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Executive summary

This study presents an analysis of the hydrological response of three Icelandic river catchments to projected
climate change in the 21st century. The catchments are located in the north (Svarta and Fnjoska) and
southeast (Laxa) of the country and their drainage areas range from 52 to 1130 km?. The snow
accumulation and melt cycle has a strong influence on the hydrological regimes of the Svartd and Fnjoska
catchments under present climate conditions, whereas the Laxa catchment has a more mixed rainfall/
snowmelt regime. In order to infer the likely hydrological response of these catchments to projected climate
change and its evolution throughout the 21st century, an ensemble of daily streamflow series was simulated
over the period 1981-2100, with the HYPE hydrological model forced with an ensemble of regional climate
projections from CORDEX, for two possible greenhouse gas emission scenarios referred to as
Representative Concentration Pathways (RCPs 4.5 and 8.5). Changes affecting near surface air temperature
and precipitation and their impact on mean and extreme streamflow characteristics were analysed,
considering moving 30-year periods. The reference period was taken as the 1981-2010 period.

A significant warming is expected in the 21st century, more or less pronounced according to the season,
catchment location and emission scenario (0.295°C/decade for the RCP4.5 emission scenario and 0.473°C/
decade for the RCP8.5 emission scenario, on average over all months and catchments). The temporal
variability of precipitation is mainly characterised by decadal to multi-decadal oscillations and no clear
long-term trend is emerging in most cases, except in summer and/or autumn in the Svarta and Fnjéska
catchments, depending on the emission scenario, where mean precipitation is projected to increase, leading
to an increase in mean annual precipitation as well.

The rise in temperature leads to an increase in the fraction of annual precipitation falling as rain, at the
expense of snow, which, in turn, leads to shorter snow seasons and less snow storage. These changes, in
turn, are projected to lead to changes in the streamflow regimes of the studied catchments in the future, but
the timing, magnitude and direction of the hydrological response vary with the emission scenario, season
and catchment.

The results indicate that mean seasonal river flow is likely to increase in autumn and winter and decrease in
spring, in the future, in the three catchments. Mean seasonal river flow is likely to decrease in summer in
the Fnjoska and Laxa catchments, whereas in the Svarta catchment, no significant change is projected
under the lowest emission scenario and a moderate increase is projected in the second-half of the 21st
century under the highest emission scenario. The peak of mean daily flow caused by spring snowmelt will
most likely be reduced and shifted earlier, in the three catchments, due to snow storage depletion. The
projected changes in mean seasonal flow are not necessarily gradual along the projection horizon, like
warming, because precipitation fluctuations contribute to modulate these changes.

The results also indicate that flood risk is likely to change in the future. In the Svarta catchment, annual
maximum floods are projected to occur less and less frequently in spring and more and more often in the
other seasons, especially in winter, and their magnitude is projected to decrease, owing to the projected
reduction in snow storage and subsequent decrease in spring snowmelt. In the Fnjoska catchment, annual
maximum floods are projected to occur less and less frequently in spring and summer, and more and more
often in autumn and winter, especially under the highest emission scenario, and their magnitude is also
projected to decrease, owing to the projected reduction in snow storage. In contrast, the Laxa catchment is
projected to remain under the dominating influence of rainfall-generated annual maximum floods in
autumn but a slight magnitude increase is likely to be expected in some future periods, probably because of
rainfall intensification.

Projected changes in streamflow characteristics are usually more pronounced and/or start earlier under the
highest emission scenario than under the lowest one because a greater warming is projected, leading to
larger changes in the ratio of rainfall and snowfall and to a larger decrease in snow storage. The
uncertainties associated with the streamflow projections reflect the uncertainties associated with the
emission scenarios, climate projections and hydrological modelling.
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1 Introduction

Global warming caused by human influence is unequivocal (IPCC 2021). Numerous studies have
been undertaken worldwide to investigate the impact of projected climate change on hydrology
and associated extreme events such as floods and droughts (e.g. Habets et al. 2013; Arheimer and
Lindstrom 2015; Vetter et al. 2015; Vormoor et al. 2015; Wanders and Wada 2015; Naz et al. 2016;
Frans et al. 2018; Osuch et al. 2018; Wan et al. 2018; Somers et al. 2019; Zhao et al. 2019; Lane
and Kay 2021; and many others). Changes affecting hydrological processes are likely to have
implications for water resource management, the operation of reservoirs and existing hydropower
installations and flood and drought risks. Thus, providing a comprehensive overview of climate
change impact on future hydrological conditions is imperative in order to adapt water management
strategies and anticipate mitigating actions that may have to be taken to make the society resilient
to these changes.

In Iceland, several studies have analysed recent and projected climate changes and their impact on
glaciers and hydrology (e.g. J6hannesson et al. 2007; Einarsson and Jonsson 2010; Thorsteinsson
and Bjornsson Eds. 2011; Gosseling 2017; Bjornsson et al. 2018; Adalgeirsdottir et al. 2020;
Crochet 2013, 2020, 2021). Of particular importance, the projected warming in the coming
decades is expected to lead to less snow storage, shorter snow seasons and the retreat of glaciers.
With increased glacier melting owing to higher temperatures, the runoff from glaciers is projected
to first increase and later decline because the glaciers will retreat and eventually disappear (e.g.
Johannesson et al. 2007). At the catchment scale, the hydrological response to projected climate
change is likely to depend on the catchment properties and current hydro-climatic characteristics
(e.g. Einarsson and Jonsson 2010; Crochet 2020, 2021). For example, temperature-driven changes
affecting streamflow seasonality such as changes in the phase of precipitation, amount of snow
accumulation and snow and glacier melt, are likely to vary according to the altitude distribution of
the catchments and their fraction of glacier coverage if any. Therefore, in order to continue the
work initiated in Crochet (2020) and expand our knowledge of the hydrological response to
projected climate change in Iceland, three new catchments are investigated in this study.

The methodology adopted in this study is based on a multi-model approach. An ensemble of six
locally-adjusted CORDEX climate projections are used to force a hydrological model (HYPE) and
produce an ensemble of hydrological projections. The climate projections have been obtained by
the combination of two global climate models (GCMs) and four regional climate models (RCMs)
for two possible emission scenarios known as Representative Concentration Pathways (RCPs 4.5
and 8.5). The hydrological model is run with two different parameter sets. This type of multi-
model ensemble approach has been widely used (see for instance Vormoor et al. 2015). It allows to
take into account various sources of uncertainties in the modelling chain (future emission
scenarios, global and regional climate modelling, hydrological model parameterisation) and is thus
expected to provide a plausible range of hydrological projections for the coming decades.




This report is organised as follows. Section 2 presents the studied catchments and Section 3
presents the data and methods. Section 4 is dedicated to the calibration of the hydrological model
and Section 5 to the analysis of the climate projections. The hydrological response to projected
climate change is analysed in Sections 6 and 7 and Section 8 concludes this report.

2 The investigated catchments

The three studied catchments are situated in different regions and their drainage areas range from
52 to 1130 km? (Figure 1 and Table 1). Svarta is located in the north of Iceland, west of the
Trollaskagi mountain range; Fnjoska is located in the north of Iceland, east of the Trollaskagi
mountain range; Laxa i Nes is located in the southeast of Iceland, east of the Vatnajokull ice-cap.
The streamflow gauging stations are located at the outlet of the catchments and monitored by
Vedurstofa {slands (Icelandic Met. Office).

Icelandic rivers are usually classified in three main categories according to the origin of flow:
direct runoff rivers (D), glacial fed rivers (J), groundwater fed rivers (L) and whether they flow
through lakes (S). In practise, rivers are often a combination of several of these categories.
According to Hrodmarsson and Porarinsdottir (2018), the Svarta river at gauging site vhm10 is a
combination of two categories (L, D), the Fnjoska river at gauging site vhm200 and the Laxa river
at gauging site vhm74 are classified as direct runoff rivers. According to the Corine Land Cover
data (Arnason and Matthiasson, 2017), the Svarta catchment is mainly covered with vegetated
land followed by poorly vegetated or barren areas and by some cultivated land; the Fnjoska
catchment is dominated by poorly vegetated or barren areas followed by vegetated land; the Laxa
catchment is mainly covered with vegetated land followed by poorly vegetated or barren areas.
According to the soil map of Iceland (Arnalds and Oskarsson, 2009; Arnalds, 2015), the prevailing
soil type found in the Svartd catchment is made of a composition of brown, histic and gleyic
andosols, followed by cambic vitrisol; the three dominating soil types found in the Fnjoska
catchment are 1) a composition of brown, histic and gleyic andosols, ii) leptosol and iii) cambic
vitrisol; the prevailing soil type found in the Laxa catchment is made of leptosol followed by a
composition of brown, histic and gleyic andosols.
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Table 1: Discharge gauging stations and main characteristics of catchments

Name of river and location of | ID River Drainage | Mean elevation
gauging station type area (km?) (m.a.s.l)
Svarta, Skagafirdi; Reykjafoss |vhm10 L,D 390 526

Laxa i Nesjum vhm74 D 52 389
Fnjoska; above Arbugsar vhm200 | D 1130 729

B vhm10
[ vhm74
B vhm200
glacier
(I
— coastline
gauging stations
°
e vhm10
e vhm200
* vhm74

0 50 100 km
| I

Figure 1: Overview of the studied catchments. Glaciers and coastline from National Land Survey
of Iceland. Catchment delineation based on ArcticDEM (Porter et al., 2018).

11



3 Data and methods

3-1 Method overview

The methodology adopted in this study is similar to the one used in Crochet (2020, 2021). An
ensemble of daily hydrological projections was obtained for the period 1981-2100, using the
following well-established modelling chain (see for instance Arheimer and Lindstrém, 2015):

“Emission scenario — global climate model — regional downscaling — bias correction —

hydrological model — analysis”

The HYPE hydrological model was used in this study (see Section 3-2). The model was calibrated
over two consecutive periods, leading to two parameter sets. The use of two parameter sets is
expected to improve the reliability of the hydrological simulations.

