integration between hydrological and glaciological models is therefore important also to assess
the most important elemés and characteristics of climate and climate change.

After integrating weather models and numerical streamflow modelling procedures, another
relevantissue among the scientific community is to determine the accuracy (i.e. efficiency or

A s ki | Chapter 2 $oeneore technical information about ttupic) of the produced forecasts.

To achieve this objective, there is the need to implement statistical metrics and measures which
could assess forecastsd accur acticalanahdisdarobe t hi s €
performed at every timescale. However, it is m
longer timescale (i.e. decades or centuries) in order to relate this with climate change and with the
shrinking tendency of glaciers ase of glacierized catchments of the mountainous regions.

Some progresses have barade recently in thisregard but t he study of accu
transferis still in its infancy, and more experiments and areslyseed still to be donespecially

at the decadalemporal range(Section 2.2). Decadal forecasts are characterized by an
intermediate temporal range between skemin forecasts (i.e. weather and seasonal forecasts)

and longterm forecasts (i.e. climate projections and scenaiasif.will be described in the next

section Gection1.2), this thesis is regardéy an experiment of decadal weather forecasting.
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1.2. Objectives and purposes of the thesis

This thesis is embedded in a larger project of forecasts accuracy assessment, at a decadal time
scale, for the Swiss hydropower energy se®lamerical streamflow modelling has been applied

for an actuality topi c s uc htheastady of hceuradyEransfeargy St r
from forecasts to hydrological runoff for two highdjacierized mountainous catchmentse

experiment has been performed in an idealized modelling framework.

This thesis aims at answering three research questions avbigidthe whole analysis has been
developed. First, the research dsntredon studying how a given skill (or accuracy) in
meteorological input variables translates itself into the skill of the corresponding hydrological
forecast. To determine this accuracy transfer, weather forecasts at a decadahtinteve first

been prodoed as syntheticallgenerated timseries ofprecipitation and temperatureBhese
time-serieshavethenbeen used to force the hydrological model HBV with the aim to produce
runoff forecastsThe temporal range of all forecasts @&years, and their #kscoreshave been
determined with three statistical method3edtion 3.4). Finally, weather and hydrological
forecasts have been integratearderto determine how accuracy is transferred from the first to

the latterThe second aim of this thesigasdetermine the influence of shrinking glaciers on skill
transfer. Therefore, the relation between catc
has been studied by assuming a variable ice extent and volume. In this case, the aim is to identify
trends and tendencies that a shrinking glacier can have on the skill transfer and on the accuracy
of decadal forecasts in general. Moreover, also afréeecatchment is assumed as a hypothesis.
The analysis has begrerformedfor two different catchmentsiorder to observe eventual
differences in skill transfeiThe third purpose of this thesis is to understand which hydrological
compartments do affect skill transfer the most. To achieve this objective, different parameters of
the hydological model haveden analyed to understand how skill transfer from climate forecasts

to hydrological runoff is affected by assuming a higher (or lower) variability of a specific routine

or model parameter. This research has been performed also by determining the degree of
correlation between the parameters of the hydrological model with a sensitivity anBlhsis.
outcomes of the sensitivity analysis have then been integrated with an assessment of the main
outputs of the model in order to derive some considerations alooet setthgsand functions.

The thesis begins with an introduction of the main topic by defining objectives and research
guestiongChapter 1). The following chapte€ljapter 2) defines the most important concepts
related to the topic, and the mostevant scientific studies and experiments which have recently
been performed in this regard. The methodology cha@teapter 3) allows to establish the most
important procedural steps that have been followed during the research framework (e.qg.
implemenation and forcing of the hydrological model, accuracy transfer from weather to
hydrological forecastandsimulations with variable glacier extesud ice dynamigs The two

study sites are presenteddmapter 4 by including a morphological and physa@écriptionof

both. Results Chapter 5)aredivided intofour sections one for each problematic that has been
developedThen,interpretations and conclusioase given inChapters 6 and 7 respectively
following the same structure as for the resutsme appendixes are included to represent more
plots and tables which are linked with the rest of the condéet to explain some complements
about the skill transfer analysis and the hydrological analysis
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2.Scientific background and context

2.1. Hydropower in Switzerland

Hydropower is an important energy source for Switzerland, and it currently counts for more than
50% of domestic electricity production (Baeyal, 2016 ;Gaudarcet al, 2017 Hediger, 2016;

Notter, 2015). Its production is favoed by the topographic peculiarities of Switzerland, and the
high levels of annual rainfall that can be detected in its territory. Hydropower has experienced a
period of expansioparticulary between 185 and 1970, while since 1970s there has been the
need to findmore sustainable techniques for energy production. According to the Swiss Federal
Office of Energy (SFOE), there are currently 643 hydropower plants in Switzerland with a total
production of 3@64 GW/h per year, 48.2% of which is produced in-atfrthe-river power

plants, 47.5% in storage power plants, and about 4.3% in pumped storage power plants.

Since the events of Fukushima of thé" bf March 2011, Switzerland artte otherEuropean
countries became aware of the need to enhance the exploration of alternative and renewable
energy sources by phasing out fossil energy sources and nuclear power. Switzerland has planned
a set of interventions since 2007 (Betzl, 2016 ;Hedige and Voegeli, 2017 \Weinhold and
Lorenz, 2014), the ASwiss Energy Strategy 2050«
which aims at increasing the efficiency of energy production in Switzerland. According to some
authors (Barnet al,, 2016;Schumann, 2016 ; Voegeli, 2016 ; Voegstlal |, 2016) , the NE
Strategy 20500 should enable Switzerland to mak
and to maintain its high supply stird. Moreover, it should also contribute to reduce
Switze r | a n d 6ralated eneirongngntal impact, and it is based on tima&a milestones:

1. Optimization of energy exploitation and of production efficiency;

2. Enhancement of the utilization of renewable energy sources;

3. Build large power plants for electricitygruction with better standards.
After some years of discussions and debates, the set of pladeasidng el at ed t o t he AE
Str at e g benicénlirmed maay 2017, especially after the popular vote of thef29
May 2017 to phase out nuclear energy by 2035. For the implementation of this action plan, eight
specialzed competence centres and two National Research Programmes have been developed in
coll aboration with Swiss Natmamaundci&amd e Waomua
Ener gy Cons ustplt20i6;Baunfeizmtialy 2016. Moreover, the Swiss Energy
Center for Energy Research (SCCERE) constantlgoesresearch related to thigr&tegy.

According to Barryet al (2016),a 10% increase for the Swiss hydropower seistéoreseen by

205Q and this is relevant given that today it represents already 50% of the total Swiss energy
production. However, there is the need to consider alsocertaintiesand issuesrelated to
hydropover energy productio(Baur and Hediger2016 ; Hediger, 2016 ; Hediger, 201The
involved factors can be natural (i.e. boundary conditions of the hydrologic system), technical (i.e.
engineering aspects), political and legal (i.e. regulations and accepteeiated to management

(i.e. costs and decisiemaking),or commercial (i.e. system stability and energy markdtsis

thesis is embedded in the study of the natural factors that can have an influence on the
hydrological properties of catchments aconsequently, also on the hydropower produrcti

Some authors (Gaudaed al, 2015 ; Schillingeret al, 2016 ; Schlechtand Weigt,2016) have
tried tounderstand the impact of climate change on hydropower prodinstimixed qualitative
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and quantitative methodsThe purpose in this case is to try to reduce uncertainties related to
hydropower production, to balance hydropower with other renewable energy sources (e.g. wind
and solar energy), to involve decisiorakers and stakeholdgparticulaly in the mountainous
cantonsand to couple climate models to hydrological and glaciological models in order to have
a better understanding of the process of hydropower production related to physical factors
(Schwanitz and Wierling, 2016). To count famsequences of climate change for hydropower
production in Switzerland, a multidisciplinary and integrated approach is nestiatie aimto
consider all factors that can contribute to a modification of hydropower energy production in the
coming years: @nate models, emission scenarios, hydrological and glaciological numerical
models, and reservoir management mod@ksudardet al, 2016). Figurel illustrates all these
aspectsand how they are mutually linked together.

v
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Figure 1: Components and elements of the integrated approach for hydropower produtii®n
specific case of annual income determination. This approach can be applied to quanti
evolution of the produced hydropower energy in the future (Gawdazid 2016).

According to Figurel, different aspects should be considered while doing predictions of
hydropower energy production. Therefore, it is relevant to define objectivae amplement a
methodological framework that allows to give reliable predictions in the na@anongterm in

the future. Climate change will have a strong impact on hydropower energy production because
of a shift of hydrological regime and, in the alpinaairized catchments, also because of changes
in glaciersdéd contribution to runodtél,20lae t o
Pachauriet al, 2014). For glacierized catchments, the consequences of this process will be a
lower energy produmn in summer and a more distributed energy production in the rest of the
year. The hydrological regime will progressively shift from glacial to nival (Farinotti, 2013 ;
UhlmannSchneiter, 2011), and this aspect should be considered for hydropower iproduct
Switzerland in the next years, given that most of hydropower energy production derives from
glacierized catchments located in the Alps (Schwanitz and Wierling, 2016).
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2.2. Numerical streamflow in glaciology

Hydrological modelling in high-mountain glacierized catchments

Glaciers area matter of concern for analyseelated to numerical streamflow modelling, and
numerical models have generally progressed a lot recently (Seibet, 2017). Glacier
meltwater contributes to runoff in highountaincatchments, particularly in summer, according

to the niveglacial hydrological regime. Glacierized catchments should always be considered in
relation to climate change and to the dynamicity of climate parameters such as precipitation and
solar radiation. fie simplest approach to do this, is to regularly update the hydrological model
with an externallysimulated glacier extent, by using a hydptaciological model (Farinotst al,

2012 ; Seibertet al, 2017). According to Seibeet al. (2017), it is mordifficult to simulate

natural physical conditions in glacierized catchméggstion 3.3). In this case, the similarity to
realworld conditions is not relevant, but an additional hydrological analysis has been done in
order to simulate such conditionsanreliable way(Section3.3), with the aim to establish the
effects of glacier retreat dSectidndde catchment és
Glacier shrinking has both negative and positive consequences for the Swiss hydropower sector.
The melting ofglaciers can increase the quantity of water available for energy production of
hydropower plants. Buhecause of the hydrological regime shift that is foreseen for the coming
years, there will probably be less water availability during Summer moihapér 5).
Moreover, there will probably be an augmented influence of precipitésioow or rain)on
streamflow particularly after the glaciers will have melted completely (Baatasl., 2013).

Hydrologically, the two catchments Bindelen and Grieselong both to the Rhone hydrological
basin, and their discharge rate is quite high given that they are both situated in the Alpine region.
Figure 2 represents discharge rates of the most important hydrological basins in Switzerland.
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Figure 2 Components and elements of the integrated approach for hydropower produdtien
specificcase of annual income determination. This approach can be applied to quantify the evolt
the produced hydropower energy in the future (Gaudaad, 2016.
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According toBossharcet al (2011), while doing such kind of research, it is important to perform
hydrological impact studies by considering more extended contexts, such as the economic and
social consequences of a hydrological regime maodification. Climate change impacts on water
resourcs in the Alps shouldilso be assessed whenever possible: for example, the initiative

ACCHydr oo

aims at wunderstandi
The climate change impacts on water resources in the Alps have beerearaly assessed

ng climate

change

accordingo global and regional climate scenarios to study impacts and considerations related to
glacier retreat tendency. An interdisciplinary approach is therefore needed to couple physical

features of a catchment (e.g. presence of glaciers, rocks or vegetdtioimcreasingly high
resolution modelsBosshardet al, 2011 ; Zappa, 20)6In order to simulate hydrological

processes, the HBV model has been used in this 8astdn3.3), but also other models can be

implemented, such as the sedistributed PREAH model (J6rgHesset al, 2015). Hydrological

models can also be applied at a hourly tstep, for example to study flooding events or for risk
analysis assessment (Baetyal., 2016; Beven, 2012). Ensemble techniques are another approach
for hydrolodcal modelling: they are applied by including many climate variables rather than only

precipitation and temperature, and by coupling hydrological and climate models (Fatiabtti
2012 ; Zappa, 2016). These techniques are diffusing rapidly becausdltiveyo demonstrate

the feasibility of studies about weather forecasts@ardet al, 2011).

Technical considerations about hydrological modelling

Models are useful tools to study hydrological catchments, to do predictions into the future and to
measure the impact of hydrological changes (Beven, 2CGA23hments are often treated as black

boxes with inputs and outputs but without a detailed phydisdription of involved processes.
The modelling steps have been described by Beven (2012), and they are gathinarable 1.

Table 1: Description of the most important modelling steps in hydrology and their main features. The s
ordered fron the first basic to the final one, applied at the end of the modelling procedure (Beven, 2012)

Modelling step Modelling step name Technical description of themodelling step
It is composed by the ensemble of perceptions relatetb
1 Perceptual model a catchment, so it hasa high subjectivityfrom the user
(empirical assessment of the process to study)
It is based on hypotheses which aim atonceptuall
2 Conceptual model L VP o paly
describing catchments and their main properties
. It involves the setting up of the model witlthe support of
3 Mathematical model SngER : PP
equationsand mathematical formula
It is formed by @des which are runon the computerwith
4 Procedural model . v ) P
different programming software and processes
. . Calibration can bedone manually orautomaticall
5 Model calibration . . o
(manual triatand-error, Monte-Carlo runs)
6 Model evaluation and The user decides ithe parameters andcalibration
validation settings can be applied to a catchmentand how

According to Beven (2012), hydrologiaabdels should be composed by the following elements
a. Inputs climate variables that allow the model to produce numerical computations and
simulations of hydrological processes (e.g. precipitation, temperatures, solar radiation);

8
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b. Outputs time-series ofrunoff simulations, analysis of runoff and discharge projections,
assessment of how simulated and od;served di

c. Model parametersparameters that define the physical features of a catchment, they are
normally groupedritod i f f er ent routines related to the

The purpose of hydrological models is to achieve the best match between simulations and
observations, by trying to reduce uncertainties. An example of hydrological model is the
Hortonianmodel (Beven, 2012 Solomatine and Wagener, 2Q.1in which runoff is generated

by an infiltration excesall over the hillslopes, by involving a lot of processes. Runoff generation
controls how much water gets into the stream and flows towards thenestichutlet within the
considered timeframe (Beven, 2012). Another example is the TOPMODEL which deals with a
topographic representation of catchmeartd how this relates to hydrological elements.