The climate forcing was provided by an ensemble of six regional climate projections from the
CORDEX framework for two possible emission scenarios (see Section 3-3). These climate
projections were obtained from four regional climate models (RCMs) driven by two global climate
models (GCMs) and their precipitation and temperature outputs were then locally adjusted using a
statistical technique to improve their applicability at the catchment scale (see Section 3-7). Using
an ensemble of climate projections rather than a single one gives a better representation of
possible future states of the climate system under study and allows a more reliable evaluation of
its future temporal evolution.

In total, an ensemble of twelve daily hydrological projections (or twelve ensemble members) was
obtained for the period 1981-2100 and each emission scenario. The spread of the ensemble
provides a measure of the projection uncertainty. Various hydro-climatic indicators were then
extracted from these projections and their characteristics analysed considering a moving-window
approach based on 30-year periods (1981-2010; 1991-2020; 2001-2030; 2011-2040; 2021-2050;
2031-2060; 2041-2070; 2051-2080; 2061-2090; 2071-2100). The reference or baseline period is
defined as the 1981-2010 period.

The hydro-climatic indicators considered in this study are:

* Air temperature (catchment-averaged)

* Precipitation (catchment-averaged)

 Rainfall (catchment-averaged)

* Snowfall (catchment-averaged)

* Snow storage, in snow water equivalent (SWE, catchment-averaged)
* Snow melt (catchment-averaged)

* River discharge at the catchment outlet
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For each hydro-climatic indicator (except snow storage), monthly and/or seasonal and annual
values were calculated by averaging daily values from each month, season and water year,
respectively, and then the 30-year mean calculated in each period. The water year is defined from
October of year i to September of year i+1 and the four seasons are October to December (OND),
January to March (JFM), April to June (AMJ) and July to September (JAS). These seasons will
sometimes be referred to as autumn, winter, spring and summer, respectively. In order to analyse
changes in more details, 30-year mean daily discharge and snow storage were also calculated for
each day of the water year.

The annual maxima of the daily river discharge series (annual maximum floods, AMFs) were also
extracted and changes in the timing and magnitude of these extreme events examined. Changes in
the timing of AMFs were analysed in order to examine possible changes in the flood-generating
mechanisms. To investigate changes in the timing of AMFs, the day in the water year when annual
maximum discharge occurred was assigned to the corresponding season. The frequency with
which AMFs occurred in each season for each 30-year projection period was then calculated. To
analyse changes in the magnitude of extreme flood events, a Gumbel distribution was fitted to the
AMFs (Stephenson 2002; Delignette-Muller and Dutang 2015) and the magnitude of the T-year
flood (for T=10 and 50 years) estimated in each 30-year period. Finally, the flood magnitude Q
was fixed and the corresponding return period T(Q) estimated in each 30-year period.

Changes affecting the hydro-climatic indicators were evaluated by comparing each future 30-year
period to the reference period (1981-2010). A two-sided Mann-Whitney test with a 5%
significance level was used to compare the 30-year mean daily snow storage and river discharge
ensembles, respectively, between the reference and future periods. The null hypothesis being that
the ensembles in the reference and future periods are drawn from populations having the same
distribution and the alternative hypothesis being that the two populations differ. Two one-sided
Mann-Whitney tests with a 5% significance level were used to compare the ensembles of 30-year
mean seasonal and annual temperature, precipitation, rainfall, snowfall, snowmelt and discharge
and the T-year flood ensembles, respectively, between the reference and future periods. The null
hypothesis being that the ensembles in the reference and future periods are drawn from
populations having the same distribution and the alternative hypothesis either being that the
population in the future period tends to be shifted towards larger values (increase) or towards
lower values (decrease), compared to the population in the reference period. The two one-sided
tests were run consecutively. When the null hypothesis was not rejected by both tests, it was
reasonably concluded that the ensemble members from the two periods were drawn from the same
population, and no change was likely projected between the two periods. When the null hypothesis
was rejected in favour of the alternative hypothesis, it was reasonably concluded that an increase
or decrease had likely been projected in the future period, compared to the reference period,
depending on the selected alternative hypothesis.
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For the seasonal frequencies of occurrence of AMFs, changes between the reference and future
periods were considered significant when at least 2/3 of the ensemble members were shifted in the
same direction (frequency increase or decrease).

Then, changes affecting the 30-year mean of each hydro-climatic indicator and the T-year flood
magnitude between reference and future periods were quantified. To do so, the future values of
each ensemble member were compared with the value of the same member in the reference
period, by calculating the difference (future minus reference) or relative difference in percent
(100*(future minus reference)/reference), and the ensemble median of the difference or relative
difference calculated.

A detailed analysis of the contribution of individual sources of uncertainty in the modelling chain
to the overall uncertainty of the hydrological projections is beyond the focus of this study and
therefore not undertaken. This aspect has been investigated in a number of studies. For instance, in
a study focused on river basins in Northern and Central Europe, Graham et al. (2007) found that
the choice of GCM had more impact on projected hydrological change than the choice of emission
scenario or RCM used for downscaling. Gosling et al. (2011) found that the GCM uncertainty was
greater than the hydrological model uncertainty when analysing river runoff projections obtained
with a global hydrological model and several catchment-scale hydrological models, for a set of
catchments located in various regions of the world. The study of Ott et al. (2013) in Germany
came to different conclusions depending on the season considered, with the main contribution to
overall uncertainty of the climate change signal attributed to the RCMs in summer, whereas in
winter, the largest contribution to overall uncertainty was attributed to natural variability.

3-2 The HYPE hydrological model

HYPE (Hydrological Predictions for the Environment) is a conceptual, spatially semi-distributed
hydrological model developed by the Swedish Meteorological and Hydrological Institute (SMHI)
to assess water resources and water quality. It is forced with time series of precipitation and near
surface air temperature, typically on a daily time step, to simulate water flow and nutrients
concentrations at the catchment scale. The catchment to be modelled may be divided into sub-
catchments which, in turn, are divided into land cover and soil type classes. The soil classes can
contain up to three layers. A detailed description of the model can be found in Lindstrom et al.
(2010) and on the HYPE wiki page (http://www.smhi.net’hype/wiki/doku.php). The HYPE model
has already been used in climate change impact studies (e.g. Arheimer and Lindstrom 2015).

3-3 Climate projections

The climate projections for daily precipitation and near surface air temperature used to force the
hydrological model are based on the CORDEX framework (Coordinated Regional Climate
Downscaling Experiment) (www.cordex.org). This framework has provided an ensemble of high-
resolution regional climate projections over several regions of the world for use in impact and
adaptation studies (Giorgi et al., 2009). The CORDEX projections were obtained by dynamical
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downscaling of a set of coarse global climate simulations made with different global climate
models (GCMs), with a set of regional climate models (RCMs), assuming various greenhouse gas
emission scenarios referred to as Representative Concentration Pathways (RCPs). The set of
global climate model simulations used within CORDEX are part of the fifth phase of the Climate
Model Inter-comparison Project (referred to as CMIPS), planned in support of the IPCC Fifth
Assessment Report. The RCPs correspond to prescribed greenhouse-gas concentration pathways
throughout the 21st century leading to different radiative forcing levels by the year 2100, relative
to pre-industrial conditions (see for instance Giorgi et al., 2009; Benestad et al., 2017). Two RCPs
emission scenarios are considered in this study in order to account for the uncertainty about future
emissions. The first one (RCP4.5) assumes a warming scenario with a stabilisation of radiative
forcing by the end of the 21st century at 4.5 W/m? and the second one (RCP8.5) represents very
high greenhouse gas emissions and assumes a radiative forcing by the end of 21st century at 8.5
W/m? which continues to rise after 2100. In this project, the climate projections are taken from the
European branch of CORDEX, EURO-CORDEX (www.euro-cordex.net) (Jacob et al., 2014), as
this region includes Iceland and is available at a very high horizontal resolution (0.11°, about 12.5
km).

The CORDEX projections consist of a historical period (1976-2005) and a projection period
(2006-2100) assuming a given RCP. The projections in the historical period (1976-2005) do not
correspond to the actual reality as it took place day after day but represent a possible realisation of
what could have taken place. Evaluation series driven by the European Centre for Medium-Range
Weather Forecasts (ECMWF) ERA-Interim reanalyses (Dee et al., 2011) and dynamically
downscaled with the selected RCMs are available for the 1981-2010 period and have been used in
this study to investigate the intrinsic quality of these RCMs.

Tables 2 and 3 present the GCMs and RCMs used in this study. The two selected GCMs are those
suggested by Gosseling (2017) as the best GCMs for the Icelandic domain, namely MOHC-
HadGEM2-ES and MPI-ESM-LR. Each CORDEX projection is considered equally likely.
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Table 2: List of CORDEX GCMs and RCMs

Model Type Institution Reference
ERA-Interim Reanalysis | ECMWF Dee et al. (2011)
MOHC-HadGEM2-ES GCM Met Office Hadley Centre Jones et al. (2011)
MPI-ESM-LR GCM ESM of the Max-Planck- Giorgetta et al. (2013)

Institut fur Meteorologie
CCLM4-8-17 RCM CLMcom Rockel et al. (2008)
RCA4 RCM SMHI Kupiainen et al. (2011)
Samuelsson et al. (2011)
RACMO22E RCM KNMI van Meijgaard et al.
(2012)
REMO2009 RCM MPI-CSC Jacob et al. (2012)

Table 3: List of CORDEX GCM-RCM combinations and emission scenarios (RCP)

RCP RCM
CCLM4-8-17 RCA4 RACMO22E REMO2009
ERA-Interim (evaluation) X X X X
Forcing | MOHC-HadGEM2-ES RCP4.5 & X X X
GCM RCP8.5
MPI-ESM-LR RCP4.5 & X X X
RCP8.5
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3-4 Reference climate data

Daily precipitation and 2m-temperature from the high-resolution (2.5 km) ICRA climate
reanalysis (Nawri et al., 2017) produced by Vedurstofa Islands constitute the historical
meteorological data of reference (1981-2017) used 1) as input to calibrate the HYPE hydrological
model ii) to verify the credibility of the CORDEX climate projections in the historical period and
ii1) to statistically bias-correct the CORDEX climate projections prior to use them as input to the
hydrological model.