To ameliorate calibration of hydrological models, a d@siisi analysis is normally done in order

to assess the variability of parameters and their uncertainty. For example, the concept of
Aequi final ity Rosblel§ avweMadsen,2200E2determinant in hydrological
modelling, because more parameter sets allow to obtain an equally retexdeit efficiency
However, there are often parameter sets that are unrealistic or do not repratiuaé and
processein a reliable wayln thisthesis, a comparative approach between different parameter
sets has also been adopitedrder to describthe conceptofi s e n ga t a Iv (Bectios5a)).

Glacier storage and numerical streamflow modelling

Glacier storage is a widely used term in hydrological technical terminology, applied to different
processes and time scales by different scientific discipliheasording to Janssoet al, (2003),
storage can essentially occur at three time scalestévngstorage (i.e. ice and firn as glacier up

to many years), intermediaterm storage (i.e. storage and release of snow and water on a
seasonal scale), and shtatm storage (i.e. diurnal effects of drainage through the glacier
including routing througtsnow, firn and englacial pathways). Glaciers are valuable natural
reservoirs of water exerting a strong control on drainage characteristics of alpine catchments,
storing water as ice and releasing it when melted, depending on climate factors (éamason
2003). An example of study related to glacier storage and ice dynamics has been conducted by
Husset al. (2008), who have studied runoff from three glacierized alpine catchments for the
period 20072100 by using a model including the change in glacteferage, scenarios for
seasonal changes of precipitation and temperatures, glacier surface mass balance and runoff on a
daily time stepMoreover, other studies include the investigation of Shietséh (2013) about
Numerical Weather Prediction ModdlNWPM) of forecasts for shotterm streamflow. In this

case, the main outcomes are concerned with the fact that forecasts accuisitydendkase by
increasing leatime, and that precipitation forecasts are generally less accurate than teraperatur
ones This experiments partly linked to that of Beran (1999) about accuracy displayed by
modelled hydrographsor to the one of Funkt al. (2011) about ice thickness supported by
numerical streamflow modelling in order agsess the variability of glacier extent Findelen

and Griedor the next century. According to Fumelk al (2011),glacier mass balance of Gries
glacierized catchment has always been negative since the #retl&f' century, more thathe

one ofFindelen.Therefore, Gries glacier is more prone to disappear within 2100. For Findelen
glacier, the interpretative conceptualization is somewhat different: in-2049, the volume of

icewill have been halvedndsome ice will remain until 210®uttheglac i eEqulilsrium Line

Altitude (ELA) will be displaced inthe a t ¢ h oppernoét imi(Funket al.,2011).
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Weather forecasts and climate projections

iWeaddrd Acli mated are two concepts that shou
concerned by different spatial and temporal sc@es. t he one hsanorérelateitoe at her 0
theregional variability of parameters and variables at a shorter time rangee@ther hand,

Aicli mated projections a:they cancspaer ovengears, degddesaod i n t
even centuries (Appenzellet al.,2011). Forecasts accuradyas improved sharply since the
development of more sophisticated computer modgd$o(sov and Berkovich, 2008). For this

thesis, synthetically generated weather forecasts are 8setib(13.2) to produce outcomesd a

possible climate evolution at a decadal time scale for two alpine catchn@haptér 4).

Forecasting can be appliatia shorrange or longange timeframe. Different forecast types have

been distinguished and assessed by MurfpBy ¥, 88) and mentioned in Tkd2.

Table 2: Forecastsdé types and their t empoighashows
the category of forecast types, which is relat
Forecast type Temporal range Categorical conceptualization

Nowcasting 0-2 hours Weather forecasts: their most important

application is related to flood forecasting

Weather forecasts: they are mainly applied to

Very shortrange forecasting 2-12 hours S ] G T (TR
. Weat her forecasts: thi
Short-range forecasting 12-72 hours )
a generallyhigh accuracy
. . Weather forecasts, often applied b
Medium-range forecasting 72-240 hours . =7 v
meteorological services
. Weather forecasts for many days ahead, accurac
Extendedrange forecasting 10-30 days ) vy Y
is usually lower
. Seasonal or monthly outlook related to climate
Long-range forecasting 30 days-2 years

evolution during time

Beyond two years

Climate forecasting @5 years)

Climate forecasts for some years ahead

Climate forecasts at a decadal time range, it is a
Decadal forecasting Decadal time range still developing research field, but many
progresses have been made recently
Climate predictions and scenarios at a very
Climate scenario Century time range extended time range,such asthe scenarios of
CH2011 (Appenzelleret al., 2011)

Assessing the impact of climate change on runoff is of great interest because Switzerland is
mentioned as the HfAwat er etalo2@ld)r Mowdver Ealevantteftds ( App e
and modifications of hydrological regime are expected for the coyeiaug, especially on highly
glacierized catchment€hapter 4): in this case, this is due to a hydrological regime shift from a
glacial or nivaeglacial to a nivepluvial hydrological regimeSection2.1). Therefore, providing
reliable hydrological prediins in the Alps is a challenge because @&d®mplex system.

The Alps are hydrologically relevant because thanoff has been quantified as being 3.3 times
larger than in the rest of Europe due to the higher amounts of precipitation that cantee détec
higher altitudesKeenlysideand Ba2010; Palmeret al., 1993 ;Viviroli and Weingartne004).
Consequently, hydrological analyses can provide further insights on the variability and evolution
of the hydrological regime in mountainous catchmeras it hasalreadybeen done by some
authors Funket al, 2011 ; Houtekameand Deromel9% ; Molteni et al.,1995.
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In order to properly implement a hydrological analysis, the relative contribution of initial

conditions and meteorological forcirstpould be determined, and also the uncertainty saurces

thesei ncl ude i ncomplete observations, model |l i ng ¢
verification and evaluation (Rosedal , 2011) . Forecast uncertainty
to climate change has also been studied by Farinotti (2013), by detrending climate variables at

yearly, monthly and daily timescale with the provision of ENSEMBLES forecasts.

An example of procedure that counts for many fadtofsydrological analysis is the Ensemble
Streamflow Prediction (ESP), which aims at using historical data as input for hydrological
models, providing information on future river stage, flow and voluemsemble predictions are
concerned with integrations frodifferent initial states or mukinodel ensembles (Fowlet al,
2012).Moreover,an integration betweenfan o r (B8 a&n d a f(nevESPeEnsembie
Streamflow Prediction approachn be appliecahydrological model with assumed perfect initial
conditions is forced by a forecast ensemble resampled from observed meteorological sequences
whereas theevESPapproach combines an ensemble of resampled initial conditions with a perfect
meteorological forecagFarinottiet al, 2012 ;Shuklaet al.,2013 ;Yossefet al.,2013).

An experiment has been done by Adéobral. (2011) for the city of Zurich and its protection
against floods of the Sihl river, by assessing
discharge while considerindeterninistic and probabilistic climate models hydraulic model

and the hydrological model PREVAKAnNother study conducted by Olssamd Lindstron(2007)

has analyed the daily operational hydrological ensemble foredasing 18 months with a
probabilistic evaluatioto distinguishperfect forecasts fromctual dischargebservationsWood

and Lettenmaief2008) hae done a similar experiment for the Rio Grande basin in California,
whereafkossaet al.(2011) have performexlch anexperiment for the rivers Thur and Landquart

Skill scores and Skill guantification for forecasts

Nowadays, it is common practice to summarize and define the skill (or accuracy) of weather
forecasts by calculating it with different statistivathodqoftentermel as A s k,wHich s cor es
aim at determining thelifferences between forecasted values for a climate variable (e.g.
precipitationor air temperatures), and a reference forecast which usually correspaidserved

values (Gandin anillurphy, 1992 ; Hamill and Juras, 2006 ; Lawrence and Hisdal, 2011)

Various definitiors of skill scores have been proposed recently by many authors (Densrgne

al., 2009 ; Murphy, 1988) due to their utility for a variety of reasons (e.g. administsaientific

and economic purposedihe majority of skill scores have valuefich show a specific range

between forecasts that are lessmoreskillful than the referencé~owleret al, 2012 ; Hamill

and Juras, 2006)Skill scores are statistical meassi that allow to determine the relevance and
entity of forecast so6 avithcdifferemtc atisticdl metrics whiche det er
determine the variability of accuracy compared aaeference(generally climatology or

persistence A score is assigneoly assuminghat forecassc an be fiper fect o, igoo
This is a qualitative judgment; however, it is determined with statistical quantitative methods that
dooftenvarybetweerBD and 1, 1 i ndi c a(Murphygl988).Frei(2008fhact 0 f or
definedagenerdlor mul a f or Askl).l|l scoreso (Equation

33 — @
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This generic formula (Eeationl) allows to have a quantitative and statistical difference between
forecasts and reference values of climate variables (i.e. precipitation and temperatures).
Climatological forecasts can also be based on observations from one historical period or on the
sanple of observations from the experimental period. Therefore, skill scores can be decomposed
between historical climatology, o r e ¢ a,sahdgh@ diffeieraces between mean historical and
sample climatologies (Mason, 200Betermination of skill scossof weather forecasts generally
shows also a netegligibleamount of uncertaintyvhichcan be related to forecasting instruments

or to calculation errors. Therefore, there is the need to deal with intrinsic uncertainty of skill scores
and with their seamal and geographical variability (Hamaind Juras2006 ; Murphy and
Epstein, 198p Skill scores can be either deterministic or probabilistic, categorical or continuous
Continuous skill scores measure real values like daily air temperatures at a specific location,
categorical skill scores determine valiresliscrete classes (e.g. cold, normal or warm) or events
(e.g. prediction of a tornado), deterministic measurensgatperformed for a single number (e.g.
expected temperature), while probabilistic measurenoemisider the probability of reproduction

of a phenomenon (e.g. probability of rain for a specific d@@nerally, probabilistic statistical
metrics seem to lalw better results to be obtainéerei, 2008).

Uncertainty in forecasts and hydrological models is mainly due to Numerical Weather Prediction

Models, errors in model structure and parameterization techniques. Therefore, the concept of

il &¢ddne 0 aksdbe prdperly defined and assessed:teedme can be defi ned a:
of ti me between the issuance of a forecast an
(Demargneet al.,2009). According to some authors (Mason, 2004 ; Piegal.,2005) not only
uncertainty should be considered related to nun
and Aresolutiond. The first is defined as the ¢
latter can be conceptualized as the spatiditemporalmage of a forecastbés frart
Algorithms can also be used to determine the skill of a foreRasiiin and Vannitsen{2006)

tried to quantify uncertainties for sha@einge forecasts using an ensemble integrated approach,

while algorithms havealso been applied to performa rainfall-runoff modelling and flood

forecasting (Dawsoand Wilby, 2001 ; Jeon@nd Kim,2005). Lo et al. (2007) have done a

similar study by using a Bayesian approach to mprgeiouslygeneratedlimate forecastby

multiple climate models. Anothaimilar studyhas been performed by Krzysztofowicz (229

Decadal forecasts and their properties

A recentlyimplementedesearch field related to weather forecasts is done at a decadsdaiee

The fact that extreme events are detected with increasing frequency today (Appenzdller
2011)has pushed some researchers towards the provisicataflal forecasts. Those forecasts

are spread over a time range of3dMyears, referred to as decadal tisnale. Forecast analyses

at a decadal timscale are a current necessity due to the need to deepen the study of natural
occurring variability, bothritrinsic and extrinsi€Clivar et al.,2011 ; Cortiet al.,2012) Natural
variability includes volcanic eruptions or solar cycles, while extrinsic variability includes
anthropogenic climate changkloreover, lenefits and limits of decadal forecasts sholoéd
evaluated in appropriate decisioraking environmentand be compared with forecasts at a
shorter or longer timscale(Meehlet al, 2009, Murphyet al, 2010).

Decadal weather forecasts can be produced by stochastic weather geresabotsmastic weather
generator produces synthetic time series of weather data of unlimited length for a location based
on the statistical features of observed weather (Aidtoal, 2015). Models of this type can be
implemented by generating daily (or uity) time series of climate variables, such as:

12
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precipitation, air temperature, solar radiation and humidity. Some experiments have been done
recently in climatological and meteorological sciences with the support of data produced by
weather generators {fot et al, 2015 ; Dubrovsket al, 2004 ; Semenov, 2008).

Decadapredictions generally show less uncertainties than climate scenarios @lak2009)

but the potential for skilful decadal predictions depends largely on whether models datesimul
sufficient decadal climate variability both in terms of magnitude and structure. Some examples
of processes related to decadal variability inclingeperiodicENSO processs(El Nifio Southern
Oscillation), the Pacific Decadal Oscillatii@DO)and theNorth Pacific IndeXNPI), as well as

the Atlantic Multidecadal OscillatiofAMO) and Rossbyaves movemer(Meehlet al.,2014;
Solomonet al, 2010). To evaluate decadal predictions, both deterministic and probabilistic
measures can be used. Moreowdecadal forecasts are useful to understand the changing
composition of the atmosphere and the changing radiative external forcing during the last years,
mainly related to human activities. Decadal forecasting procedures are generally expensive and
quite dfficult to implement (Leet al.,2006; Meehlet al., 2014, so some technical ameliorations

and evolutions can contributeitoprovetheir performance. Ambitious efforts to produce decadal
forecasts have been initialized at a global scale, motivated by the possibility that the climate
models used for climate change projections can capture not only the impact of changing
atmospheric coposition, but also the evolution of slow natural variations of the climate system
when it is initialized with observationS¢lomonet al.,2010). Therefore, physical parameters are
determinant to identify and analy trends at a decadal tirseale: goodriitializations allow to

obtain reliable input data in order to increase the possibilities @oréliable skill analysis.

Decadal weather forecasts will also become useful for society in the future, because of their utility
to understand the evolutianf ¢ | i mat e i n agtalefbetweereyeanyefatdcasts e 0 t i m
and climate scenarios up to centuries. Another important point is to solve biases and uncertainties
by enhancing the existing observational systems and by increasing the modellingorsoluti
(Mehtaet al.,2009).Moreover, improvements in satellite systems and technologies can also be a
valuable solution (Hainest al.,2006 ; Van Oldenborgét al.,2012), and new wato assimilate
observations from atmosphere and oceans into climate models should keedtsgch as 4b

climate models and projects at a regional and continental spatial scale. In this cé&debdhe
Climate and Energiroject(GCEP can represent ilevant example (Haineg al, 2006 ; Van
Oldenborghet al.,2012): it is an experiment which aims at improving océanspled models

by studying land surface and sea ice distributions and their influence on past time series or
i hi nddthertpmjéts (e.g. Hurrell et al., 2006) aim at relating decadal forecasts with
forecasts that have been produced at a shortestiale (mainly dyear or seasonal forecasts) and

with climate scenarios at a longer tiswale (more decades, or even centuries). Hewenly a

few experiments have been done until namgconsequentlyhis research fiel still at itsearly

stage of development.
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3.Methodology

3.1. General framework of the project

The generainethodology of this study about decadal forecasts is presented in this section and in
Figure 3. The details about each individual step which represents the methodological framework
of this thesis are explained in the next sectifnosr(Section3.2 toSecion 3.4). The main aspects

which are explained are the synthetic weather generator to produce forecasts files, the main
settings and functions of the hydrological model HBV, and the calculation of skill scores.