3-5 Hydrological data

Daily-averaged discharge series from three gauging stations monitored by Vedurstofa fslands (Fig.
1) were used to calibrate HYPE and verify the credibility of the simulated streamflow series in the
historical period when the hydrological model was forced with the CORDEX climate projections.

3-6 Other data

The hydrological modelling with HYPE requires the use of a land cover map and a soil map. The
Corine Land Cover data updated for the reference year 2012 (Arnason and Matthiasson, 2017)
were used and obtained from the download page of the National Land Survey of Iceland. The soil
map of Iceland compiled by the Agricultural University of Iceland (Arnalds and Oskarsson, 2009;
Arnalds, 2015) was used and downloaded from http://rangarvellir.ru.is. A digital elevation model
(DEM) with resolution 10m obtained from ArcticDEM (Porter et al., 2018) was used for the
delineation of the catchments and sub-catchments borders and extraction of various hydrologic
and physiographic information. A DEM with resolution 10m obtained from the download page of
the National Land Survey of Iceland (http://atlas.Imi.is/LmiData/) was used to calculate the
average elevation of the catchments (cf. Table 1). Additional information about coastline, glaciers
and water bodies were also obtained from the download page of the National Land Survey of
Iceland. The delineation of the catchment borders and extraction of all required hydrologic and
physiographic information was done with QGIS.

3-7 Local bias-adjustment method

The CORDEX daily precipitation and air temperature projections have been locally adjusted prior
to be used as input to the hydrological model. This adjustment is necessary in order to correct
systematic biases and guaranty consistency between the climate projections and the ICRA
reference climate used in the calibration of the HYPE model. The local adjustment was based on
quantile mapping (QM) (Gudmundsson et al. 2012; Gudmundsson 2016), which is a distribution-
based adjustment method. A specific QM adjustment was defined for each month. The adjustment
coefficients were estimated by comparing the CORDEX climate series to the ICRA climate
reanalysis in the common 1981-2005 period. The adjustment was then applied to the entire
projection period (1976-2100).
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4 Calibration and validation of the hydrological model

For the hydrological modelling with HYPE, the Svart4 catchment (vhm10) was divided into three
sub-basins, the Laxa catchment (vhm74) was divided into two sub-basins and the Fnjoska
catchment (vhm200) was divided into four sub-basins.

The HYPE model parameters were inferred through optimisation using the PEST software
package (Doherty, 2021). The CMA-ES global optimisation scheme, which stands for “covariance
matrix adaptation - evolutionary strategy” was considered, using the Nash-Sutcliffe (NSE)
efficiency criterion (Nash and Sutcliffe 1970) between observed and simulated discharges as the
objective function. In order to deal with the uncertainty of model parameters, the calibration was
performed over two consecutive periods of similar duration, leading to two best performing
parameter sets and therefore two simulated discharge series for each model and catchment. Note
that among the optimised parameters, a correction for precipitation was included. This means that
after passage into the hydrological model, the output precipitation series will be differently
modified depending on the associated parameter set.

The validation was then performed for different periods. Tables 4 to 7 summarise the results of the
daily discharge simulations for the different calibration/validation periods (water years). Figs. 2 to
8 present the results for the longest validation period. The criteria are i) the NSE and ii) the
percent bias (RE):

El (Qsimi-Qobsi)2
NSE=1 — — (1)

'21 (Qobsi—E[Qobs] )2
=

El (Qsimi-Qobsi)
RE(%)=100 x ———— ()
E:l Qobs;

I

where Qobs and QOsim denote observed and simulated discharge respectively and » the number of
days. The NSE criterion can take values ranging from —oo to 1. A value lower than 0 means that the
HYPE discharge simulations are worst than an estimate derived from the mean of the observations
(E[Qobs]), a value of 0 means that the HYPE simulations are as accurate as an estimate derived
from the mean of the observations, a value greater than 0 means that the HYPE simulations are
better than an estimate derived from the mean of the observations and a value of 1 corresponds to
a perfect simulation of observed discharges.

The overall NSE and RE criteria were calculated using all available daily discharge observations
in each validation period whereas the annual NSE was only calculated in water years for which
daily discharge observations were available in more than 300 days.
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* Daily discharge simulations
» Svarta catchment (vhm10)

The HYPE model calibrated in the two different periods performs reasonably well with respect to
NSE in the different validation periods. A negative bias is often observed but the percent bias is in
most cases within £12.5 %. The seasonality of mean daily flow in the period 1981-2016 is also
reasonably well reproduced.

* Fnjoska catchment (vhm200)

The HYPE model performs reasonably well with respect to NSE but there is some lack of
consistency when the simulations made with the two parameter sets are compared in the validation
periods 1996-2002 and 2003-2009. The streamflow simulations are reasonably unbiased on
average in most validation periods and the percent bias is within +5 %. The seasonality of mean
daily flow in the water years 1981-2016 is reasonably well reproduced but some over-estimation is
observed in Sep-Oct-Nov with both HYPE simulations.

* Laxa catchment (vhm74)

The HYPE model performs reasonably well with respect to NSE and the streamflow simulations
are unbiased on average. The seasonality of mean daily flow in the period 2006-2016 is also
reasonably well reproduced.

* Annual Maximum Floods (AMFs)

The plots of the magnitude versus occurrence day of AMFs are shown in Figs. 6 to 8 and
Appendix 1 presents the plots of the simulated vs. observed magnitude of AMFs. The catchments
experience AMFs in different seasons, associated with different underlying generating
mechanisms (rainfall, snowmelt, combined rainfall and snowmelt). AMFs occurring in spring are
expected to be primarily generated by snowmelt, sometimes combined with rain. AMFs occurring
in summer and autumn are expected to be primarily generated by rainfall, sometimes combined
with snowmelt. AMFs occurring in winter are expected to be generated by a combination of
rainfall and snowmelt. In the Svartd catchment (vhm10), a large majority of AMFs occurred in
spring and a few in winter. In the Fnjoska catchment (vhm200), AMFs occurred in spring and
early summer. In the Laxa catchment (vhm74), the majority of AMFs occurred from late summer
to autumn and a few in winter.

Overall, the seasonality of the timing of AMFs is reasonably well reproduced by the HYPE
simulations in all three catchments, meaning that the different types of AMFs are usually
simulated with the correct proportions by the model calibrated in the two different periods. Note
however that AMFs occurring in winter are sometimes difficult to detect correctly in the Svarta
catchment.
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In the Svartd catchment (vhm10), the magnitude of AMFs is reasonably well simulated when the
HYPE model is calibrated in the 1996-2002 period and a tendency towards an underestimation of
the magnitude of AMFs is observed when HYPE is calibrated in the 2003-2009 period. In the
Fnjoska catchment (vhm200), the magnitude of AMFs is reasonably well simulated but the most
extremes AMFs are underestimated by both model simulations. In the Lax4 catchment (vhm74),
the magnitude of AMFs tends to be underestimated by both model simulations.

e Conclusion

The HYPE hydrological model reproduces the observed daily streamflow characteristics
reasonably well. The performances of the model simulations in the validation periods are usually
consistent with their performances in the calibration periods but some fluctuations in the results
were observed in the Fnjoska catchment, which could be related to a lack of robustness in model
parameters when applied in periods with hydro-climatic conditions significantly different from
those encountered in the calibration period. Therefore, the use of two parameter sets obtained from
different calibration periods is expected to provide more reliable hydrological simulations than if
one parameter set only was used. The robustness of hydrological model parameters for climate
change impact studies is an important issue (see e.g. Brigode et al. 2013; Vormoor et al. 2015).
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Table 4: Catchment vhm10 (Svartd): Calibration and validation results for a daily time step (text in

bold indicates when the calibration and validation periods are the same).

vhm10 HYPE

Calibration period Calibration period

1996-2002 2003-2009

Validation period: NSE RE (%) NSE RE (%)
1981-2016 0.699 -1.39 0.675 -8.2
1981-1995 0.726 -5.8 0.685 -12.5
1996-2002 0.693 -1.12 0.613 -7.69
2003-2009 0.652 9 0.702 1.9
2010-2016 0.648 -1.95 0.703 -8.94

Table 5: Catchment vhm200 (Fnjoska): Calibration and validation results for a daily time step

(text in bold indicates when the calibration and validation periods are the same).

vhm200 HYPE

Calibration period Calibration period

1996-2002 2003-2009

Validation period: NSE RE (%) NSE RE (%)
1981-2016 0.73 -2.1 0.702 0.33
1981-1995 0.742 -1.02 0.699 0.56
1996-2002 0.713 -0.71 0.579 2.02
2003-2009 0.589 -4.06 0.775 -0.18
2010-2016 0.783 -3.36 0.758 -1.11
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Table 6: Catchment vhm74 (Laxd): Calibration and validation results for a daily time step (text in
bold indicates when the calibration and validation periods are the same).

vhm74 HYPE
Calibration period Calibration period
2006-2011 2012-2016
Validation period: NSE RE (%) NSE RE (%)
2006-2016 0.701 -0.83 0.715 -0.32
2006-2011 0.688 -0.39 0.675 0.1
2012-2016 0.715 -1.28 0.758 -0.75

Table 7: Annual NSE statistics for water years with more than 300 valid discharge observations.
Validation results for a daily time step.

HYPE

vhm10 Calibration period Calibration period
(1981-2016) 1996-2002 2003-2009
NSE min 0.34 0.262

NSE median 0.674 0.662

NSE max 0.853 0.813
vhm200 Calibration period Calibration period
(1981-2016) 1996-2002 2003-2009
NSE min 0.225 -0.05

NSE median 0.719 0.674

NSE max 0.903 0.883
vhm74 Calibration period Calibration period
(2006-2016) 2006-2011 2012-2016
NSE min 0.52 0.583

NSE median 0.654 0.678

NSE max 0.838 0.864
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1981-2016. Top: HYPE with parameter set calibrated in 1996-2002. Bottom: HYPE with

parameter set calibrated in 2003-2009.
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5 EURO-CORDEX climate projections

The ICRA and CORDEX precipitation and temperature series were first area-averaged over each
sub-basin (see Section 4 above) and a specific QM-based adjustment calculated for each sub-
basin, as in Crochet (2020, 2021). Note that for precipitation, the original ICRA data were used to
define the QM adjustment coefficients, not the corrected ICRA-precipitation after passage in the
hydrological model. Therefore, the results presented below correspond to the original ICRA
temperature and precipitation data and the corresponding QM-adjusted CORDEX projections,
before their passage into the hydrological model. After passage into the hydrological model, the
ICRA and QM-adjusted CORDEX precipitation series will be further corrected according to a
specific correction parameter that depends on each associated parameter set (these results will be
presented in Section 6).