Input weather b1. Synthetic el.Synthetic
(T&P) data > reference forecast file— reference runoff file

f. Skill scores of
runoff forecasts

a. Weather c. Skill scores of
Generator weather forecasts

b2. Synthetic weather e2.Synthetic runoff
—> forecasts files > forecastdiles

Figure3: Methodolog of the project, thgeneral purposis to understand how the skill is transferred between weather
forecasts and hydrological forecasts with the help of a hydrological model (i.e. red madweth the figure).

The aim of this study is to assess the skill transfer from weather to runoff forecasts. To achieve

this objective, input weather daily values of temperatures and precipitation are used to run the
synthetic weather generator by Faring2013) (Figure3a). Synthetic weather forecasts are

produced with the weather generator (Figures &hd 3b2). A file which contains reference

values of temperatures and precipitation is first produced nd it has been consi d
f o r e.dlees, forecasts files are produced by varying the internal parameters of the weather
generator in order to differentiate théseeSection3.2 for more information about the synthetic

weather generatprSkill scores of decadal forecasts are calculated based on the reference file
(Figure 3c). The synthetic weather forecasts are successively fed in the hydrological model HBV

with the utilization of its main input files (Figure 3d) and calibrated in ordprdduce synthetic

runoff forecasts and a synthetic reference runoff evolution (Figures 3el, 3e2). Then, skill scores

are calculated also for the runoff forecasts based on the relation between reference and forecast

files (Figure 3f), and the accuracy tsder is finally determing This procedure has been applied

by consideringlifferent model settings and modes related to the glacier routietransfer of
forecastsd skill between weat he Chaptesbandtb | es and
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3.2. Weather generators and synthetic forecasts

The weather generator by Farinotti (2013) has been irsdalis caseto determine daily
precipitation and temperatures for the two amediycatchments (described@mapter 4).It has

been implemented by generating daily precipitation and temperature values by including different
statistical parameters which allow to obtain a variability on forecasts. Asemes which is
statistically equivalent to the observed one has besergeed, and it has been used as a synthetic
reference forecasthe length of the forecasts can be chosen by the user, in this case a length of
19 years has been applied at a daily resolution to the referencediies. Then, this reference
time-serieshas been modified to crea@veather forecagvery 15 days for 9 yearEhis process

is illustrated below for both precipitation (Figure 4) and temperature (Figure 5) forecasts.
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Figure 4: lllustration of a precipitation synthetic thseries of three years. Each colored line correspa
to a specific precipitation forecast which is generated every 15 days for a total length of 9 years.
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Figure 5: lllustration of a temperature synthetic tisegies of three years. Each colored line correspa
to a specific temperature forecast which is generated every 15 days for a total length of 9 years.
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Including different statistical parameters has then allowed to modify the referenesetig®in

order to produce decadal foreca@tigure 4) Those parameters include the addition of daily
trend, daily bias, daily and yearly variance and daily noik&mhave been applied to the weather
generator for a variable range of valu®se value of each of these parametexrs beempplied

on the reference forecast in order to create a forecast block with a total of 216 foreasss

years 150 different values were tested, resulting to 150 forecast blocks, and the forecasts
generated in this way allowed to obtain forecasts of different accuracies.

Given that varying the input parameters of the synthetic wegtmarator has a naegligible
consequence on the process of skill scores calculation, an assessment of the representations of
accuracy metrics according to the choice of these parameters has been @Gbaptén 5 and
discussed itChapter 6 for all the three skill scarehich have been used for the analydis the

next section$ection 3.3), the methodological processes related to the hydrological model HBV
(i.e. settings, parameters, routines, calibration, etc.) are described in detail.

3.3. Hydrological modelling
3.3.1. The HBWodel

One widelyused hydrological model is the HBV model (Bergstrom, 1976), named after the
Hydrologiska Byrans Vattenavdelningit at the Swedish Meteorological and Hydrological

Institute (SMHI), where its development has already been started in the 9B08Bergstrom
(Seibert and Vis, 2012)-Li gmt tdhiGo,casxt endcded viey
Seibert from the University of Zurich starting from the first version produced at the University of
Uppsala in 1993, has been used and integiated t hi s pr oj ect 6s framewor k.
userfriendly and good for education purposes, and the most important element which has been
introduced compared to the previous versions is the possibility to run simulations with variable

time steps andor several sultatchments (Seibert and Vis, 2012he HBV model is a

conceptual rainfaltunoff model which simulates daily discharge using daily rainfall and air
temperaturgand daily or monthly estimates of potential evapotranspiration as input. foaice

models are characterized by proceduvbich aim at simulating the most important hydrological

processes of catchments by using a small number of routines and paréfietbest al, 2010

Driessenet al, 2010 ;Seibert,1996. The HBV model consists of routinespresenting snow

accumulation and melt by a degidsy method, groundwater recharge and actual evaporation as
functions of water storage in a soil box, groundwater by three linear reservoir equatidons

channel routig by a triangular weighting function (Seibert, 19%kibert and Beven, 2009

Soil and snow routines are distributed representations of catchments, while response function and
routing routine are lumped representations. For each routine, differamgiars are involved,

which represent each a specific property of a hydrological catchmenmadel can be applied

by considering different uselefined variantand settings. For example, it can be chosen to insert

a variable number of parameters, odiaide the catchmernnto different sukunits, but also to

decide about whether to include a glacier in the simulations with the retaptymented
glaciological routine (Seibert and Vis, 2012). Moreover, the model allows aldistioguish
betweendifferent elevation and vegetation zones widtniableorientations, i.e. cardinal points
(Seibert and McDonnell, 2010 ; Zhang and Lindstrom, 1997). For this experiment, the model has
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been forced by considering the presence of dagjlagth five differem scenarios of glacier extent,
which are explained in Fige 6 (seeChapter 4). Consequently, tiiacier aredas been varied
in the catchment setting$the HBV modelwhile the other glacier properties have been modified
by changingthe glacier profilefile. Variable elevation and vegetation zones have not been
considered in this case a s

wel |

as

3.3.2. Model inputsand files

For the analysis related to this thesis, several input files are needed to run the HBV model.
Additional input files havelsobeen inserted in it because the glacier mode has been included in
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the model settings. FiguBeshowsall the input files for thé&ries catchment.

ent at

a b
DATE P T Q 9.735
20000101 9.38 -9.26 0.15 Elevation Area WE EleZone
20000102 2.4 -8.87 0.15 2300 0 2350
20000103 0.08 -11 0.15 2400 0 2450
20000104 0 -11.1 0.15 2410 0 2450
20000105 0 -8.64 0.14 2420 0.0001 4400 2450
20000106 0 -11.34 0.14 2430 0.0008 49100 2450
20000107 5.97 -11.14 0.14 2440 0.0019 339200 2450
20000108 0 -9.09 0.14 2450 0.0077 6244300 2450
20000109 0 -11.14 0.14 2460 0.02 18986900 2450
20000110 0 -10.01 0.14 2470 0.0163 13139100 2450
20000111 0 -8.21 0.14 2480 0.0137 9198700 2450
20000112 0 -7.94 0.13 2490 0.0084 6018600 2450
20000113 0.41 -10.76 0.13 2500 0.0061 4182900 2550
20000114 0 -7.18 0.13 2510 0.0065 4191000 2550
20000115 0.82 -10.19 0.13 2520 0.0053 3259900 2550
2000116 0 -9.12 0.13 2530 0.005 2681800 2550
c f g
Lowerbound upperbound | remains Date Glacier Date SnowCover
2500 3100 500 20011001 23 20001001 0.15
20021001 -94.8 20001002 0.15
d e 20031001 -246.4 20001003 0.15
- - 20041001 -451.7 20001004 0.15
(_3;'23 gr'e(;BSl’AP 20051001 7995 20001005 0.15
9.9 20061001 -918.9 20001006 0.49
9.9 0.036 20071001 -1256 20001007 0.58
a1 20081001 -1417.8 20001008 0.51
04 0072 20091001 -1531.5 20001009 0.9
— T 20101001 -1916.2 20001010 0.81
SN T 20111001 -2036.1 20001011 0.75
106 0.089 20121001 -2213.7 20001012 0.74
98 0.154 20131001 -2351.6 20001013 0.71
ey 0224 20141001 -2652.5 20001014 0.66
Figure 6: Description of the HBV modehputs The most i mpor t anute6a), which defenesi PT Q0

dai ly ¢ti

rate (Figire6e) .

me series

The

ast

of precipitation
profile (Fgure 6b), snow redistribution (Figre 6¢c), mean temperatures (kig 6d), and mean potential evaporation
i npoftist @rfeunm et iacres ft @r

t wo

(APO) ,

temperatures

balance (Figre6f), and the fraction of the catchment which is covered by snow at a daily timescale @gig
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The most relevant input data to run the HBV model are concerned by daihgdine of

precipitation, temperature and observed dischargei(@&gg). On theone hand, timeeries of
precipitation (AP0) and temperature (ATO) come
with the weather generator by Farinotti (201)dtion3.1). On the other hand, daily tirseries

of observed dischardefi Qhaveben obt ained from the gl aciologic
Evolution and Runoff ModellGERM is a deterministic and fullgistributed glaciological model,

which simulates catchment runoff at daily tiseales. The model is constituted of different

modules, amely accumulation, adtion, glacier evolution, evapanspiration and runoff routing

(Douglaset al., 2016 ;Funket al, 2011 ; Gabbét al, 2012 ;Husset al, 2008 ;Janssoret al,

2003).Several input data have been generated with the GERM hyaralogpdel, and data about

mass balance and the glacierds main properties
have been used as inputs of the HBVY model

Otherinput flexr at her t h &ave bedn imsefied i G& HBV model. First, daily mean

values (independent of years) have been produced to determine mean temp@igtune&l)

and the mean actual evapotranspirafiéigure 6¢. Then, a glacier profile has been added to the

input files (Figure ®) in order toallow simulationsto be performedvith the dynamic glacier

routine This profile is composed by columns representing respectively 10m elevation zones of

the glacierthe area of the glacierized sectitie water equivaleiin mm), and the 100m elevation

zones which have been inserted in the catchment settings of the hydrologicalThedghcier

profile is utilized by the model during simulations in the dynamic glacier setting of the model.
According to Huset al. (2010), thep lparameterizationmethod assumes a variable glacier area

and volume, which is updated at the beginning of every hydrologica(fyeare 7).

gh-parameterization method application for Findelen glacier areas

101 = 2550n.asl * 3350m.as.l.
2650m.a.s.l. 3450m.a.s.l.
¢ 2750n.asl. ® 3750m.as.l.
S 0.8 3150n.a.sl. ® 3850m.as.l.
5 3250n.a.sl. * 3950m.as.l.
c
R
3]
E 06 —
=
5]
(O]
]
5 0.4
i)
©
e)
o
= 02 -
0.0

T \ T T \ T
0 20 40 60 80 100

Hydrological year (year number)

Figure 7: Application of thegh-parameterizatiormethod by Husgt al. (2010) for the dynamic glacie!
routine of the HBV model. The-axis indicates years, while theaxis is related to the areal fraction of

A snow redistribution file has been inserted into the maoafggther with the glacier profil®
determine the area where snow redistribution should be applied: the lowerbound corresponds to
the elevation of the glacier tongue, while the upperbazordesponds to the equilibrium line
elevation derived from existing scientific studiEally, twomore files have been inserted into

the HBV model:one containing dataabout theglacier mass balanc@-igure 6), and one
containing daily values of the catchment fraction which is covered by @rigure &).
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3.3.3. Calibration procedure

The HBV model has been calibrated with synthetic daily thees of precipitation and
temperatures from th&yntheticweather generator by Farinotti (2013), and with daily synthetic
time-series of discharge from the GERM modmi éachspecific scenarioThese timeseries are
20yearslong, and therefore they have a temporal range which allows to obtain a meaningful and
reliable calibration, because the model requires at least 5 to 10 years to calibrate properly (Seibert,
1997; Seibert and Vis, 2012). Thalibration procedure can be either manual or automated
(Lindstrom, 1997)and in this case an automated Me@glo calibration has been chosen with

the aim to find the combination of parameters which produces the highest efficiency in a user
defined nurber of runs. Two calibrations have been done with this methodb ot h  wi t h 2000
runs The first calibration has been applied to hydrological simulations because it allows to obtain
a slightly higher model efficiency according to the N&slhcliffe criterbn (Section5.4). it has

been done once for each catchment and then applied to all simulations, with both approaches, first
by assuming fullyglacierized elevation zones, and then by distinguishing between glacierized
and not glacierized area®btaining a high model efficiency ischallenging, because more
parameters and routines should be consideradltaneouslyparticularly duringhe calibration

and validatiorproceduresThe NaskSutcliffe Efficiency is defined from 1 (perfect fit between
simulated ad observed runofto-b  ( v e r y (Equatior2). f i t )

B
P @

The second calibration has been performed by reducing the parameter range of th€advlonte
simulation in order t@llow a lower parameter variability while considering usefined values

that can be related with more natural and realistic conditthasv@lues for both calibrations can

be found inTale 3). For the MonteCarlo analysis, lowerbounds and upperbousgsdefined

for each parameter according to feasibility ranges that have been partly determined according to
the existing scientific literature, and partly according to the features of the catchment and to the
results of a previous manual tri@hderror @libration procedureGenerally, aMonte-Carlo
calibration approach is efficient and practical, but some uncertainties can characterize individual
parameters or parameter s@eibert, 1997 ; Seibert, 2000). Consequently, a sensitivity analysis
has beeng@formed by studying for which values each parameter can give an acceptable model
efficiency.This analysis has been applied to the most realistic situation of hydrological modelling
on glacierized catchment, i.e. by distinguishing between glacierizedatgllacierized areas in

each elevation zonéMoreover, a comparison between different efficiency critieria has been
performed by establishing their correlation for both catchments and $oealhriogSection5.4).