5-1 RCMs evaluation and skill of the local bias-adjustment method

In order to evaluate the intrinsic quality of the different RCMs (see Tables 2 and 3) and the skill of
the quantile mapping (QM) method at removing local biases, a comparison was made between the
ICRA reanalysis and the CORDEX evaluation series obtained by dynamical downscaling of ERA-
interim reanalyses with the selected RCMs. The CORDEX evaluation series are synchronised with
observed climate, making a direct comparison with ICRA reanalysis possible. QM-based
adjustment coefficients were defined by comparing ICRA data in the 1981-2010 period to the
CORDEX evaluation series in the available period (1981-2010 or 1989-2008, depending on the
RCM). Only results related to daily temperature and precipitation area-averaged over the entire
catchment are presented.

The following evaluation statistics were calculated in the period 1989-2008 common to all daily
temperature and precipitation evaluation series:

Mean error: ME=E[CORDEX-ICRA] 3)

Root-mean-square error: RMSE= / E[(CORDEX-ICRA)’] 4)

5-1-1 Temperature

The seasonality of ME and RMSE before and after local bias-adjustment by QM is presented in
Appendix 2. The CCLM-4-8-17 evaluation series display a positive temperature bias in all three
catchments in spring/summer and are relatively unbiased in other months. The REMO2009
evaluation series display a positive temperature bias in all three catchments in spring/summer and
are slightly negatively biased in autumn/winter except in the Laxa catchment (vhm74) where the
bias is positive in all months. The RCA4 evaluation series are negatively biased in most months in
the Svartd (vhm10) and Fnjoska (vhm200) catchments and unbiased in the Laxa catchment
(vhm74). The RACMO22E evaluation series are negatively biased in a majority of months and all
three catchments. These biases are partly related to differences between the ICRA and CORDEX
terrain elevations caused by a difference of spatial resolutions. Quantile mapping eliminates the
bias, on average, and reduces RMSE in months where ME was large. After bias-correction, the
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different evaluation series are relatively similar in terms of RMSE, with an advantage for
CCLM-4-8-17.

5-1-2 Precipitation

The seasonality of ME and RMSE before and after local bias-adjustment by QM is presented in
Appendix 3. The results vary with the catchments and RCMs. The biases are usually not of a
systematic nature as for temperature and the scatter plots indicate either over- or under-estimation
depending on the days (not shown). For the Svartd catchment (vhml0), three RCMs
(CCLM-4-8-17, RCA4 and RACMO22E) behave similarly with a positive bias on average in
autumn/winter and a negative bias on average in summer while REMO2009 is relatively unbiased
on average in most months. Precipitation over the Fnjoska catchment (vhm200) tends to be
underestimated on average with REMO2009 and is relatively unbiased on average with the other
three RCMs. Precipitation over the Lax4 catchment (vhm74) tends to be underestimated on
average in most months with RCA4 and in autumn/winter with CCLM-4-8-17, unbiased with
RACMO22E and overestimated in autumn/winter with REMO2009. Quantile mapping eliminates
the bias, on average and either reduces RMSE, when the bias is large and systematic, or keeps it
similar to its original level or even increase it slightly, when the bias is low or not systematic.
Overall, the different bias-corrected evaluation series are relatively similar in terms of RMSE and
no RCM dominates in all months and catchments.

5-2 Climate projections

Comparisons between CORDEX climate projections and ICRA reference climate in the
1981-2010 period confirms 1) the presence of biases in the original CORDEX temperature and
precipitation series and ii) the efficiency of the QM adjustment method at eliminating these biases
on average (see Appendix 4 and 5). The biases depend both on the RCM and the driving GCM.
After local bias-adjustment, a temporal trend test based on ordinary least squares linear regression
was applied to catchment-averaged monthly temperature and precipitation projections in the
1981-2100 period and the significance of the trend estimated at a 5% significance level (p value
lower than 0.05).

5-2-1 Temperature trends

A significant warming is projected in all months and catchments, more or less pronounced
according to the emission scenario and the month under consideration (see Table 8). On average
over all months and catchments, a warming rate of 0.295°C/decade is projected with the RCP4.5
emission scenario and 0.473°C/decade with the RCP8.5 emission scenario. The lowest warming
rate is projected in the Laxa catchment (vhm74) and the largest one is projected in the Fnjoska
catchment (vhm200). The warming rate is usually larger for scenarios driven by HadGEM2ES
GCM than for those driven by MPI-ESM—LR GCM (not shown). Note also that the warming rate
estimated from the locally-adjusted temperature series is systematically greater than the one
derived from the original temperature series, especially for the Fnjoska catchment and the RCP8.5
emission scenario.
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In addition to the presence of long-term trends, oscillations are observed in the temperature series
reflecting natural climate variability (not shown). The locally-adjusted temperature series are more
or less grouped according to the driving GCM and the two groups of projections do not
necessarily vary in phase with each other. The projected warming in the 21st century is also well
reflected in the evolution of the mean temperature cycle (see Appendix 6).

5-2-2 Precipitation trends

Monthly precipitation projections do not exhibit any significant linear trend in most months and
catchments (see Table 9). The main features characterising the variability of monthly precipitation
projections are decadal to multi-decadal oscillations, especially in autumn-winter, corresponding
to a succession of “wet” and “dry” periods. These oscillations are characteristic of the natural
variability of precipitation in the Icelandic domain (see for instance Crochet, 2007). The
oscillations often depend on the driving GCM and the two groups of precipitation projections
driven by the two GCMs do not always vary in phase with each other. The fact that no consistent
linear precipitation trend is detected in a majority of projections for a given month does not mean
that no significant change is affecting precipitation in some particular periods. Changes in 30-year
mean annual and seasonal precipitation are studied in Section 6 using the Mann-Whitney test.

To illustrate the temporal variability of precipitation, Appendix 7 presents the time-series of
locally-adjusted monthly precipitation in February, June and October for the RCP4.5 scenario. A
5-year moving average was applied to the monthly series in order to make the oscillations appear
more clearly. Similar results were observed for the RCP8.5 scenario (not shown).
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Table 8: Ensemble average warming rate in degree Celsius/decade estimated from the locally-
adjusted monthly temperature series (1981-2100). All six ensemble members display a statistically
significant trend (slope of the linear regression statistically different from zero at the 5% level).
The average warming rate estimated from the original temperature series before local bias-
adjustment is also given for comparison (Mean DMO).

Month vhm10 vhm200 vhm74
RCP4.5 |[RCP85 |RCP4.5 |RCP8.5 |RCP4.5 |RCPS8.5
Jan 0.30 0.40 0.30 0.42 0.27 0.33
Feb 0.29 0.44 0.29 0.46 0.25 0.41
Mar 0.30 0.46 0.29 0.46 0.28 0.40
Apr 0.28 0.44 0.27 0.43 0.25 0.34
May 0.32 0.50 0.30 0.52 0.24 0.34
Jun 0.30 0.45 0.40 0.70 0.24 0.38
Jul 0.31 0.54 0.44 0.75 0.24 0.46
Agu 0.28 0.51 0.44 0.78 0.27 0.58
Sep 0.29 0.46 0.37 0.58 0.24 0.42
Oct 0.33 0.50 0.38 0.58 0.25 0.38
Nov 0.26 0.46 0.30 0.52 0.22 0.34
Dec 0.27 0.44 0.31 0.49 0.25 0.38
Mean 0.294 0.467 0.339 0.556 0.251 0.397
Mean 0.28 0.430 0.290 0.466 0.230 0.350
DMO
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Table 9: Locally-adjusted monthly precipitation projections (1981-2100): Average trend (mm/day /
decade) when more than 50% of the six ensemble members have a statistically significant trend
(slope of the linear regression statistically different from zero at the 5% level). Number of

members with a significant trend is given in brackets.

Month vhm10 vhm200 vhm74
RCP4.5 RCP8.5 RCP4.5 RCP8.5 RCP4.5 RCP8.5

Jan |/ / / /
Feb |/ / / /
Mar |/ / / /
Apr |/ / / /
May |/ / / /
Jun |/ / / /

Jul |/ / / /
Agu |/ 0.1(5) / /
Sep [0.08 (5) 0.11 (6) / /
Oct |/ / / /
Nov |/ / / /
Dec |/ / / 0.13 (4) /
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6 Hydrological projections

An ensemble of twelve daily hydrological projections was obtained for the period 1981-2100 and
each emission scenario, by forcing the HYPE model with the ensemble of locally-adjusted
CORDEX daily precipitation and temperature projections (six climate projections x two HYPE
parameter sets).

6-1 Comparison with reference hydrological series

In order to evaluate the skill of the quantile mapping method used to locally adjust the CORDEX
precipitation and temperature projections and how the adjustment is propagated into the modelling
chain, the hydrological series obtained by forcing HYPE with the CORDEX projections in the
reference period (1981-2010) were compared to the reference series obtained by forcing HYPE
with the ICRA reanalysis in the same period. Figs 9 to 11 present the seasonality of mean daily
discharge and snow storage (snow water equivalent, SWE). Appendix 8 presents the comparisons
of the seasonal frequencies of occurrence of AMFs and the comparisons of the empirical
frequency distributions of the magnitude of AMFs. The hydrological projections are identical in
the 1981-2005 historical period but differ thereafter because the CORDEX RCPs 4.5 and 8.5
emission scenarios differ, hence results from the two RCPs are presented together with the results
from the evaluation series.