The elevation zones are usedidpse precipitation and temperature variability with elevation:
precipitation is assumed to increase by 10% every H@wation while temperature is assumed

to decreasby 0.6°C per 100m elevatiohake fractionis set to 0.056 for Gries catchment due to

the presence of Gries Lakwhile no lake is included for Findelen catchment. Elevation of
precipitation and temperatures are not fixed in this case, but variable according to the elevation

point where the highest model efficiency is obtained duringrcadii i on. 2006000 runs
done with MonteCarlo method in order to find out the best parametec@abination.Table3

illustrates the model parameters and their feasibility ranges used in the-Ghoitdecalibration

by considering the ranges used both calibratiog, the onavhich has been used for simulations
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and the one used to perfotime hydrological analyis (Chapter 5)2 006 0 0 0

Master Thesis Report

Juy 2017April 2018

runs

repr es

maximum number which has been applied to the calibration procedure because of the high
computational requirements which would have begnired by assuming more runs.

Table 3: Parameters and feasibility ranges used in the Mzarle calibration for both catchments. For minimu
and maximum values, the left column (marked in blue) shihnsparameter ranges of the calibration used
simulations, while the right column (marked in orange) is related to the calibration used for the hydrological a

Parameter/routine

Explanation

TT, Snow Routine

Thresholdtemperature

CFMAX Snow Routine

Degree-day factor

SP, Snow Routine

Seasonaldegree-day factor

SFCF, Snow Routine

Snowfallcorrection factor

CWH, Snow Routine

Water Holding capacity

CFR Snow Routine

Refreezingcoefficient

CFglacier, Glacier Routine

Correction factor, glacier albedo

CFSlope Glacier Routine

Correction factor, topography and

slope of the catchment

KSI, Glacier routine

Snow to ice conversion factor

KGmin, Glacier Routine

Minimum outflow coefficient

DKG, Glacier Routine

Maximum minus minmum outflow

coefficient

AG, Glacier Routine

Calibration parameter of the

glacier routine

FC, Soil Moisture Routine

Maximum of storage in soil box

LP, Soil Moisture Routine

Threshold for the reduction of

evapotranspiration

BETA Soil Moisture
Routine

Shape coefficient

CET, Soil Moisture Routine

Correction factor for the potential

evapotranspiration

KO, Response Routine

Recession coefficient (upper box)

K1, Response Routine

Recessioncoefficient (upper box)

K2, Response Routine

Recession coefficient (lower box)

PERG Response Routine

Maximal flow fromthe upper to the

lower box

MAXBAS Routing Routine

Routing parameter, length of a

triangular weighting function

PCALT & TCALT

Gradients of P and T every 100m

Pelevand Telev (for the
Gries and Findelen
catchmentsresp.)

Elevation of precipitation and

temperature measurements

Minimum

[

()]
o

o
w

-0.5

Maximum Unit
0.5 °C

5 m:r;_‘l’c

1 =
1.2 -
0.1 -
0.06 -

2 -

2 -

0.004 at
0.1 tt
0.2 s
0.1 mm*
500 mm

1 -

6 -
0.3 ct
0.5 d?
0.2 d?
0.1 d?

4 mm d?

7 d

10,0.6 "ISOmC/

2900/ mm °C

3500 (m.a.s.)
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According to Take 3, a total number of 21 parameters has been considered for the-Ghrfde
calibration. In this case, more parameters are detectable because of the inclusion of the glacier
mock in the HBV model. The parameters are described and defined below.

Snow accmulation and melarecomputed using a threshold temperaflifg°C] and a degree

day coefficienCFMAX[mm/ o1, whicitnormally varies between 1.5 and/ i, with C

lower values for forested areas. Whenever precipitation is simulated as snow (temperature below
TT), then the amount of precipitation is multiplied by a snowfall correction f&26i-]: usually
SCFtends to besmaller for forested areas than fggen areas (Seibert, 1999). The snowpack
retains meltwater until the amount exceeds a certain po@fH([-], usually around 0.1) of the

water equivalent of the snowpack. The param8fj-| indicates the seasonal variability of the
degreeday temperaitre factor, and more variability is defined if this parameter is smaller than 1.
The glacier routine is composed by a glacier correction fa€6G(acier [-]) and a slope
correction factorCFSlopd-]). The glacier correction factor represents the tiffiealbedo of ice
compared to snow, and it is useful to simulate ice melt in the recently implemented model glacier
routine (Seibert and Vis, 2012k e mel t i s added to the gl acieros
the outflow is computed individually foraeh elevation zone to account for the enlargement of
glacial conduits over the melt seasBruation3 definesthe glacier routine (Seibegt al, 2017):

QD) = S(O) * (Kmin+ Krange™ €AC 'SWEW) ®

Q is the outflow, Sthe liquid water content of the glacier, SWE the water equivalent of the
snowpack Kmin [t1] andKrange [t™] are the minimum outflow coefficient and maximum range of
outflow coefficient values, andG [mm] a calibration parameter. Snow redistribution can be
applied at the end of each time step to avoid unrealistic multiyear snow accumulation known as
Aisnow t oweetak,2017). Bwinglsrew redistribution, the snow layer of all-gtacier

areas hove a usespecified upper elevation and threshold, is redistributed evenly between the
lower and the upper elevation (Freudigeal., 2017 ; Seibert al, 2017).

For the soil moisture routine, three parameters can be identified: the maximum stilrenoi
storagd~C [mm], the soil moisture valueP [-] above which actual evapoiat reaches potential
evaporation, and the parameBETA[-] which indicates the relative contribution to runoff from

rain or snowmelt. For the runoff routine, five parametmeconsideredthe threshold parameter
PERCfor percolationfnm/ Jgphe threshold parametgiZL [-], and the three storage or recession
coefficientk0[1 / ]gbar the upper boxk1[1 / ]dqfor theupper box) an#2[1 / Jd¢dor thelower

box). Moreover, the routing routine is represented by the paraiB&BAS[nt], which
represents the length of the triangular weighting function: the generated runoftiorherstep

is distributed on the following time steps using an equilateeadgular weighting function.

After calibration, the values of each parameter corresponding to each combination have been
inserted in the model again, and a new simulation has been done with this combination of

parameters for the reference file of both @ah ment s. Then, this Aopti mal
applied to all forecasts to determine skill transféndpter 5).An additional calibration with
160006000 runs has al so been done, but t he <cal

preferred becae it requires less memory and timéth a similar model efficiencyThe
application of the same parat@ecombination anthput files (daily timeseries of temperatures,
precipitation and observed runoff) to all simulations allows to assess how a vglaaixde extent
influences skill transfeand runoff simulated bthe hydrological modelSectiors 5.3 and.4).

22



Davide Saurwein Master Thesis Report Juy 2017April 2018

3.4. Skill scores in meteorological and runoff forecasts

Forecast evaluation and verification involves the investigation of pairs of dateebeftwvecasts

and a reference observation. Metrics called
forecasts, based on a reference tgades (Fowleet al, 2012 ; Frei, 2008 ; Meeht al., 2014 ;

Murphy, 1988). Different skill scores which asgitable for both weather and rdhérecasts

have been computedihe first selected skill score is the Root Mean Square Error (RMSE) which

is the square root of the average of the squared differences between forecasts and observations.
This skill score pts more focus on large errors rather than smaller ones, and its perfect score is 0
(Cortiet al, 2012 ; Crochemoret al, 2016 ; Demargnet al, 2009 ; Farinottet al, 2012).The

second skill score is the Reduction dadriance (RV) which measures thercent improvement

of the forecast compared to the observaldies of the referenc€lpke and Pappenberg20;

Frei, 2008). The thirdkill score is the Correlationdefficient (CC) which measures the degree

of linear association: in this case, platsforecasts against observed values have also been
produced in order to determine the linear regression and the correlation degree between forecasts
and the referemce data (Cloed Pappenbergez00 ; Frei, 2008) Other two skill scores have

partly been used for the general analysis but not integrated to the assessment ofChapter (

5) and to thi interpretations Chapter 6): Mean Absolute Error (MAE) dhinear Regression

(R2). Table 4 defines the three skill scores which have been cfasre analysidy giving

their mathematical formula and theariability rangebetween the best and the worst score value.

Table 4: Skill scores used for the quantification of decadal forecasts. Skill scores are calculated between thi
(f) andthe observed values of the referencgtimes er i es at a daily tempuvam:
indicates thide wvheianaerdW@ndedavieastitont h&@ total n

Skill Scorename Mathematical formula Variability r ange
Root Mean Square Erro P 0O (best scor g
(RMSE) E B (worst score)
Reduction of Variance 1 —B -b (worst scorek RV < 1 (best
(RV) B score)
Correlation Coefficient P B &£ A&z | I -1 (worst scorex CC < 1 (best
(CC) - Bk OA score)

The three skill scores which have been used for the analysis have been defined in Shkilile 4
scores have beedetermined on a daily timscale for a leadime of 9 years, for both weather
(temperatures and predigiion)and hydrological forecastas describechiSection 3.2).

For every forecadlock from the total of 150¢ction 3.2), daily skill scores have been calculated
and plots have been produced. These visual representations have allowedé&theaplution

of accuracy for the two weather variables andle simulated runoff. Figureshows an example

of daily skill scores calculation for synthetiwe two weather input variables (precipitation and
temperatures) and for the simulated runoff.
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Figure 8: Daily runoff skill scores for precipitation (Figure 8A), temperature (Figure 8B),
simulated runoff (Figure 8C). Temperature skill score values are given in °C, precipitatior
in mm, while values of simulated runoff are given in mm/daye ¥hxis represents the leadti
(in days), while the yaxes represent the RMSE skill score values for the axis on the left, ar
RV and CC skill score values for the axis on the right.

The plots ilustrated above (Figure) &iave been produced for all forecast blocks and for both
Findelen and Gries catchments. Together with the data from the skill score calculation and the
visual representations of forecasts variability, they have been integrated to the analytical
frameworkin order to quantify skill transfer according to ldade (Sections 5.2 and 5.3).
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4.Study sites

This study focuses on two glacierized catchments in therigimtain regions of Switzerland,

both situated in theWallis canton, in the centralestern parof the Swiss AlpgFigure 9): the
Findelen and Gries catchments. fAGlacierized cat
area of the catchmeand its runoff contributes to thetal hydrological regire. Figure 9 shows

a representation dhe gegraphical location of both catchmenisy, includingan illustration of

their most relevant surface types: ice, lakes, vegetatoks.

‘Massmatte

Legend

[ Rocks
Il Vegetation
I Griessee

[ Scenario 4
[ Scenario 3
[] Scenario 2
[ Scenario 1

Figure 9: Geographic situation of Gries and Findelen glacierized catchments: satellite representations i
outlines, surface type and glacier extent for different scenarios. In the localization map of the two catc
AfAa indi ceaetnhes attlceh mreinndelwhi l e Agfi represents tF

The Gries catchment is locatedWallis canton (Figires 9a and B), near the Nufenenpass. Its

elevation is comprised betweabout2 350 m. a. s . | . at the basis of t
3374m.a.s.l. of the Blinnenhorfihe catchmetrhas a surfacef 10kn?, of which currently about

50% are covered by the glacier, while the lake has a surface of aiout (Funket al, 2011)

Gries glacier is a temperate valley gladieat flows in a nortkeast direction from 3305m.a.s.l.

down to 2425m.a.s. |l . According to the classific
glacier means that it is at melting points from the sertache bed througiht the year (Bauder
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et al.,2017). The glacier had a length of 5.7km and a surface of 8iBkb®73 (lata from the
Swiss GlacieMonitoring Network, 2016), while its surface was6oikn? in 1986and 4.8km

in 2014 (Baudeet al, 2017). Gries glacier has experienced a pronounced retreat tendency during
the last centurythis has been confirmed by measurements which have been done by the
Laboratory of Hydraulicd{ydrology andGlaciology of the ETH ZirichGiven its position and
orientation, it is one of the glaciers thsatffersthe most the effes of climate changeand it is
expected to melt completely at around 2230 0(Appenzelleret al, 2011 ;Pachauret al,, 2014.

The Findelen glacierized catchment is the second study site, and it is also loWéadicsinanton,

in the region of Zermattyith aNW orientation patteriBauderet al, 2017; UhlmannSchneiter

et al, 2013. The catchment extends from 4120m.a.s.lvildo about 2200m.a.s.l., while the
glacierized area currently covers an elevation range from 2580m.a.s.l. to 4120m.a.s.|. éBauder
al., 2017).The catchmenhasan area of 37.4kfrof which 48% are covered by the glacier and
12% by vegetation (Funét al, 2011).In 1973, the glacier had a length o8kin and a surface

of 17.36km, while its surface was of about 17kimm 1982, and 12.9kmin 2014. Findelen
catchment is located imn area which is characterized by gently sloping -eigiation
accumulation basins and a narrow glacier tongue. The region is one of the driest in Switzerland,
and its equilibrium lings at around 3200m.a.s(Bauderet al, 2017).The runoff of Findedn
glacier is not exploited directly Hyasindocated in the catchmeriiut the meltwater is deviated

to other retention lakes in the surroundingach as the Grande Dixencehis catchment is
divided intothree glacierized sectors: the Findel glacisrtributary Adler glacier (2kfsurface

in 2014, according to Baudet al (2017)), and a small glacierized sector that is not directly
linked to Findelen glacier, but whose mass balance is counted together with it.

A visual representation of the twglaciers provides insight on their morpholdlsg and
topographical features, particularly concerning the glacier tofigjgeres 10 and 1L

N 7 EHESE | > i
Figure 10: Findelen hydrological catchment in th Figurell: The Griescatchment (glacier and lake) in 20C
year 2009https://content.meteoblue.com/frimeteoscool/  (http://www.unifr.ch/geoscience/geographie/ssgmfiches/glaciel

According toresearchers from ETH Zurich, who have studied the length variability of the two
glaciess, both glaciershave been characterized lay shrinking tendency during the last two
centuriesGries glacier has lost 2892ofiice (~3km) from 1847 to 2015, while Findelen glacier

has lost 2496nof ice (~2.5km) from 1885 to 201fwiss Glacier Monitoring Network, 2016)

Gries glacier has regularly lost ice, while this tendency seems to have been consolidated also for
Findelen during the last two decadBsuderet al., 2017 ; Funlet al, 2011).
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5.Results

In the following sections, the results generated by forcing the hydrological model HBV with the
150 synthetic forecast blocks are shown. First, a preliminary analysis of results is presented
(Section 1). Then, results are presented for the scenario rétatdte highest degree of
glacierization (Scenario 1, Section 5.2). Afterwards, results are shown for all the other scenarios
comprising a variable degree of glacierization (ScenarsSzction 5.3). The last section of the
results chapter (Section 5.dhows the most relevant results of a sensitivity analysis which has
been performed on the parameters and routines of the HBV model.

5.1. First analysiabout skill scorgand skill transfer

Normalization of skill scores and aggregation of all forecastslocks

After having calculated skill scores for the weather variables (i.e. precipitation and temperatures)
and for the simulated runoff, a normalization procedure has been necessary in order to allow a
quantification of skill transfeflThe normalization assessment aimsirforming all units of all

the three considered variables, and it is based on a mathematical calculation (Equation 4).

aQ 4)

Figures 12, 13, and 14 give an example of the RMSE normalized skill scores for precipitation,
temperature and runoff respectively. In the representations, only a few forecast blocks are
displayed for a better visualization.

057 Variability of precipitatio n forecasts

0.4
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Precipitation normalized skill score

I T I I T I
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o
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Figure 12: Normalized precipitation skill scores according to the forecast block. Each colorec
corresponds to a different forecast block, an example is shown in this case for the Findelen catchr
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Figure 13: Normalized temperature skill scores according to the forecast block. Each colore
corresponds to a different forecast block, an example is shown in this case for the Findelen catchmr
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Figure14: Normalized runoff skill scores according to the forecast block. Each colored line correspc
a different forecast block, an example is shown in this case for the Findelen catchment.

After determining daily skill scores for both catchments, forsetinarios and for all the three
implemented statistical metrics, and after having normalized fvtimvalues ranging from 0 to
1), the aim was to analyse how skill of meteorological fostexia transferred into runoff forecasts.
A multiple linear equation has been applied for this purpose, by relating the r@sifl)(
forecasts as a linear function of the skill scores of temperaflsk#land precipitationfskill):

Qskill = m * Till + n * Pskill 5)
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In Equation 5, parametemsandn are related to the quantification of the influence of temperatures
and precipitation on runoff forecasts, respectively. Before quantifying skill transfer with the above
equation, skill scores have been normalized for all lead times in order to perfarna als
comparison between the different lead tindss analysis has been applied to both catchments
and to allscenarios assuming a variability of glacierization from the highest amount (i.e. Scenario
1) to a completely icéree catchment (i.e. Scenario Bpr all scenarios, the analysis has been
performed by assuming a dynamic glacier evolution during time, meaning that the glacier extent
and volume are updated at the end of every hydrological lyased on thep hparameterization
approach described by Bliet al. (2010) However, also the static glacier routine of the
hydrologcal model Geibertet al, 2017) which considers only a consteateal extent of the
glacier without taking into account mass balance and water equivaéenbeeigompared with

the dynamic on€Section 6.1 The same parameter valugem the MonteCaro calibration
(Section 3.3) haveeen applietio both modes of the glacier routine by varythg glacier extent.

First assessment of skill transfer

The analysis related to skill transfer has first been perfofardtie scenario which considers the
highestamountof glacierization (Scenario 1), and then for all the other scenarios (Scenarios 2 to
5). In this case, the first step was to assess séilisfier by selecting some individual lead times

in order to implement some considerations about accuracy transmission from weather to runoff
forecastsFigure 15 illustrates an example of the relation betwisill, Pskill, and Qskill for

seven differentdad times and for the first scenario. RMSE and RV skill scores are represented
for both catchments, while the resufsCC skill score are shown on AppendiX2.1 and A.2.2.
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Figure B: Relation between temperature, precipitation and runoff skill scores (RMSE and RV) for the two catchments
and Scenario 1. The runoff skill scofeave been interpolated by applying a linear interpolation with colors, while
areas with no values are shownwhite. The black dots represent the 150 different forecasts. Results are represented
for individual lead times (LT) between 200 and 3200 days, and they have been produced with the HBV model.
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For the scenario assuming the highest glacierization (Scehlarstill transfers quite similarly

for both catchments (Figuréj), assigning a similar trend according to lead time. However, some
differences can be detected: precipitation influence on accuracy transmission is generally higher
for the Gries catchmenbmpared to Findelen, where temperature is the predominant factor for
the majority of the selected lead timésother point to mention is that the assessment of daily
lead times has been necessary because of therhigfiability of daily skill scores, géicularly

for precipitation. Consequently, assessing trends related to skill transfer is easier to perform with
the support of the equation exposed above (Equation 5). The first analysis and interpretation of
skill transfer which has been performed folested lead times (Figureslfor Scenario lhas

been repeated for all scenarios assuming a variable glacierization (Sc2maisas shown on
AppendixA.1.1to A.1.4

5.2. Skill transfefor the first glacier extent scenario

For theScenariccomprising the highest glacierization (Scenario 1), the influence of temperature
and precipitation forecasts skills on runoff predictions has been analysed. It has been observed
that the influence of temperatures is higher than the one of precipitatiaihefdfindelen
catchment, while for the Gries catchmememperature effect is also relevant, but precipitation
shows a slightly higher influencezigure B shows the evolution of temperature and precipitation
influence on skill transfer for all the threldlsscores (RMSE, RV and CGdr both catchments

Slopevalue
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Figure 16: Parameterm andn for Scenario 1 and for both Gries and Findelen catchments. Gries catchrr
shown on the left column, while the Findelen catchment is represented on the right column.

According to Figure 16, the relationship betwdeskill and Qskill is stronger in the Findelen
catchment compared to the Gries catchment, and this tendency is confirmed for all the three
implemented skill scores. CC skill score shows a different representation compared to the other
two metrics, mainly because of thisfdifent variability range (Section 3.4). The coefficients of
determinationr® and the variability of the parametarsandn have been detected for all lead
times in order to obtain a statistically robust assessment of the relations b&skileRskill ard

Qskill. Given that RMSE and RV show similar results, their most important parameters and
statistical assessmeratgedescribed togethén this sectionwhile CCis described separately.

For RMSE (RV), the coefficient of determinationobtainedirom the application of Equation 5
ranged betwee.118(0.086) and 0.%7 (0583 for the Gries catchment, and betweend0.1
(0.081) and 0625(0.621) for the Findelen catchment. By considering all lead times for Scenario
1, the mean values which have beercwaatted for then andn parameterselated to the RMSE
metricarem= 0.375andn = 0.369for the Gries catchment, ami= 0526 andn = 0.53 for the
Findelen catchment. For the RV skill score, valueshandn were ofm = 0.348andn = 0.379

for the Gries catchment, andmof= 0.481 andn = 0.50for the Findelen catchment (all values of
mandn for all Scenarios 1 to 5 are illustrated in TaBlsee Section 5)3

Daily variability of skill scores has also been considered while asse$skily and Pskill
influence onQskill for Scenario 1. For RMSE (RVparametem ranged betweem = 0.102
(0.074 andm = 0.694 (0.733 for the Gries catchment, and betwaer 0.146 (0.095) andm=
0.915(0.998) for the Findelen catchment. The paramateanged between=0.026(0.002 and
n=0.859(0.985) for the Gries catchment, and between-0.069 (-0.095) andn = 0.697 (0.824)

for the Findelen catchment. Over individual lead tinm@arameter varies betweem= 0.129
(0.100 at lead time 1 (LE 1) andm=0524(0522) atlead time 3284 (LE 3284 for the Gries
catchment and betweem= 0.146(0.095) at lead time XLT = 1) andm= 0663(0.632) at lead

time 3284 (LT = 3284jor the Findelen catchment. Paramet®aries between = 0261(0.245
atlead time 1 T = 1) andn = 0367 (0.350) atlead time 3284LT = 3289 for the Gries
catchment, and betweer= 0271(0.236) at lead time 1 (LT = 1&ndn = 0463(0.417) atlead

time 3284 [T = 3284 for the Findelen catchment. It should also be noted that, for a given lead
time, both skill scores RV and RMSE show similar results, and that temperatures follow a quite
well-definedincreasing trend, while precipitation does not show a clear tendency.
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For the CC skill scorethe coefficient of determinatior? obtained with the application of
Equation Hhas also been determinedrdhged between@6and 0433 for the Gries catchment,
and between 046 and 0321 for the Findelen catchment. By considering all lead times for
Scenario 1, the mean values which have been calculated foraihén slopeparameters related

to theCC statistical metrics aren= 0.354andn = 0.023 for the Gries catchment, amad= 0.311
andn = 0009 for the Findelen catchmenit. should be mentioned that CC skill score mainly
relates to correlation of variables: as it will be explained next (Chapter 6), precipitation tendency
according to lead time doggnerallynot follow a specific tadency such as temperatures.

Daily variability of skill scores has also been considered while asse$skily and Pskill
influence onQskill for Scenario 1. FOEC, mranged betweem = 0.158andm = 0.644 for the
Gries catchment, and betwesr 0.165andm= 0.518for the Findelen catchment. The parameter
n ranged between =-0.313 andn = 0.370for the Gries catchment, and between-0.367 and

n = 0.380for the Findelen catchment. Over individual lead tinmeparameter varies betwean

= 0l175atlead time 1 (LT = 1)andm = 0.310 at lead time 3284 (LT = 3284pr the Gries
catchment and betweem= 0.199at lead time 1 (LT = 1andm= 0358 at lead time 3284 (LT =
3284)for the Findelen catchment. Parametearies between = -0.033at lead tine 1 (LT = 1)
andn = 0.106 at lead time 3284 (LT = 3284pr the Gries catchment, and between-0.001 at
lead time 1 (LT = 1pandn = 0.049at lead time 3284 (LT = 32849r the Findelen catchment.
Table 5 assesses the variabilitytodndn parameters by eveB00 lead times, for all skill scores.

Table 5: Variability ofm andn parameters (related Teskill andPskill, respectively) for both catchments and for all the
three implemented statistical metridhe predominant parameter reldtto the effect o®@skill is marked in orange
for each lead time, while the parameter which shows the lowest influence on runoff skill is marked in light blue

Gries catchment Findelen catchment
Leadtime RMSE RV cc RMSE RV cc
m n m n m m n m n m n
1 0.261 0.245 | 0.175 0317 0.264 0.199
200 0.282 | 0.255 | 0.456 0.342 0.297 0.323
400 0.309 | 0270 0413 0.417 0.375 0.421
600 0.362 | 0.382 0513 0.360 0.307 0.380
800 | 0.287 | 0.460 | 0251 0.526 | 0.484 | 0.044 | 0.411 | 0.166 | 0.352 | 0192 0.382 | -0.05 |
1000 0.5 0.310 [ 0381 0.386 0.325 0.300
1200 0.310 [ o 0.533 0.480 0.332
1400 0.396 [ o 0.489 0.455 0.265
1600 \ 0.272 0.552 | 0.249 | 0.507 | 0.301 | 0.279 | 0.027
1800 0.485 | 0.451 0.378 0.247
2000 0.444 | | 0.241 0560 0.525 0.279
2200 0.431 | 0.633 0.615 0.300
2400 0.468 | 0.761 0.735 0.332
2600 0.415 \ 0.484
2800 0.455 [ 0332 0.617 0.551 0.320
3000 0.516 0.252 0.616 0.584 0.258
3200 0573 0.722 0.712 0.345
3284 0.524 0.663 0.632 0.358
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5.3. Skill transfer with variable glacierization

Glaciers in alpine catchments are currently retreating since the end of'tbert@ry, and they

are expected to melt completely in the coming decades, particularly until the end of'the 21
century (Appenzelleet al, 2011 ;Bauderet al, 2017 ;Pachauriet al., 2014). With decreasing

ice area and properties (i.e. volume and nimdance), the relation betwedikill, Pskill and

Qskill (Equation 5)s expected to change. Figure 17 showsstbpeparametersnandn over all

lead times for both Gries and Findelen catchments and for all Scenarios 1 to 5 (from the most
glacierized oe to the one which considers a completelyfree catchment), while Figure 18
illustrates the same aspect but withsatnarios grouped togeth&esults are shown for RMSE,

while RV and CC an be found in the Appendix A.3.1 and A3.2
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Figure17: Parametemn andn for Scenarios 1 to 5 for both catchments (RMSE skill score). The Gries catct
is shown on the left column, while the Findelen catchment is represented on the right column.
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Figure 18: Parameterm andn (cf. Equation 5) for (a) Gries catchment and (b) Findelen catchment. The
saturation is related to the degree of glacierization which corresponds to each Scenario.

For both catchments, the value of paramatéends to decrease for a decreasing glacierization,
while the value of parametertends to slightly increase in case of a shrinking glacier, and this

relation is valid for both catchments. This means that the impdackif on Qskill decreases in

case ba more reduced glacier extent, wHiskill increases its influence. On the one hand, for a

completely icefree catchmentPskill shows the highest influence amdkill the lowest. On the
other hand, for thecenario assuming the highest glacierizati®ognhario 1)Pskill is related to
the lowest influence o@skill, while the contrary is true fétskill. Table 6 quantifies skill transfer

by representing mean values of the parametensdn for both catchments and for all skill scores.

Table 7definesthe variability ofmandn slope parameters every 200 lead times.

Table 6: Parametersandn (cf. Equation 5) for both Gries and Findelen catchments. The mean values of the
parameters are represented for all skill scores.