The current streamflow seasonality of the Svartd and Fnjoska catchments is governed by the
seasonality of snow accumulation and melt, leading to a strong contrast between low flows in
winter when snow accumulates and high flows in spring when snow melts, whereas the Laxa
catchment has a more mixed rainfall/snowmelt regime with high flows in autumn due to rainfall
and high flows in spring due to snowmelt. The seasonality of mean daily flow and SWE
projections in the 1981-2010 reference period offers a reliable estimation of the seasonality of the
reference mean daily flow and SWE in that period. The seasonal frequencies of occurrence of
AMFs and the empirical frequency distributions of the magnitude of AMFs are usually reasonably
well reproduced when the HYPE hydrological model is forced with the locally-adjusted CORDEX
projections in the reference period (1981-2010), although some overestimation in the magnitude of
AMFs is observed for the Laxa catchment (vhm74). The spread of the ensembles reflects the
uncertainties associated with the climate projections, their local-adjustment, and the hydrological
model parameterisation. Overall, these results can be considered as a reasonable proof of
credibility of the local-adjustment method applied to the CORDEX climate projections and its
transmission into the modelling chain. It is assumed in the rest of the study that the local-
adjustments of CORDEX precipitation and air temperature by quantile mapping hold for the entire
projection period and that the HYPE parameter sets are sufficiently robust to be transferable over
the entire projection period.
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Fig. 9: Svarta catchment (vhm10): Mean daily snow storage (SWE) (left panel) and river discharge (right
panel). Estimations derived from the HYPE hydrological model forced with the ICRA reanalysis (blue line)
and with the locally-adjusted CORDEX projections (grey lines) in the 1989-2007 period (evaluation series)
and 1981-2010 period (RCPs 4.5 & 8.5). The ensemble median of the mean daily projections is coloured in
red. HYPE model forced with CORDEX evaluation series (top), CORDEX RCP4.5 series (middle),
CORDEX RCP8.5 series (bottom). The day=1 for October 1st and 365 for September 30th.
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Fig. 10: Fnjoska catchment (vhm200): Mean daily snow storage (SWE) (left panel) and river discharge
(right panel). Estimations derived from the HYPE hydrological model forced with the ICRA reanalysis
(blue line) and with the locally-adjusted CORDEX projections (grey lines) in the 1989-2007 period
(evaluation series) and 1981-2010 period (RCPs 4.5 & 8.5). The ensemble median of the mean daily
projections is coloured in red. HYPE model forced with CORDEX evaluation series (top), CORDEX
RCP4.5 series (middle), CORDEX RCP8.5 series (bottom). The day=1 for October 1st and 365 for
September 30th.
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Fig. 11: Laxa catchment (vhm74): Mean daily snow storage (SWE) (left panel) and river discharge (right
panel). Estimations derived from the HYPE hydrological model forced with the ICRA reanalysis (blue line)
and with the locally-adjusted CORDEX projections (grey lines) in the 1989-2007 period (evaluation series)
and 1981-2010 period (RCPs 4.5 & 8.5). The ensemble median of the mean daily projections is coloured in
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6-2 Hydrological response to projected climate change

This section examines the hydrological impact of projected climate change in the 21st century.

6-2-1 Changes in mean daily flow and snow storage

Projected changes in the seasonality of mean daily snow storage and river discharge are presented
in Figs. 12 to 23. First the evolution of the ensemble median is presented for all 30-year periods
and then detailed results with all the ensemble members are presented for two periods: near future
(2021-2050) and far future (2071-2100). The spread of the ensemble provides an estimate of the
overall uncertainty associated with these projections. The percentage of days in the water year for
which the mean daily snow storage or discharge ensembles differ significantly between the
reference (1981-2010) and future periods is also indicated for these two periods.

The three river catchments are found to respond to projected climate change and in particular to
warming. As the projection horizon increases, the rise in temperatures (see Appendix 6) gradually
leads to shorter snow seasons combined with less snow storage. By the end of the 21st century, the
mean daily snowpack is projected to drastically shrink in all three catchments, especially under the
RCP8.5 emission scenario.

In the reference period, the hydrological regimes of the Svartd and Fnjoskd catchments are
strongly influenced by the seasonality of snow accumulation and melt, leading to a strong contrast
between low flows in winter when snow accumulates, and high flows in spring when snow melts,
whereas the Laxa catchment has a more mixed rainfall/snowmelt regime with high flows in
autumn due to rainfall, and high flows in spring due to snowmelt. As a result, a well defined peak
of mean daily discharge caused by snowmelt-induced runoff can be observed in May/June in the
three catchments. As the projection horizon increases, the mean daily flow pattern of the three
catchments is projected to change. Mean daily discharge is mainly projected to increase from
October to April in the Svarta and Fnjoska catchments, likely because the number of rainfall and/
or snowmelt events is increasing with the projected warming, whilst the evolution is more variable
in Laxa. In May, mean daily discharge either experiences an increase or decrease depending on the
day of the month, projection horizon and catchment, likely in relation to snowmelt changes. The
peak of mean daily discharge in May/June is projected to gradually decrease and shift earlier in the
three catchments and eventually disappear in the Laxa catchment, because of the projected snow
storage reduction. Mean daily discharge is projected to decrease in June and July in the three
catchments in relation to the snow storage reduction whilst the evolution in August and September
is more variable, depending on the catchment, period and emission scenario. A period of low flow
is developing towards the end of the century, from ca. May/June to July/August, depending on the
catchment, because snowmelt contribution to streamflow is strongly reduced. The largest relative
changes in mean daily discharge are usually projected in June/July in the three catchments
(median reduction of -50% or more by the end of the century), caused by the reduction in snow
storage and subsequent decrease in snowmelt, and in winter (median increase of more than +50%,
towards the end of the century) likely caused by an increase in the number of rainfall and
snowmelt events. The larger warming projected with the RCP8.5 scenario also leads to larger
changes in snow storage and streamflow seasonality than the RCP4.5 scenario.
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Fig. 12: Svarta catchment (vhm10): Ensemble median of the projected seasonality of mean daily
snow storage (SWE) under the RCP4.5 emission scenario (top) and RCP8.5 emission scenario
(bottom). Each colour corresponds to a 30-year period: from dark blue (1981-2010) to red

(2071-2100). The day=1 for October 1st and 365 for September 30th.
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Fig. 13: Svarta catchment (vhm10): Ensemble median of the projected seasonality of mean daily
discharge (top-panel) and percent change in the ensemble median of mean daily discharge relative
to the reference period 1981-2010 (bottom-panel). Left-panel: RCP4.5 emission scenario. Right-
panel: RCP8.5 emission scenario. Each colour corresponds to a 30-year period: from dark blue
(1981-2010) to red (2071-2100). The day=1 for October 1st and 365 for September 30th.
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Fig. 14: Svarta catchment (vhm10): Projected seasonality of mean daily snow storage (SWE) under the
RCP4.5 emission scenario (left-panel) and the RCP8.5 emission scenario (right-panel). Projection periods:
2021-2050 (top-panel) and 2071-2100 (bottom-panel). Individual ensemble members are coloured in grey.
The ensemble median in each projection period is coloured in red for days when the Mann-Whitney test
detected a significant shift in the mean daily snow storage ensemble, compared to the reference period
(1981-2010) and yellow otherwise. The ensemble median in the reference period is shown in blue. The
percentage of days in the water year when a significant shift in mean daily snow storage is detected by the
Mann-Whitney test is also indicated. The day=1 for October 1st and 365 for September 30th.
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Fig. 15: Svartd catchment (vhm10): Projected seasonality of mean daily discharge under the RCP4.5
emission scenario (left-panel) and the RCPS8.5 emission scenario (right-panel). Projection periods:
2021-2050 (top-panel) and 2071-2100 (bottom-panel). Individual ensemble members are coloured in grey.
The ensemble median in each projection period is coloured in red for days when the Mann-Whitney test
detected a significant shift in the mean daily discharge ensemble, compared to the reference period
(1981-2010) and yellow otherwise. The ensemble median in the reference period is shown in blue. The
percentage of days in the water year when a significant shift in mean daily discharge is detected by the
Mann-Whitney test is also indicated. The day=1 for October 1st and 365 for September 30th.
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(2071-2100). The day=1 for October 1st and 365 for September 30th.
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Fig. 17: Fnjoska catchment (vhm200): Ensemble median of the projected seasonality of mean
daily discharge (top-panel) and percent change in the ensemble median of mean daily discharge
relative to the reference period 1981-2010 (bottom-panel). Left-panel: RCP4.5 emission scenario.
Right-panel: RCP8.5 emission scenario. Each colour corresponds to a 30-year period: from dark
blue (1981-2010) to red (2071-2100). The day=1 for October 1st and 365 for September 30th.
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Fig. 18: Fnjoska catchment (vhm200): Projected seasonality of mean daily snow storage (SWE) under the
RCP4.5 emission scenario (left-panel) and the RCP8.5 emission scenario (right-panel). Projection periods:
2021-2050 (top-panel) and 2071-2100 (bottom-panel). Individual ensemble members are coloured in grey.
The ensemble median in each projection period is coloured in red for days when the Mann-Whitney test
detected a significant shift in the mean daily snow storage ensemble, compared to the reference period
(1981-2010) and yellow otherwise. The ensemble median in the reference period is shown in blue. The
percentage of days in the water year when a significant shift in mean daily snow storage is detected by the
Mann-Whitney test is also indicated. The day=1 for October 1st and 365 for September 30th.
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Fig. 19: Fnjoska catchment (vhm200): Projected seasonality of mean daily discharge under the RCP4.5
emission scenario (left-panel) and the RCPS8.5 emission scenario (right-panel). Projection periods:
2021-2050 (top-panel) and 2071-2100 (bottom-panel). Individual ensemble members are coloured in grey.
The ensemble median in each projection period is coloured in red for days when the Mann-Whitney test
detected a significant shift in the mean daily discharge ensemble, compared to the reference period
(1981-2010) and yellow otherwise. The ensemble median in the reference period is shown in blue. The
percentage of days in the water year when a significant shift in mean daily discharge is detected by the
Mann-Whitney test is also indicated. The day=1 for October 1st and 365 for September 30th.
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Fig. 20: Laxa catchment (vhm74): Ensemble median of the projected seasonality of mean daily
snow storage (SWE) under the RCP4.5 emission scenario (top) and RCP8.5 emission scenario
(bottom). Each colour corresponds to a 30-year period: from dark blue (1981-2010) to red
(2071-2100). The day=1 for October Ist and 365 for September 30th.
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Fig. 21: Laxa catchment (vhm74): Ensemble median of the projected seasonality of mean daily
discharge (top-panel) and percent change in the ensemble median of mean daily discharge relative
to the reference period 1981-2010 (bottom-panel). Left-panel: RCP4.5 emission scenario. Right-
panel: RCP8.5 emission scenario. Each colour corresponds to a 30-year period: from dark blue
(1981-2010) to red (2071-2100). The day=1 for October 1st and 365 for September 30th.
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Fig. 22: Laxa catchment (vhm74): Projected seasonality of mean daily snow storage (SWE) under the
RCP4.5 emission scenario (left-panel) and the RCP8.5 emission scenario (right-panel). Projection periods:
2021-2050 (top-panel) and 2071-2100 (bottom-panel). Individual ensemble members are coloured in grey.
The ensemble median in each projection period is coloured in red for days when the Mann-Whitney test
detected a significant shift in the mean daily snow storage ensemble, compared to the reference period
(1981-2010) and yellow otherwise. The ensemble median in the reference period is shown in blue. The
percentage of days in the water year when a significant shift in mean daily snow storage is detected by the
Mann-Whitney test is also indicated. The day=1 for October 1st and 365 for September 30th.
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Fig. 23: Laxd catchment (vhm74): Projected seasonality of mean daily discharge under the RCP4.5
emission scenario (left-panel) and the RCP8.5 emission scenario (right-panel). Projection periods:
2021-2050 (top-panel) and 2071-2100 (bottom-panel). Individual ensemble members are coloured in grey.
The ensemble median in each projection period is coloured in red for days when the Mann-Whitney test
detected a significant shift in the mean daily discharge ensemble, compared to the reference period
(1981-2010) and yellow otherwise. The ensemble median in the reference period is shown in blue. The
percentage of days in the water year when a significant shift in mean daily discharge is detected by the
Mann-Whitney test is also indicated. The day=1 for October 1st and 365 for September 30th.
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6-2-2 Changes in mean annual and seasonal hydro-climatic characteristics