Gries catchment Findelen catchment
RMSE | RMSE RV RV CcC CcC RMSE RMSE RV RV CcC CcC
Scenario

m n m n m n m n m n m n
1 0.38 037 | 035 | 038 | 035 | 002 | 053 025 | 048 | 0.25 | 0.31 | 0.01
2 034 | 040 | 031 | 041 | 034 | 002 | 053 026 | 049 | 0.6 | 030 | 0.01
3 0.27 046 | 024 | 048 | 0.2 | 0.8 | 044 | 027 | 038 | 0.26 | 030 | 0.0
4 0.20 051 | 017 | 05 | 028 | 0.8 | 0.35 030 | 028|028 | 031 | 001
5 0.12 045 | 009 | 041 | 0.3 | 0.2 | 017 028 | 012 | 024 | 0.33 | 0.00
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Table 7: Variability ofm andn parameters (related fskill and Pskill, respectively) for (a) Gries catchment and (b)
Findelen catchment, for the RMSE skill score. The predomsiapeparameter o@skillis marked in orange for each
lead time, while thelopeparameter which shows the lowest influence on runoff skill iskethin light blue.

a)

Gries catchment
Scenario 3

Leadtime Scenario 2 Scenario 4 Scenario 5

Scenario 1

b)
Findelen catchment
Leadtime Scenario 1 Scenario 2 Scenario 3 Scenario 4 Scenaricb
m n

T S oz |

200 | 032

400 | 0a17

600 | 0360

800 | 041
1000 | 03

1200 | 0533

1400 | 0489

1600 | 0852 0564

1800 | 0451

2000 | 0560

2200 | 0633

2400 | o761
2600 | 0484

2800 | o617

3000 | 016

3200 | 0722

3284_| 0663 [ 0556 |
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Table 6showsthatm slope parameter decreases with decreasing glacierization while the contrary
is true for then parameter. A detailed analysis of this process has been assessed also for selected
lead times, by computing the vatLef mandn parameter every 200 lead tim@sble 7), for both
catchments (the calculations for RV and CC skill ss@e represented in Appendivd.1 and

A.4.2). A decreasing glacierization has detectable consequences also on the hydrological regime
and on the mean yearly runoff of both catchteerGenerally, a progressively decreased
contribution of glacier melt runoff can be identified by forcing the hydrological model HBV, as
illustrated by Figure 19 (results are shown for the reference files and for the seconeldidate
calibration, cf. Setions 3.1 and 3.3).

Findelen catchment, runoff and glacierization
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Figure 19: Representation of the three main components of simulated runoff: rain, snow and glaci
Mean daily runoff is indicated for both Findelen (a) and Gries (b) catchments. The percent
glacierization is shown on the top of each barpldidth cases.
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Figure 20 presents the difference between the skill in the meteorological forecasts (average values
calculated for temperature and precipitation sKidlkill and Pskill respectively) and the skill of

the resulting runoff prediction®skill for all the considered daily lead times. This difference
doesndét show relevant modifications

over

t he

precipitation forecasts has been detected as being decreasing with increasing lead time. Figure 20
indicates that the interrelations between the three analysed variables are independent from the

lead time. This means that the combination eéraperature and a precipitation forecast both
characterized by a high level of accuracy resnla good runoff faecast, whilst the combination

of apoortemperature and@oor precipitation forecast results irl@v accuracyunoff forecast.
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Figure20: Difference in RMSE skill between meteorological and runoff forecasts over all lead times. Ea
refers to a Scenario (each scenario is defined by a different degree of color saturation) for both Gries

Findelen (b) catchments. The formuta————— 0 i "Qlas heen applied to determine skill differenc

The next section (5.4) exposes the most important results related to a hydrological analysis which
has been performed by testing different parameters ande®satithe hydrological model HBY
and by applying a sensitivity assessment on its parameters and efficiency criteria. The main focus

of most of this chapter (Sections & B) is related to skill analysis and accuracy transmission

from weather to runoff forsts, but the mentioned hydrological analysis has proved to be a valid
complement in order tassess the performance of the model and its core functionalities.
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5.4. Sensitivity analysis on the hydrological model HBV

Figure A illustrates the sensitivity analysis for the Gries catchrisa@ Appendipd.8 for results
about the sensitivity analysis of the Findelen catchmeiis dnalysis has been performed on
both calibrationsSection 3.3) put hereonly the results of the rdiatic calibrations are shown

Sensitivity analysis on the parameters and routines of the HBV hydrological model
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Figure 21: Parameters of the HBV model which show the higleestibution to model efficiency accordin

to the outcomes of the sensitivity analysis which has been performed on the Géoloteautomated
calibration procedure. On theaxes, the value ofthe Nashu t c | i f f e Reffb)e fifs cri eem

According to Figure 2, different parameter ranges which allow to obtain a high model efficiency
have been identified in each single ¢agal some most sensitive parameters have been igéntif
First, thedKG parameter (Figurel2) of the glacier routine (Section 3.3) has proven to influence
model efficiency once it reaches values higher thai®BZthe variability range of this parameter

is between 0 and 0.5). Second, MAXBASparameter (Figureld) of the routing routine (i.e.

the last routine preceding the generation of the simulated runoff). Third, the -degrésctor
parameter of the snow routir@FMAX (Figure 2c) has been assessed to influence model
efficiency for valus higher than 3-8.2. Another parameter which has proven to be particularly
sensitiveaccording to the Nas8utcliffe efficiency is th&sPparameter (Figureldl) of the glacier
routine (i.e. the seasonal degidsey factor) Generally, the parameters oétkoil moisture routine

do not influence a lot the simulated runoff because groundwater is not relevant in mountainous
highly-glacierized catchment# the case of the two analysed catchments, the routines which
seem to be hydrologically more sensitivee @ahe snow and glacier routines, because a
modification of the value of the parameters of these two routines tends to have a relevant influence
on model efficiencyTable 8 shows how model efficiency evolves according to the different
scenarios for both tehments by considering both types of glacier routine of the HBY model
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Table 8: Variability of the model efficiencyand simulated runoff for all scenarios and for bBthdelen and Gries

catchments. Results are shown by both assuming a staticywaanic glacier area, for the second Me@trlo
calibration, which is the one b afsreahis hyamlogices analysifRef@al i st i c i
indicates the value of téashSutcliffe criterion ~ w hQsihfie iAs r e imeanyeadyrunadf (irt Mimgyear).

Findelen, static | Findelen,dynamic Gries, static Gries, dynamic
Scenario glacier routine glacier routine glacier routine glacier routine

Reff Qsim Reff Qsim Reff Qsim Reff Qsim

0.7632 915.71 0.8053 978.79 0.8429 | 2648.21| 0.8417 | 2640.06

0.7543 854.36 0.7986 920.35 0.8320 | 2456.02 | 0.8313 | 2448.86

0.7099 754.84 0.7956 849.18 0.8199 | 214542 | 0.8223 | 2142.22

0.6404 636.72 0.7780 765.02 0.7941 | 1867.15| 0.8003 | 1867.32

a|l b W[IN|PF

0.4007 472.67 0.5879 666.13 | -0.3438 | 1691.88 | -0.4761 | 1706.86

For both catchments, the model efficiency seems to be quite stationary for the first four scenarios,
while it decreases rapidly for the last scengpiarticularly for the Gries catchmenfhis could

bedue to the absence of a glacier in the last scenario, which increases model uncertainties while
performing simulationsAnotheraspect which has been considered for this hydrological analysis

is the correlation between the efficiency criteria of the moéiggure 2 illustrates this aspect
withidot t y pl o tarsedampléismshawh for&ries catehen@nore examples on A.9)

Comparison between different efficiency criteria of the HBV model
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Figure 22: Correlation between some efficiency criteria of the HBV model. The correlation is done bet
certain criteria and the one which has been used for the hydrological analysis of this chapter -Seditish
metric. The xaxis always indicas the NastSutcliffe efficiency criteria. In the first case (Figure 22a), the
axis indicates the Klingsupta efficiency metric, then the Flow Weighted Efficiency is shown (Figure 2
Next, the Lindstrdm measure is illustrated (Figure 22c), and kxsttisonal NasButcliffe metric is representec
(Figure 22d). All parameters illustrated in theaxd yaxes are coefficients without units.
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Figure 2 shows the most correlated efficiency criteria to the Nasteliffe one, which are the
Kling-Gupt, the Flow Weighted Efficiengythe Lindstrém Measureand theSeasonal Nash
Sutcliffecriterion of model perforance. Consequentlst comparable hydrologitanalysiscould
potentiallyhave been obtainealso by implementing the analysis ftlhe otherwell-correlated
efficiency criera. Figure B and Table 9 quantif another aspect of the hydrological analysis
which has been considered, i.e., the difference on performing the same simulations by varying the
HBV model settingsOn Figure 3, the exampl@®f Scenario 3 for Findelen catchment is shown.
Table 9 represents a comparison of the mean yearly runoff for all model settings

3000 Application of different model settings of the
HBV hydrological model

# Findelen

2500 § Gries

2000+ B B
1500
1000+
500
o -

Normal Snow Distributed No UZL-2 3CGNM

Simulated yearly runoff (mm/year)

HBVModel Setting

Figure 23:Variability of simulated daily runoff (for the dynamic glacier routine) by varying model setti

ANormal 6 is related to the simulations whiIlGWW ha
i3GW0 are the model osreltyt ionnge wohri cthh rceoen sgirdoeur nSdoma t seer |
is related to a modified snow routine, AiDi strib

modeNoUZILGi assumes t he absldzhoc, KOO BKidh ¢ sear Sme t QRO

an®@GWi30 are related to two more variants of a mc
t h8GWRO setting is related to the introducti onr

groundwatesSTokstcal dg@e iAn top soi BGWBD nedtt iOmg tih
similar procedure of the distributed part of the model, but in this case an upper soil zone groundwater bo
applied. The green dashkdes above the bars of the plots allows for a more efficient visual comparison.
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Table 9: Variability of simulated runoff of the HBV model by assuming different model settings.
Results are represented facenario 3nd for both Gries and Findelen catchments.

Model Setting Gries Findelen

Basic Model Setting 2143.4520 849.6725

One Groundwater Box 2143.6840 850.3170

Three Groundwater Boxes 2143.4510 849.6740
Only-Snow Routine 2099.5970 825.3707
Distributed ModelApplication 2143.4600 850.2713
Basic Modality but without UZL 2143.4490 849.6739
Three Groundwater Boxes“Zetting 2143.4500 849.6868
Three Groundwater Boxes?3etting 2143.4550 850.2665

Generally, there is not a high variability of mo@dficiency and simulated runoff if the model
settings are chande The only statistically more significative difference can be detected by
introducing aronly-snowroutinesetting andy forcing the model with this modality. In this case,

a slightly lowerrunoff has been simulated for both catchments: 825 mm/year mean yearly runoff
instead of 850 mm/yeamean yearly runofivhich ha been simulated with the dynamic glacier
routine for the Findelen catchment, and 2100 mm/yeeanyearly runoff instead of 214
mm/yeamean yearlyunoff for the Gries catchmer@ther two simulations have been performed

by assuming no lake presence on the Gries catchamhbyvaryingthe water equivalent of the

two glaciers. As it will be explained in the next chapt@ndper 6), no quantifiable change has
been found for a variable glacier water equivalent, sthilake absence has as a consequence a
slightly lower runoff amount, because lakes are an important storage reservoir in hydrological
catchmentsso it could haverainfluence orthe total runoff of aatchment if it is neglected.

Snow redistribution has also been considered by comparing simulations performed by applying
or not this inpufile (Section 3.3)In general, there have not been relevant differences neither in
mo d e | efficiency nor i n skill t r ans faera, but
consequence of not introducing snow redistribution to the performed simulatiofitsjsas
demongrated by Figure £ However, it may be worthy to remind thatow redistribution has
always been applied while performing simulations with the dyn&tBi¢ glacier routine.

Simulation performed with the application of snow redistribution
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Simulation performed without the application of snow redistribution
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Figure 24: Difference between a simulation of the snow amount which has been perf
by applying snow redistribution (Figure 24a), and one which has been performed w
applying it (Figure 24b). The-axis shows years related to the tiseries of 1Years which
has been applied for this experiment (Section 3.1), while-dpdsyillustrates the simulatec

amount of snow (in mm).

Figure 24 allows to assess the important role of snow redistribution for the HBV model. The

difference between applying or not this input file is clearly visifle all scenarios, and

particularly forScenario 5. In this case, #we glacier will have melted completely, precipitation

(either in liquid and solid forjrwill be the main driver of runoff, arebt hei r A hydr ol ogi c a
will be more relevantompared to the first scenarios where the glacier is still present.

The next chapter is related to the discussion of the main outcomes which have been found in this
experiment. The focus will be putarticularly on skill transfer, but also the resultstioé

hydrological and sensitiwitanalyses Wl be discussed and commented.
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6.Discussions and interpretations

6.1. Discussion about skill analysis and skill transfer

This chapter aims atiterpreting and discussing the main findings from the analysis presented in
Chapter 5which has been generated from the simulations with the HBV model. It is structured
similarly as the previous chapter in order to allow a better readability and to iatsipreting

the main thesis resultBirst, a general discussion about skill analysis and skill transfer is given
(Section 6.1) for allscenarios (from Scenario 1 which considers the highest amount of
glacierization to Scenario 5 which considersaapletely icefree catchment). After that, the
results of the hydrological analysis are discussed in Section 6.2, particularly by focusing on the
sensitivity analysis which has been penfed on the parameters and routines of the model, and
also on the décts of introducing variable model settings to force the hydrological model. Then,
the whole projectvill be summarized in the conclusions chapter (Chapter 7), by proposing some
open guestions and ameliorations for future experiments.

Skill transfer and glacierization amount

Skill score analysis and determination of skill transfer have been performed for three skill scores
(RMSE, RV and CC) and for both Gries and Findelen glacierized catchments. Generally,
temperature influence on skill transfer hagrbéound to be higher for the first two scenarios
(Scenario 1 and 2) compared to the others (Scenarios 3 to 5), for both catchments. This suggests
that temperature has a larger influence on runoff compared to precipitation for glacierized
catchments becaegemperature has a direct impact on snow and ice melt, and consequently also
on runoff generatiorMoreover, given the percentages of glacierization according to the different
scenarios (Figure 19), it can be assessed that temperature tends to bernhatdantor on skill

transfer for a glacierization higher than 50%, and for a saaa glacier melt contribution higher
than 60% (Figure 19); then, an intermediary or
third scenario (which considers gladiation rates between 30% and 40%), siHdr the last

two scenarios (Scenarios 4 and 5), precipitation becomes predominant over temperatures,
particularly for the fifth scenario which assumes a completelrés=catchment.

Given thatskill transferhas been found to be variable according to the amount of glacierization,
for both Findelen and Gries catchmemgecific trends related to the variabilityrobindn slope
parameters have been identifi€knerally, €mperature effect on runoff skill tepdo decrease

with a decreased glacieation, whilst precipitation influence tends to slightly increase (Table 6).
However, some differences have been identified between the two catchments: while on Findelen
temperature tends to maintaigaite ahigh cantrol on skill transfer even in case of a completely
ice-free catchment (for Scenario 5), a quite different tendency has been detected for Gries. In this
case, precipitation has been shown to have a more relevant influence on accuracy transmission,
also fa thescenarios assuming a higher glacierization such as Scenarios 1 and 2 (Table 6), and
this tendency can be identified also by analysipgcificlead times separately (Table X.4.1
andA.4.2). This difference between the two catchments could bealtres different amount of

yearly precipitation related to tinedifferent geographical situation (Chapter 4). The Findelen
cat chment i s | ocat ed Wallia camtan; cdnsequergly, meah annuala | | ey
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precipitation tend to be lower in this cdmrause most of the humidigheld back by the highest
peaks of the Penninic Alps (Appenzekral, 2011 ; Pachaugt al, 2014). On the contrary, the
Gries catchment is located in a region where peaks are not characterizem bjga elevation

(the highest peak is the Blinnenhorn with a 3374 m.a.s.l. elevation, as affirmed by Baalder
(2017)), which means that more humidity present whiclhcould cause higher amounts of
precipitation in this case (1283.99mm/year precipitation have beenasidubr the Findelen
catchment for this experiment, whilst 2068.57mm/year precipitation have been simulated for
Gries). Moreover, mean yearly temperatures tend to be slightly higher on Gries than on Findelen
(Bauderet al., 2017 and this can also have arfluence on the variability of the slope parameters
mandn between the two catchmenégcording to the data of the reference forecast file (Section
3.1 and 3.2 a mean yearly temperature-@f32°C has been simulated over the whole thees

on Gries, whilst a mean yearly temperature363°C has been simulated on Findelen over the
same period. Consequently, this could be a reason of the higher infludisédlai Qskill which

has been detected on Findelen compared to Gsaséntioned in Sdons 3.1 and 3.2he values

of the input temperature and precipitation forecast files are always the samestenatios in

order to study the contribution of the variability of glacier extent to skill transfer).

Another explanation of the variability of andn slope parameters between the two catchments
canbe related to the values of the parameters which have been determined according to the Monte
Carlo automated calibration of the hydrological model HBV (Se@i8). If values of parameters

have been identified as being different between the two catchments as a result of the calibration
procedure, these values could also have an influence on the simulated runoff and on the simulated
amount of snow. For exampli®r the Findelen catchment, a value of @GIEMAX parameter of

around 3 has been identified (tB&MAX parameter is the one related to the application of the
degreeday method to the snow routine, as mentioned in Section 3.3), while for Gries a higher
value (around 3.8) has been determined. This means that, given the high variakikiylaxX
differences in its value could also be a factor of influence of model performance and skill transfer.
The same considerationarche appliedalso for other parametesf the HBV model which
generally show a higher variability compared to the others, suBRasdMAXBAS(Figure 22).

Another point is that the three skill scores (RMSE, RV and CC) showed quite different results,
particularly the CC metric. Results okilstransfer for RMSE and RV were generally quite
similar, whilst correlation skill score simulated a higher valueroparameter for alscenarios

and very low values af (i.e. near @r slightly negativi whichcouldbeinterpreted aa higher
temperature effect on runoff skiBut the ranges and values of each skill score shalsiobe
interpretedn orderto assess an answer to this aspect: CC skill score shows a different variability
compared to RMSE and RV (cf. Section,3uhereCC is defined as having a variability between

-1 and }, focusing on the correlatidretween variable§ herefore, a higher value of temperatures
could mean that its tendency during time is more -deflned and characterized by a specific
trend comparetb the one of precipitation, which generally showed values near 0 (Talhe§)
indicating a lower correlatiorConsequentlyCC metriccan be useful to interpret the evolution

of skill of weather and runoff forecastser time, but less to interpret $kiransfer and the
influence of temperatures and precipitation on runoff skill. This is because RMSE and RV have
been considered for the majority of the results exposed above (Sections 5.2 and 5.3), while the
results é CC are mainly exposed in theppendx (A.2, A.3.2).
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Correlation between skill transfer and lead time

The variability ofthe slope parameters andn has been considered as a factor to interpret skill
transfer and its evolution according to a variable glacier extent. gBlection 5.3) illustrates

the variability of the slope parametarsand n for all glacier extent scenarios and for both
catchments (seeddation5). A tendency to have an increased temperature influence on skill
transfer with increased lead time has been detected in Section 5.3sm@rallios (particularly

for Scenarios 1 to 4). This can be due to either the simulated glacier melt for the ladgreohsi
lead times if the dynamic glacier routine of the model is implemented or to uncertdiniieg

the forecastingprocedure if uncertainties characterize weather or runoff forecasts, then they
could propagate thus generating some slight differemces (Adevi ati ons o) from tF
skill transfer. Another result which has been detected is that the variability of skill transfer is quite
independent from the forecasts skiligure 20, A.7.1, A.7.2)The difference between the skill in

the metemlogical forecastéTskill, Pskill) and the skill in the resulting runoff predictiot@skill)

tends to remain quite constdat all scenarios $cenariod to 5), despite the fact that the skill of
both precipitation and temperature forecasts tendsaease with increasing lead tingection

3.2). Generally, a higher difference between skill of weather variables and runofficemtiged

for the Scenarios 4 and,%eing of around 06-0.09for both catchmentsThis can be due to a
reduction in effitency of the HBV simulations, or to the variability of the produced simulated
runoff due to the variable glacier extent. This means that the hydrological model, after detecting
a variable glacier extent and ar@ae. a shrinking glacier which has beepnsidered in the
catchment settings in order to run simulatiopspbablysimulatesrunoff differently compared

to the most glacierized scenar{@cenarios 1), thusproducingslightly more runoff as it should
besimulated Consequently, some uncerti@s could also characterize the core functionalities of
the HBV model and its recentiynplemented glacier routine (Seibettal, 2017): hydrological
models always show a certain amount of uncertaifign theyreproduce reality (Section 2.2).

Comparison with the glaciological model GERM

By comparing the results obtained in this thesis with the ones obtained from a similar experiment
performed with the GERM model (see Section 3.2 for a short description dfydhislogical
model), similar tendencies have been found, and results are similar for both hydrological models
(A.5.1, A.5.2). However, the GERM model tends to simulate a slightly higher influence of
temperatures ofskill for the first twoscenarios compared to HBVoFthe Findelen catchment,

the tendencies detectddr the two models are similar, simulating a higher influence of
temperatures o@skill in both casesMoreover, the GERM model tends to produce a more
variabkinfluence of both temperature and precipitation according to daily lead times, particularly
for thescenarios with a glacierization amount higher than 50% (i.e. Scenarios 1 and 2).

Consequence of assuming a different implementation of the HBV glacieoutine

A particular element which has been identified while performing the simulations with the HBV
model and while producing resulssthe distinction between the two applicable glacier routines
related tothe hydrological modég|Seibertet d., 2017) the one which considers a static glacier

by only chaging its areaand the one which considers a dynamic glacier with varying mass
balarce and water equivalenthe distinction between these two settings has not been performed

in many experiments beforahd (the most important in this sense is the one of Sesbeit

(2017)), so this thesis has been a good occasion to understand how the HBV model simulates

47



Davide Saurwein Master Thesis Report Juy 2017April 2018

runoff first by varying only glacier extent, and then by changing also water equivalent and mass
balance. Generally, once the area of the glacier is defined, there are not many differences in the
simulated runoff between the two settings, but some discrepancies can be detected with reduced
glacier dimensions, such as in tacierizationscenarios 3 ad 4. This is becausemore rapid

glacier melt iprobablysimulated by the mod@&br the dynamic glacier routipnproducing slightly

more runoff compaad to the static glacier routine

6.2. Sensitivity analysis on the hydrological model HBV

Generally, glacier and snow routines are the most important for model efficiency and skill transfer
because the whole analysis has been performed on alpine-pigbigrized catchment3.he
hydrological regime shift is detectaldlar both catchmenisas &posed in the previous chapter
(Section 5.4, Figurel9), but it is slightly more evident for Gries compared to Findelen,
particularly for the lastcenario(Scenario 5)This is essentiallgue to their different hydrological

and morphological propertiesnd to the fact that Gries glacier is currently shrinking more rapidly
compared to FindelegfBauderet al,, 2017) and it will probably be disappeared before the end of
the 2F' century (Appenzelleet al, 2011 ; Baudeet al, 2017 ; Pachaust al, 204).

Some more experiments have been performed by varying the lake exthatasies catchment

(by considering Scenario 2 as a representative example), by varying the water equivalent of the
glacier profile (Section 3.3) considering Scenarios 1 anddpassentative examples, by varying
the runoff input data (t hferSéeQabio2ara by nodiflirg of t he
model settings. In this last case, the following variants have been afgplteath catchments by

taking Scenario 3 anexample only snowroutinesimulations (i.e. it only considers parameters

of the snow routineomputing simulated runoff quite differentlwariable groundwater boxes

(one or threedr distributed simulatioswithout considering the)ZL parametergeeSedion 3.3).

First, it has been found tha& n | ncr eas e cas onlyhaesmdll mfluendeson tha e a
simulated runoff and anedigible impact on skill transferThis is due tothe topographical
situation ofthe lake which is situated in the lowest elevation rangé the catchment, thus
contributing only slightly tats total runoff Moreover, a hypothetical bigger (or smaller) lake
allows to produce a higher (or lower) amount of hydropower energy, whidtilee of relevace
given the challenges of the energy @@®estidructi on s
2.1). Second, variable observed runoff input data does not cause a high maodification on the
simulated runoff, but it tends to worsen model efficieng@aifameters are kept to the same value

as previously determined in the calibratidbhépter 3).Third, changing model settings by
assuming aifionly snowroutined mocde does not cause relevant variabilitithe simulated total

runoff, but a small modificatio of the contribution of snow and glacier méttgenerally teds

to beslightly lower, as exposed in Tablg.9his could be due to the major contribution of the
snow routine to the generation of the total runoff, thus reducing the amount offrarofflacier

melt. Otheroutcomes have been obtair®dvarying the number ofrgundwater boxesssuming

that groundwadr has a nedglible effect onrunoff and that it is a not relevant contributor to the
hydrological equilibrium of glacierized catchmenbgcause of the lower mean annual
temperaturg at the higher elevatioysoil propertieprobablyplaya minor role in these situations.
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/.Conclusions

In this experiment, synthetic weather forecasts of temperatures and precipitation have been

created with the support of a weather generator. These forecasts have been fed into the

hydrological model HBV in order to obtain corresponding simulated runoffigifens. An

accuracy assessment of the meteorological and runoff forecasts was calculated with three different

skill scores, namely RMSE, RV and CC. The aim of this procedure was to assess the skill transfer
from meteorological to runoff forecasts. Theagjer extent of both catchments has been
artificially modified to represent different degrees of glacierization from highly glacierized
(Scenario 1) to icéree catchment (Scenario 5), in order to observe the influence of glaciers on
the skill transfer bdt in the Gries and Findelen glacierized catchments.

It has been founthat temperature forecasts have a larger influence on runoff predictions than
precipitation in the Findelen catchment when the degree of glacierization is very high (Scenario
1). The @posite is found for the Gries catchment, where precipitation has the highest impact on
runoff. The resulting difference between both catchments might come from the different amount
of yearly precipitation which has been fed itlhe hydrological model HB\{the yearly sum of
precipitation on Gries is two times higher compared to Findelen), and also to the higher
temperatures which have been fed into the model for simulations performed on the Gries
catchment. Given that temperatures are an important cdattr of snowmelt and runoff
generation for highhglacierized catchments, higher yearly mean temperatargdthuslead to

a higher precipitation influence on skill transfer. Another possible explanation of this difference
of accuracy transmission beten the two catchmentswd be related to the uncertainties related

to the parameter values obtained from the Md@d€o calibration. The same calibration has been
performed for the two catchments with the same parameter range but different inpthuges,

l eading to different Aopti mum par amednskil set
transferandrunoff generation.

A similar procedure than above was conducted for the four other scenarios (i.e. with variable
glacier extents)lit hasbeenfound that the transfer of accuracy between the meteorological and
the runoff forecasts varies over the different glacierization scenarios, showing some specific
tendencies for each catchmehirst, the influence of precipitation on skill transfends to

s 0,

increase for both catchments in case of a reduced (or absent) glacierization (i.e. Scenarios 4 and

5) compared to the other scenarios. However, the influence of precipitation for Scenario 5 is not
so pronounced for the Findelen catchment compar@di¢s This is because, probably, the Gries
glacier is expected to completely melt before the end of theeztury, while the Findelen glacier

will take some more decades before melting complet€lynsequently, the influence of
temperatures on runofiill remain higher for Findelen catchment compared to Gries until
Scenario 4. For Scenario 5, temperature effect on skill transfer is lower compared to the other
Scenarios for both catchments, but precipitation effect is lower for Findelen than forT@iges.
result can be due to either the lower yearly amount of precipitation or to the lower temperatures
which have been fed into the HBV model for Findelen. By comparing the HBV results about skill
transfer with those obtained from another hydrological m@sERM), it has beefflound that the
tendencies are quite similar, except from a quite higher contribution of temperature to skill
transfer which has been simulated in this latter case on the Gries catchment for a higher
glacierization (i.e. for Scenaridsand 2).
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Generally, a slight difference on skill transfer has been found between the two different
implemenations of the glacier routine. Precipitation influence on skill transfer tends to be slightly
lower for the static glacier routine compared to dymamic one, particularly for lead times
starting from four to six years (i.e. about 188@00 days). This is due to the decreased glacier
area and to a volume reduction which are simulated by the hydrological model HBV by applying
the dynamic glacier roime compared to the static one.

The hydrological analysis which has been performed for the reference files of both catchments

has been useful to assess the evolution of glaciers during time, and how this tendency can be
linked to a shift in the hydrologal regime which is expected for the next decades. Particularly,

the progressive reduction of the glacier contribution to the total rghoffis a hydrological shift

from a glacier meldominated to a precipitatiesiominated regime (either liquid or solid)

Moreover, other three tendencies have been detected thanks to the hydrological analysis. First, it

has been established that the actual evapotranspiration will progressively increase for both
catchments due to the higher temperatures and to the glatergmprocess. Second, snowcover

and the amount of simulated snow tend to decrease for each scenario due to the simulated higher
temperatures which have as an effect that a higher amount of yearly precipitation is simulated to

be rain rather than snow. ifth, the introduction of snow redistribution has not caused relevant
differences on the simulated runoff, but the simulated amount of snow in the catchment has
become morérealistddby avoi ding the phenomenon of HfAsnow t
Other aspects related excuracy transfer have been the study of the role of lakes and the
variability of glaciers6é water equivalent. I n
transfer have been found, but lakes will serve as storage sources for a catchmermtghsisgn

the amount of energy produced by hydropower companies. A last complementary analysis has
been the i mplementation of aedoiuttiionneadl nsoidneu li ant it d
model, and by varying the number of groundwater boxes froomtiel settings. In this case, a
guantifiable difference of the total simulated runoff has generally not been, fexcept from a

slight decrease of the simulated runoff for fbaly-snow routiné mode

The results obtained in thislaster thesisare of relevance for the application of decadal
predictions, as those have been shown to be more skillful in predicting temperature than
precipitation.Some additionathallenges and open questidmaweverremain open. First, an
interesting complement for thetfwe can be to perform similar experiments in other alpine
highly-glacierized catchments in Switzerland or in other regions of the world. Second, other
integrated experiments by coupling hydrological and glaciological models be appliedin

order to irtrease the available scientific background about this tépiather challenge for the

future could be to assess the variability of skill transfer and of the generation of simulated runoff
by studying catchments with variable structure and geometthe coming years, more focus

could be put on doing comparable experiments by using other hydrological and glaciological
model s. Performing reliable decadal forecasts
highly variable climatic conditions and higtductile energy market. Therefore, there is the need

to find a compromise between science and economics in order to avoid either experiments which
cause the introduction of norms and rules that are respectful of climate but too expensive, but also
to impement experiments which cause harmful measures for the environment to be introduced.
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9. Appendix

9.1. RStudio scripts and programmisteps

AO0. Programming methodological application related to HBV and skill transfer

Extract #1) Create foldedirectly on the computer

for (i in 1 :length (Weather)) {

newdir <- pasteO(forecasts,i)

dir.create (newdir)

for (iin 1:240){
newdirl <- pasteO(newdir, "/", blocks,i)
dir.create (newdirl)
newdir2 <- pasteO(newdirl, "/, "data")
dir.create (newdir2)
newdir3 <- pasteO(newdirl, "/", "Results")
dir.create (newdir3)

Extract #2) Definition of potential evapotranspiratimom the PenmaiVionteith equation

# fiLambdao is the datent heat flux in MJ/ kg
# fArhoo is the Wwater density in kg*m

# APEO is the potential evaporation in mm/day
# The extraterrestrial radiation is computed as a function for PET

# nAl at _ rlaitdde in radiants h e

# HGscoO is the s%nindr constant in MJ*m

# Adro is the invefSwme relative distance Earth
# Nndeltaod is the solar declination

# fNomegaso the sunset hour angl e

# ARad is the extraterrestrial radiati on

# Compute potential evaporati and the extraterrestrial radiation
Ta<- Tmeanevap_day
j<-c(15,45,74,105,135, 166,196,227, 258, 288, 319, 349)
lat <- latitude
pet <- function (Ta, ], lat}{
lambda<- 2.26
rho <- 1000
PE<-re (j, lat) / (lambda* rho) * (Ta+5)/ 81 * 1000
PE[Ta<(-5)] =0
return (PE)
}
re <-function (j, lat) {
lat_rad<- lat * pi / 180;
Gsc<-0.0820
dr <-1+0.033* cos(2 * pi/ 365 *])
delta<-0.409* sin (2 * pi/ 365 *-1.39)
omegas<- acos(-tan (lat_rad) * tan (delta))
Ra<-24*60/ pi * Gsc* dr * (omegas* sin (lat_rad) * sin (delta) + cos(lat_rad) * cos(delta) * sin (omegas))
return (Ra)
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Extract #8) Looping procedure to run the HBV model with a CLI interface

for (eachblocks in BlockFoldersy
catchmentFolderl= eachblocks
hbvPath="C:/ Program Files (x86)/ HBV-light / HBV-light-CLl.exe";
outFolder = "Results"
catchmentsl=list.dirs (path = catchmentFolderl, ful.names=TRUE)
catchments1<- mixedsort (catchments1)
for (i in 1 : length (catchments1)){
print (catchments1[i])
system(paste0 ("\ ", hbvPath,"\" Run ",catchments1[i], " SingleRun "putFolder), TRUE);

}
}

Extract #) Production of the final skill transfer plots (example of RMSE skill score, the same
procedure has been applied also for RV and CC)

# Normalization process of all the skillscores

# Normalization of precipitation skill scores

illplotsprecrmse [1 : lengthblock, ] <- (skillplotsprecrmse [1 : lengthblock, ] z min (skillplotsprecrmse [1 :
lengthblock,])) / (max (skillplotsprecrmse [1 : lengthblock,]) z min (skillplotsprecrmse [1 : lengthblock,]))
colnames(skillplotsprecrmse) <- paste(“lt", 1 : (leadtime - 2))

# Normalization of temperature skill scores

illplotstemprmse [1 : lengthblock,] <- (skillplotstemprmse [1 : lengthblock, ] z min (skillplotstemprmse [1 :
lengthblock, 1)) / (max (skillplotstemprmse [1 : lengthblock,]) z min (skillplotstemprmse [1 : lengthblock, 1))
colnames(skillplotstemprmse) <- paste(“It", 1 : (leadtime - 2))

# Runoff

Sillplotsdischrmse [1 : lengthblock, ] <- (skillplotsdischrmse [1 : lengthblock,] z min (skillplotsdischrmse [1 :
lengthblock, 1)) / (max (skillplotsdischrmse [1 : lengthblock,]) z min (skillplotsdischrmse [1 : lengthblock, ]))
colnames(skillplotsdischrmse) <- paste ("It", 1 : (leadtime - 2))

# Skill transfer
resultslt <- list ()
for (i in 1 : length (skillplotsprecrmse)) {
skillplotsrunoffrmse <- cbind (skillplotsdischrmse [, i], skillplotsprecrmse [, i], skillplotstemprmse [, i)
skillplotsrunoffrmse <- as.data.frame(skillplotsrunoffrmse)
Ireg <- Im (skillplotsrunoffrmse $ V1 ~ skillplotsrunoffrmse $ V3 + skillplotsrunoffrmse $ V2, data =
skillplotsrunoffrmse)
summary (Ireg)
coeff<- summary (Ireg) $ coefficients][, 1]
coeff<- as.data.frame(coeff)
resultslt [[i]] <- coeff

}

Extract #6) Skill scores calculatiorofily the example of temperatures is shown)

## Loop to determine values for precipitation and temperatures
# Initialize the loop to determine skill scores
for (each_block in 1 length (All_fcst_blocks){
All_fest_in_blocke- list.files (All_fcst_blockgeach_block] full.names=TRUE)
All_fest_in_bloclke- All_fecst_in_blocK1 : 216]
dataframe_fcst_k- as.data.frame(array (NA, dim = c (length (ref.t.day), length (All_fcst_in_block))))
count=1
for (each_fcst in 1 length (All_fcst_in_block)X
fest_list<- All_fest_in_blocKeach_fcst]
fcst <- read.table(fcst_list,header= TRUE skip = 1)
ii <-which(fcst$year>=yr.start & fcst$year <=yr.end)
fest <- festlii, |
t.day <-ts (fcst $temp,start = fcst $ year [1], freq = 365)
t.day<- t.day[274 : (length (t.day) - 92)]
dataframe_fcst_{, count] <- t.day
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count=count+1
}
arraytemp <- array (NA,dim =length (dataframe_fcst_{1,]))
arraydifftemp <- array (NA,dim = c (length (dataframe_fcst_{, 1]), leadtime))

# Initializing the arrays

# Initialize the arrays for the skill scores related to daily length andor lead time for T and P

RMSE_fcstk- arraytemp ; RV_fcstk- arraytemp ; CCSS_fcstt arraytemp

RMSE_leadtime_tarrayleadtime ; RV_leadtime_¢- arrayleadtime ; CCSS_leadtime_t-<arrayleadtime

# Determine arrays for varianceand for the differential values

css_var_simk- arraytemp ; css_var_refk- arraytemp ; Difftemp <- arraytemp ; Difftemp_all<- as.data.frame
(arraydifftemp)

# Loop to calculate skill scores
for (jin 1: (leadtime - 1)) {
a=1
count=2
for (iin 1 : (length (dataframe_fcst_{1,]) - 1)) {
# Skill scores for temperatures according to leadtime
meanfcstt<- as.numeric(lapply (dataframe_fcst_{i], mean,na.rm=TRUE))
meanreft <- as.numeric(lapply (ref.t.day [i], mean,na.rm=TRUE))
RMSE_fcstfi] <- ((dataframe_fcst_{j +a,i] - ref.t.day[j +a]) * 2)
RV_fcstfi] <- ((dataframe_fcst_{j +a,i] - ref.t.day[j +a]) * 2)
CCSS_fcsfi] <- (dataframe_fcst_{j + a,i] - meanfcstt) * (ref.t.day [j + a] - meanreft)
css_var_simfi] <- cbind ((dataframe_fcst_{j + a,i]))
css_var_reffi] <- (ref.t.day[j +a])
Difftemp [i] <- (dataframe_fcst_{j +1i, 1] - ref.t.day[j +1])
a=a+day_stepgcountt]
count=count+1
T#i
# css_var_simtX- subset(css_var_simt(! is.na(css_var_simt)))
# conditional.quantile (css_var_simtecss_var_reftbins = 10)
DFT<- data.frame(VART1=css_var_simtyART2=css_var_reft)
data.Imt <-Im (VART2 ~ VART1, data = DFT)
RMSE_leadtime_[f] <- sqrt (sum (RMSE_fcsttna.rm=TRUE)/ (length (RMSE_fcstt} 1))
RV_leadtime_[j] <-1-((sum (RV_fcstt,na.rm= TRUE)/ (length (RV_fcstt)- 1)) / var (ref.t.day,na.rm=TRUE))
#CCSS_leadtime[jt <- (sum(CCSS_fcstha.rm=TRUE)/ (length (CCSS_fcstt)1)) / (sd(css_var_simma.rm=
TRUE)* sd (css_var_reftpa.rm = TRUE))
CCSS_leadtime[j} <- cor.test(DFT$VART1DFT$VART2method ="pearson",conf.level=0.95,na.rm=TRUE)$estimate
} # leadtime j

# Group all scores together

All_scors_days_g- cbind (RMSE_leadtime_RV_leadtime t,CCSS_leadtime) t
colnames(All_scores_days_#&- ¢ ("RMSE","RV","CCSY"

All_scores_days «- as.data.frame(All_scores_days_t)

# Save skill scores

# Temperatures, forecasts values-> group all skill scores and write the final table

fcsttemp <- paste (out.path, “/*, skilltfcst, "/", "t_ss_day_blockformat (each_blockwidth =6, flag="0"), ".dat", sep="")
filefcstt <-file (fcsttemp)

festt.linel <- paste ("Skill Scores for temperature decadal weather forecasts, Blocléach_blocksep="")
festt.line2 <- paste ("RMSE RV CC3S

writeLines ( c (festt.linel, festt.line2), filefestt)

write.table (All_scores_days_file = fcsttemp,append=TRUEsep="\t", row.names= FALSEcol.names=FALSE)
close(filefcstt, overwrite = TRUE)

# Close device
dev.off()

61



Davide Saurwein Master Thesis Report Juy 2017April 2018

9.2. Images andechnical / visual representations

A.1. Skill transfer for selected lead times

A.1.1. Skill transfer for selected lead times, Scenafge2 Figure 15 for Scenario 1)
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Figure 1, A.1.1: Relation between temperature, precipitation and runoff skill scores (RMSE and RV) for the two
catchments and Scena#ioThe runoff skill scores have been interpolated by applying a linear interpolation with colors,

while areas witbut values are shown in white. The black dots represent the 150 different forecasts. Results are
represented for individual lead times betweef 20d 3200 days, and they have been produced with the HBV model.
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A.1.2. Skill transfer for selected lead times, Scenal®e® Figure 1%or Scenario }
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Figure 1, A.1.2. Relation between temperature, precipitation and runoff skill scores (RMSE and RV) for the two
catchments and Scena8oThe runoff skill scores have been interpolated by applying a linear interpolation with colors,
while areas with no values are shownwhite. The black dots represent the 150 different forecasts. Results are
represented for individual lead timlestween 200 and 3200 days, and they have been produced with the HBV model.
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A.1.3. Skill transfer for selected lead times, Scenalgeé Figure 15 for Scenario 1)
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Figure 1, A.1.3: Relation between temperature, precipitation and runoff skill scores (RMSE and RV) for the two
catchments and Scena#oThe runoff skill scores have been interpolated by applyiimgar interpolation with colors,

while areas with no values are shown in white. The black dots represent the 150 different forecasts. Results are
represented for individual lead times between 200 and 3200 days, and they have been produced with theeHBY mod
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A.1.4. Skill transfer for selected lead times, Scenalge®d Figure 15 for Scenario 1)
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Figure 1, A.1.4: Relation between temperature, precipitation and runoff skill scores (RMSE and RV) for the two
catchments and ScenaBoThe runoff skill scores have been interpolated by applying a linear interpolation with colors,
while areas with no values are shown in white. The black dots represent the 150 different forecasts. Results are
represented for individual lead times betw260 and 3200 days, and they have been produced with the HBV model.
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A.2. Skill transfer for CC skill score

A.2.1. Skill transfer for CC skill scoffer Scenarios 25 for the Gries catchmef$Bcenario
1 has not been included because it showed similar outca®esaario 2)
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Figure 1, A.2.1: Relation between temperature, precipitation and runoff skill scores (CC) for Scéhariosthe

specific case of Gries catchmeRunoff skill scores have been interpolated by applying a linear interpolation with
colors, while areas with no values are shown in white. The black dots represent the 150 different forecasts. Results are
represented for individual lead times between 200320 days, and they have been produced with the HBV model.
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A.2.2. Skill transfer for CC skill scoreScenarios 25 for the Findelen catchment
(Scenario 1 has not been included because it showed similar outcomes as Scenario 2)
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Figure 1, A.2.2: Relation between temperature, precipitation and runoff skill scores (CC) for Scenérioste

specific case dfindelencatchmentRunoff skill scores have been interpolated by applying a linear interpolation with

colors, while areas with no valueahown in white. The black dots represent the 150 different forecasts. Results are
represented for individual lead times between 200 and 3200 days, and they have been produced with the HBV model.
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A.3. Skill transfer for daily lead times
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A.3.1. Skill transfer for daily lead times, RV skill scofgee Figure 17 for RMSE)
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Figurel, A.3.1: Parametens andn for Scenarios 1 to 5 for both catchments (RV skill score). The Gries catch
is shown on the left column, while the Findelen catchment is represented on the right column.

A.3.2. Skill transfer for daily lead times, CC skill sc¢see Figure 17or RMSE)
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Figurel, A.3.2: Parametemn andn for Scenario 1 to 5 for both catchments (CC skill score). The Gries catch
is shown on the left column, while the Findelen catchment is represented on the right column.
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