In order to obtain a more integrated view on the temporal evolution of the hydrological response
to projected climate change and some insights into the mechanisms behind these changes, the
ensembles of 30-year mean annual and seasonal flow projections were analysed with the
corresponding ensembles of 30-year mean annual and seasonal temperature, precipitation, rainfall,
snowfall and snowmelt projections. Projected changes between reference and future periods are
presented in Figs. 24 to 53. For temperature, the changes are given in degree Celsius (future minus
reference) and for the other indicators, the changes are given in percent relative to the
corresponding reference (100*(future minus reference)/reference). The plots also show results
from the one-sided Mann-Whitney tests used to compare the 30-year mean ensembles of each
hydro-climatic indicator between the reference and future periods (see Methodology in Section
3-1). The analysis below summarises the results.

* Svarta catchment (vhm10)

- Mean annual and seasonal surface air temperatures are projected to steadily rise along the
21st century. A median warming of about 2.5°C to 2.7°C is projected from 1981-2010 to
2071-2100 under the RCP4.5 scenario and about 3.8°C to 4.5°C under the RCP8.5 scenario,
depending on the season (see also Table 8).

- Mean annual precipitation projections fluctuate and remain close to their reference level
until 2011-2040 under the RCP4.5 scenario and thereafter, a significant but moderate
increase, not exceeding a median value of 10%, is projected. For the RCP8.5 scenario,
results indicate a significant increase in mean annual precipitation along most of the century,
reaching a median value of about 15%. The increase in mean annual precipitation is mainly
driven by the projected mean precipitation increase in JAS. In that season, the largest median
increases projected along the 21st century are estimated at about 25% with the RCP4.5
scenario and about 30% with the RCPS8.5 scenario. A significant increase in mean
precipitation is also projected in OND under the RCP8.5 scenario in a majority of projection
periods and reaches a median value of about 20% in 2071-2100. Mean seasonal precipitation
is not projected to change significantly in OND under the RCP4.5 scenario, and in JFM and
AMJ under both emission scenarios, either because the ensemble spread is large and with a
lack of consensus regarding the direction of change, making the outcome uncertain, or
because the projections fluctuate closely around their reference level.

- The rise in temperature has an impact on the fractions of seasonal precipitation falling as
rain or snow. As a result, mean seasonal rainfall is projected to increase more or less
gradually whereas mean seasonal snowfall is projected to decrease more or less gradually,
along the projection horizon. These changes concern all seasons and a majority of projection
periods, therefore, the annual means are impacted as well. The largest median relative
increases in mean seasonal rainfall are projected in OND and JFM, in 2071-2100 (about 80%
in OND and 90% in JFM with the RCP4.5 scenario, and about 150% in OND and 130% in
JFM with the RCP8.5 scenario).
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- The decrease in mean annual snowfall resulting from the projected warming leads to a
reduction in snow storage (cf. Fig. 12) which, in turn, leads to a decrease in mean annual
snowmelt. At the seasonal level, mean snowmelt variations are more complex: Results
indicate that mean seasonal snowmelt is projected to increase first, before returning close to
the reference level in OND, gradually increase in JFM and decrease in AMJ and JAS. The
changes are usually greater under the RCP8.5 emission scenario than under the RCP4.5
emission scenario because the projected warming is greater. The projected increase in mean
snowmelt in autumn/winter is likely caused by an increase in the number of warm spells
leading to intermittent snowmelt events and/or a shift earlier in the onset of the snowmelt
season, whereas the projected decrease in mean snowmelt in spring/summer is owing to the
projected snow storage depletion caused by the projected decrease in seasonal snowfall and
the increased number of snowmelt events in winter destabilising the build-up of the
snowpack.

- Unlike mean annual precipitation, mean annual flow is not projected to change significantly
along the 21st century under the RCP4.5 emission scenario and the median change remains
close to zero percent. Similar results are projected under the RCP8.5 emission scenario
except that a moderate mean annual flow increase is projected in some periods. The spread
of the ensemble increases with the projection horizon under both emission scenarios. Note
that increased evapotranspiration (not shown) caused by rising temperatures counteracts the
increase in mean annual precipitation and contributes to reduce mean annual flow. At the
seasonal level, the projections indicate a gradual increase in mean flow in OND and JFM,
caused by the projected increase in rainfall and snowmelt; A gradual decrease in mean flow
in AMJ, caused by the projected reduction in snowmelt not counteracted by increased
rainfall; No significant change in JAS under the RCP4.5 emission scenario, and a moderate
increase in mean flow under the RCP8.5 emission scenario in the second half of the
projection horizon, depending on the balance between the increase in rainfall, the decrease in
snowmelt and increased evapotranspiration (not shown). The changes in mean seasonal flow
in OND, JFM and AMJ are significant in a majority of projection periods. The changes are
usually more pronounced with the RCP8.5 emission scenario than the RCP4.5 emission
scenario because the projected warming is greater and its impact on the change in the phase
of precipitation and on snow storage larger. When significant, the largest mean flow changes
are usually projected towards the end of the 21st century, if the changes are gradual, or
possibly in some other future period, if they fluctuate. The largest median changes in mean
seasonal flow, projected along the 21st century, have the following values:

- RCP4.5: OND (about +15%), JFM (about +25%), AMJ (about -22%), JAS (about -2.5%)
- RCP8.5: OND (about +25%), JFM (about +35%), AMJ (about -30%), JAS (about +10%)
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Fig. 24: Svartad catchment (vhm10): Projected changes in 30-year mean annual temperature,
precipitation, rainfall, snowfall, snowmelt and river discharge under the RCP4.5 emission
scenario, relative to the 1981-2010 reference period. Ensemble members (grey lines) and
ensemble median (red line). The symbols on the ensemble median indicate whether the 30-year
mean is likely to increase or decrease significantly or remain unchanged in the future periods
compared to the reference period, according to the Mann-Whitney test (triangle point-up=increase;
triangle point down=decrease; open circle=no significant change).
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Fig. 25: Svartd catchment (vhm10): Projected changes in 30-year mean OND temperature,
precipitation, rainfall, snowfall, snowmelt and river discharge under the RCP4.5 emission
scenario, relative to the 1981-2010 reference period. Ensemble members (grey lines) and
ensemble median (red line). The symbols on the ensemble median indicate whether the 30-year
mean is likely to increase or decrease significantly or remain unchanged in the future periods
compared to the reference period, according to the Mann-Whitney test (triangle point-up=increase;
triangle point down=decrease; open circle=no significant change).
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Fig. 26: Svarta catchment (vhm10): Projected changes in 30-year mean JFM temperature,
precipitation, rainfall, snowfall, snowmelt and river discharge under the RCP4.5 emission
scenario, relative to the 1981-2010 reference period. Ensemble members (grey lines) and
ensemble median (red line). The symbols on the ensemble median indicate whether the 30-year
mean is likely to increase or decrease significantly or remain unchanged in the future periods
compared to the reference period, according to the Mann-Whitney test (triangle point-up=increase;
triangle point down=decrease; open circle=no significant change).
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Fig. 27: Svartd catchment (vhml0): Projected changes in 30-year mean AMJ temperature,
precipitation, rainfall, snowfall, snowmelt and river discharge under the RCP4.5 emission
scenario, relative to the 1981-2010 reference period. Ensemble members (grey lines) and
ensemble median (red line). The symbols on the ensemble median indicate whether the 30-year
mean is likely to increase or decrease significantly or remain unchanged in the future periods
compared to the reference period, according to the Mann-Whitney test (triangle point-up=increase;
triangle point down=decrease; open circle=no significant change).
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Fig. 28: Svartd catchment (vhml10): Projected changes in 30-year mean JAS temperature,
precipitation, rainfall, snowfall, snowmelt and river discharge under the RCP4.5 emission
scenario, relative to the 1981-2010 reference period. Ensemble members (grey lines) and
ensemble median (red line). The symbols on the ensemble median indicate whether the 30-year
mean is likely to increase or decrease significantly or remain unchanged in the future periods
compared to the reference period, according to the Mann-Whitney test (triangle point-up=increase;
triangle point down=decrease; open circle=no significant change).
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Fig. 29: Svartd catchment (vhm10): Projected changes in 30-year mean annual temperature,
precipitation, rainfall, snowfall, snowmelt and river discharge under the RCPS8.5 emission
scenario, relative to the 1981-2010 reference period. Ensemble members (grey lines) and
ensemble median (red line). The symbols on the ensemble median indicate whether the 30-year
mean is likely to increase or decrease significantly or remain unchanged in the future periods
compared to the reference period, according to the Mann-Whitney test (triangle point-up=increase;
triangle point down=decrease; open circle=no significant change).
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Fig. 30: Svartd catchment (vhml0): Projected changes in 30-year mean OND temperature,
precipitation, rainfall, snowfall, snowmelt and river discharge under the RCPS8.5 emission
scenario, relative to the 1981-2010 reference period. Ensemble members (grey lines) and
ensemble median (red line). The symbols on the ensemble median indicate whether the 30-year
mean is likely to increase or decrease significantly or remain unchanged in the future periods
compared to the reference period, according to the Mann-Whitney test (triangle point-up=increase;
triangle point down=decrease; open circle=no significant change).
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Fig. 31: Svartd catchment (vhml10): Projected changes in 30-year mean JFM temperature,
precipitation, rainfall, snowfall, snowmelt and river discharge under the RCPS8.5 emission
scenario, relative to the 1981-2010 reference period. Ensemble members (grey lines) and
ensemble median (red line). The symbols on the ensemble median indicate whether the 30-year
mean is likely to increase or decrease significantly or remain unchanged in the future periods
compared to the reference period, according to the Mann-Whitney test (triangle point-up=increase;
triangle point down=decrease; open circle=no significant change).
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Fig. 32: Svartd catchment (vhml0): Projected changes in 30-year mean AMJ temperature,
precipitation, rainfall, snowfall, snowmelt and river discharge under the RCPS8.5 emission
scenario, relative to the 1981-2010 reference period. Ensemble members (grey lines) and
ensemble median (red line). The symbols on the ensemble median indicate whether the 30-year
mean is likely to increase or decrease significantly or remain unchanged in the future periods
compared to the reference period, according to the Mann-Whitney test (triangle point-up=increase;
triangle point down=decrease; open circle=no significant change).
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Fig. 33: Svartd catchment (vhml0): Projected changes in 30-year mean JAS temperature,
precipitation, rainfall, snowfall, snowmelt and river discharge under the RCPS8.5 emission
scenario, relative to the 1981-2010 reference period. Ensemble members (grey lines) and
ensemble median (red line). The symbols on the ensemble median indicate whether the 30-year
mean is likely to increase or decrease significantly or remain unchanged in the future periods
compared to the reference period, according to the Mann-Whitney test (triangle point-up=increase;
triangle point down=decrease; open circle=no significant change).
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* Fnjoska catchment (vhm200)

- Mean annual and seasonal surface air temperatures are projected to increase along the 21st
century. A median warming of about 2.5°C to 3.2°C is projected from 1981-2010 to
2071-2100 under the RCP4.5 scenario and about 4°C to 6°C under the RCP8.5 scenario,
depending on the season (see also Table 8).

- Mean annual precipitation is projected to increase moderately under the RCP4.5 scenario,
and this increase reaches a median value of about 10% in 2071-2100. However, this increase
is not gradual but fluctuates. A more gradual but moderate mean annual precipitation
increase is projected along the 21st century under the RCP8.5 scenario, and reaches a
median value of about 10% in 2071-2100. The increase in mean annual precipitation is
mainly driven by the projected increase in mean seasonal precipitation in JAS and OND. In
these two seasons, the largest median increases projected along the 21st century are
estimated at about 15% in JAS and 10% in OND with the RCP4.5 scenario, and about 15%
in JAS and 20% in OND with the RCP8.5 scenario. Mean precipitation is not projected to
change significantly in JFM and AMJ along most of the projection horizon, under both
emission scenarios, either because the ensemble spread is large and without any clear
consensus regarding the direction of change, making the outcome uncertain, or because the
projections fluctuate closely around their reference level.

- The rise in temperature has an impact on the fractions of seasonal precipitation falling as
rain or snow. As a result, mean seasonal rainfall is projected to increase more or less
gradually whereas mean seasonal snowfall is projected to decrease more or less gradually,
along the projection horizon. These changes often concern a majority of projection periods
in most seasons. The largest median relative increases in mean seasonal rainfall are projected
in OND and JFM, in 2071-2100 (about 120% in OND and 170% in JFM with the RCP4.5
scenario, and about 200% in OND and 260% in JFM with the RCP8.5 scenario). As these
changes affect all seasons, the annual means are impacted as well: Mean annual rainfall is
projected to increase along the projection horizon, whereas mean annual snowfall is
projected to decrease after 2011-2040 under the RCP4.5 scenario, and along most of the
century under the RCP8.5 scenario.

- The decrease in mean annual snowfall resulting from rising temperatures leads to a reduction
in snow storage (cf. Fig. 16) which, in turn, leads to a decrease in mean annual snowmelt,
especially under the RCP8.5 scenario. Projected mean seasonal snowmelt variations are
more complex: No significant change is projected in OND under the RCP4.5 scenario
because the spread of the ensemble is large and the direction of the change varies with the
members, whilst under the RCP8.5 scenario, a significant increase is detected first, in
2021-2050 and 2031-2060, followed then by a significant decrease towards the end of the
century. Mean seasonal snowmelt is projected to gradually increase in JFM and gradually
decrease in AMJ and JAS under both emission scenarios. The changes are usually more
pronounced and/or start earlier with the RCP8.5 emission scenario than with the RCP4.5
emission scenario because the projected warming is greater. As for the Svarta catchment, the
projected increase in mean JFM snowmelt is likely attributed to an increase in the number of
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intermittent snowmelt events and/or a shift in the onset of the snowmelt season earlier,
whereas the decrease in mean AMJ and JAS snowmelt is attributed to the projected
snowpack depletion.

Mean annual flow projections oscillate around or close to their reference level, under both
emission scenarios, and a significant increase is projected in some periods, depending on the
amplitude of the oscillations. The spread of the ensemble increases with the projection
horizon making the outcome increasingly more uncertain. The pattern of mean annual flow
change follows the pattern of mean annual precipitation change. Note that increased
evapotranspiration (not shown) caused by rising temperatures counteracts the increase in
mean annual precipitation and contributes to reduce mean annual flow. At the seasonal level,
the projections indicate a gradual increase in mean flow in OND and JFM, caused by the
projected increase in rainfall and snowmelt; No significant change in mean flow in AMJ
until approximately the mid-century, followed by a significant decrease, caused by the
projected decrease in snowmelt; A gradual decrease in JAS, caused by the decrease in
snowmelt and increased evapotranspiration (not shown), not balanced by the increase in
rainfall. The changes in mean flow in OND, JFM and JAS are significant in a majority of
projection periods. The changes in mean seasonal flow are usually more severe and/or start
earlier under the RCP8.5 emission scenario than under the RCP4.5 emission scenario
because the projected warming is greater and its impact on the change in the phase of
precipitation and on snow storage larger. When significant, the largest changes in mean flow
are usually projected towards the end of the 21st century, if the changes are gradual, or
possibly in some other future period, if they fluctuate. The largest median changes in mean
seasonal flow, projected along the 21st century, have the following values:

- RCP4.5: OND (about +30%), JFM (about +60%), AMJ (about -10%), JAS (about -30%)
- RCP8.5: OND (about +45%), JFM (about +90%), AMJ (about -25%), JAS (about -35%)
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Fig. 34: Fnjoskéa catchment (vhm200): Projected changes in 30-year mean annual temperature,
precipitation, rainfall, snowfall, snowmelt and river discharge under the RCP4.5 emission
scenario, relative to the 1981-2010 reference period. Ensemble members (grey lines) and
ensemble median (red line). The symbols on the ensemble median indicate whether the 30-year
mean is likely to increase or decrease significantly or remain unchanged in the future periods
compared to the reference period, according to the Mann-Whitney test (triangle point-up=increase;
triangle point down=decrease; open circle=no significant change).
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Fig. 35: Fnjoskd catchment (vhm200): Projected changes in 30-year mean OND temperature,
precipitation, rainfall, snowfall, snowmelt and river discharge under the RCP4.5 emission
scenario, relative to the 1981-2010 reference period. Ensemble members (grey lines) and
ensemble median (red line). The symbols on the ensemble median indicate whether the 30-year
mean is likely to increase or decrease significantly or remain unchanged in the future periods
compared to the reference period, according to the Mann-Whitney test (triangle point-up=increase;
triangle point down=decrease; open circle=no significant change).
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Fig. 36: Fnjoska catchment (vhm200): Projected changes in 30-year mean JFM temperature,
precipitation, rainfall, snowfall, snowmelt and river discharge under the RCP4.5 emission
scenario, relative to the 1981-2010 reference period. Ensemble members (grey lines) and
ensemble median (red line). The symbols on the ensemble median indicate whether the 30-year
mean is likely to increase or decrease significantly or remain unchanged in the future periods
compared to the reference period, according to the Mann-Whitney test (triangle point-up=increase;
triangle point down=decrease; open circle=no significant change).
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Fig. 37: Fnjoska catchment (vhm200): Projected changes in 30-year mean AMJ temperature,
precipitation, rainfall, snowfall, snowmelt and river discharge under the RCP4.5 emission
scenario, relative to the 1981-2010 reference period. Ensemble members (grey lines) and
ensemble median (red line). The symbols on the ensemble median indicate whether the 30-year
mean is likely to increase or decrease significantly or remain unchanged in the future periods
compared to the reference period, according to the Mann-Whitney test (triangle point-up=increase;
triangle point down=decrease; open circle=no significant change).
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Fig. 38: Fnjoskd catchment (vhm200): Projected changes in 30-year mean JAS temperature,
precipitation, rainfall, snowfall, snowmelt and river discharge under the RCP4.5 emission
scenario, relative to the 1981-2010 reference period. Ensemble members (grey lines) and
ensemble median (red line). The symbols on the ensemble median indicate whether the 30-year
mean is likely to increase or decrease significantly or remain unchanged in the future periods
compared to the reference period, according to the Mann-Whitney test (triangle point-up=increase;
triangle point down=decrease; open circle=no significant change).
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Fig. 39: Fnjoska catchment (vhm200): Projected changes in 30-year mean annual temperature,
precipitation, rainfall, snowfall, snowmelt and river discharge under the RCP8.5 emission
scenario, relative to the 1981-2010 reference period. Ensemble members (grey lines) and
ensemble median (red line). The symbols on the ensemble median indicate whether the 30-year
mean is likely to increase or decrease significantly or remain unchanged in the future periods
compared to the reference period, according to the Mann-Whitney test (triangle point-up=increase;
triangle point down=decrease; open circle=no significant change).
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Fig. 40: Fnjoskd catchment (vhm200): Projected changes in 30-year mean OND temperature,
precipitation, rainfall, snowfall, snowmelt and river discharge under the RCPS8.5 emission
scenario, relative to the 1981-2010 reference period. Ensemble members (grey lines) and
ensemble median (red line). The symbols on the ensemble median indicate whether the 30-year
mean is likely to increase or decrease significantly or remain unchanged in the future periods
compared to the reference period, according to the Mann-Whitney test (triangle point-up=increase;
triangle point down=decrease; open circle=no significant change).
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Fig. 41: Fnjoska catchment (vhm200): Projected changes in 30-year mean JFM temperature,
precipitation, rainfall, snowfall, snowmelt and river discharge under the RCP8.5 emission
scenario, relative to the 1981-2010 reference period. Ensemble members (grey lines) and
ensemble median (red line). The symbols on the ensemble median indicate whether the 30-year
mean is likely to increase or decrease significantly or remain unchanged in the future periods
compared to the reference period, according to the Mann-Whitney test (triangle point-up=increase;
triangle point down=decrease; open circle=no significant change).
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Fig. 42: Fnjoska catchment (vhm200): Projected changes in 30-year mean AMJ temperature,
precipitation, rainfall, snowfall, snowmelt and river discharge under the RCP8.5 emission
scenario, relative to the 1981-2010 reference period. Ensemble members (grey lines) and
ensemble median (red line). The symbols on the ensemble median indicate whether the 30-year
mean is likely to increase or decrease significantly or remain unchanged in the future periods
compared to the reference period, according to the Mann-Whitney test (triangle point-up=increase;
triangle point down=decrease; open circle=no significant change).
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Fig. 43: Fnjoska catchment (vhm200): Projected changes in 30-year mean JAS temperature,
precipitation, rainfall, snowfall, snowmelt and river discharge under the RCP8.5 emission
scenario, relative to the 1981-2010 reference period. Ensemble members (grey lines) and
ensemble median (red line). The symbols on the ensemble median indicate whether the 30-year
mean is likely to increase or decrease significantly or remain unchanged in the future periods
compared to the reference period, according to the Mann-Whitney test (triangle point-up=increase;
triangle point down=decrease; open circle=no significant change).
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* Laxa catchment (vhm74)

- Mean annual and seasonal surface air temperatures are projected to rise along the 21st
century. A median warming of about 2°C to 2.3°C is projected from 1981-2010 to 2071-2100
under the RCP4.5 scenario and about 3.2°C to 4.3°C under the RCP8.5 scenario, depending
on the season (see also Table 8).

- Mean annual precipitation projections fluctuate around or close to their reference level under
both emission scenarios without any significant change towards a particular direction for the
ensemble, and a large ensemble spread increasing with the projection horizon is observed,
especially under the RCP8.5 emission scenario. Mean seasonal precipitation projections
oscillate around their reference level and significant changes (increase or decrease) are
sometimes detected in some periods and all seasons, depending on the phase and amplitude
of these oscillations.

- The rise in temperature has an impact on the fractions of seasonal precipitation falling as rain
or snow. As a result, mean seasonal rainfall is projected to increase significantly in OND,
JFM and AMJ, in a majority of projection periods, under both emission scenarios, whereas it
is projected to oscillate around the 1981-2010 reference level in JAS, with or without any
significant change (increase or decrease), depending on the phase and amplitude of these
oscillations. Oscillations are also observed in OND, JFM and AMJ but the increasing trend
dominates in a majority of periods (the largest median increases projected along the 21st
century are estimated at about 20% in OND, 30% in JFM and 15% in AMJ with the RCP4.5
scenario, and about 45% in OND, almost 20% in JFM and almost 10% in AMJ with the
RCP8.5 scenario). Mean seasonal snowfall is projected to decrease more or less gradually in
all seasons and most projection periods under both emission scenarios.

- The projected decrease in mean annual snowfall leads to a snow storage reduction (cf. Fig.
20) which, in turn, leads to a decrease in mean annual snowmelt. At the seasonal level, mean
snowmelt is projected to gradually decrease in AMJ, JAS and OND in most projection
periods. No significant change in mean snowmelt is projected in JFM under the RCP4.5
scenario whereas a slight increase is projected at the beginning of the 21st century under the
RCPS8.5 scenario, followed by a decrease towards the end of the century. The changes are
usually more pronounced under the RCP8.5 scenario than under the RCP4.5 scenario
because the projected warming is greater. The projected decrease in mean snowmelt in AMJ,
JAS and OND is likely caused by the projected snow storage depletion.

- Mean annual flow projections fluctuate around or close to their reference level under both
emission scenarios, as mean annual precipitation, and a significant decrease is detected in
some periods under the RCP4.5 scenario, but the spread of the ensemble becomes
increasingly larger with the projection horizon, making the outcome increasingly more
uncertain, especially under the RCPS8.5 emission scenario. At the seasonal level, the
projections indicate a significant increase in mean flow in OND and JFM, caused by the
projected rainfall increase; A gradual decrease in mean flow in AMJ, caused by the projected
snowmelt decrease; No change in mean flow in JAS in the first half of the projection
horizon, followed by a significant decrease until the end of the century, caused by projected
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rainfall variations combined with increased evapotranspiration (not shown). Note that the
projected changes are not gradual in OND, JFM and JAS, but oscillate like mean seasonal
rainfall. When significant, the largest changes in mean flow are usually projected towards
the end of the 21st century, if the changes are gradual, or possibly in some other future
period, if they fluctuate. The largest median changes in mean seasonal flow, projected along
the 21st century, have the following values:

- RCP4.5: OND (about +15%), JFM (about +20%), AMJ (about -30%), JAS (about -17%)
- RCP8.5: OND (about +30%), JFM (about +12%), AMJ (about -40%), JAS (about -15%)
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Fig. 44: Laxa catchment (vhm74): Projected changes in 30-year mean annual temperature,
precipitation, rainfall, snowfall, snowmelt and river discharge under the RCP4.5 emission
scenario, relative to the 1981-2010 reference period. Ensemble members (grey lines) and
ensemble median (red line). The symbols on the ensemble median indicate whether the 30-year
mean is likely to increase or decrease significantly or remain unchanged in the future periods
compared to the reference period, according to the Mann-Whitney test (triangle point-up=increase;
triangle point down=decrease; open circle=no significant change).
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Fig. 45: Lax4a catchment (vhm74): Projected changes in 30-year mean OND temperature,
precipitation, rainfall, snowfall, snowmelt and river discharge under the RCP4.5 emission
scenario, relative to the 1981-2010 reference period. Ensemble members (grey lines) and
ensemble median (red line). The symbols on the ensemble median indicate whether the 30-year
mean is likely to increase or decrease significantly or remain unchanged in the future periods
compared to the reference period, according to the Mann-Whitney test (triangle point-up=increase;
triangle point down=decrease; open circle=no significant change).
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Fig. 46: Lax4 catchment (vhm74): Projected changes in 30-year mean JFM temperature,
precipitation, rainfall, snowfall, snowmelt and river discharge under the RCP4.5 emission
scenario, relative to the 1981-2010 reference period. Ensemble members (grey lines) and
ensemble median (red line). The symbols on the ensemble median indicate whether the 30-year
mean is likely to increase or decrease significantly or remain unchanged in the future periods
compared to the reference period, according to the Mann-Whitney test (triangle point-up=increase;
triangle point down=decrease; open circle=no significant change).
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Fig. 47: Laxd catchment (vhm?74): Projected changes in 30-year mean AMJ temperature,

precipitation, rainfall, snowfall, snowmelt and river discharge under the RCP4.5 emission
scenario, relative to the 1981-2010 reference period. Ensemble members (grey lines) and
ensemble median (red line). The symbols on the ensemble median indicate whether the 30-year
mean is likely to increase or decrease significantly or remain unchanged in the future periods
compared to the reference period, according to the Mann-Whitney test (triangle point-up=increase;
triangle point down=decrease; open circle=no significant change).
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Fig. 48: Laxa catchment (vhm74): Projected changes in 30-year mean JAS temperature,
precipitation, rainfall, snowfall, snowmelt and river discharge under the RCP4.5 emission
scenario, relative to the 1981-2010 reference period. Ensemble members (grey lines) and
ensemble median (red line). The symbols on the ensemble median indicate whether the 30-year
mean is likely to increase or decrease significantly or remain unchanged in the future periods
compared to the reference period, according to the Mann-Whitney test (triangle point-up=increase;
triangle point down=decrease; open circle=no significant change).

82



RCP8.5

Change in Mean Annual Temperature Change in Mean Annual Rainfall
O —J-e— Ensemble median “|-e Ensemble median
HYPE scenarios o HYPE scenarios
¥ —A K
S o /A o |
@ /A e ©
[0} —
() AN = /A A/A
=,
A—A o A=A p A
- =i\ A
A —+e
/A o
o —+ - -
T T T T T T T T T T ! T T T T T T T T T T
o o o o (=] o o o o (=] o o o o o o o o o (=]
- N (50 < wn © ~ [s+] D o - 2V (32 < wn © ~ [s+] D o
o o o o o o o o o — o o o o o o o o o -
o9 ¢ 9 9 9 §F 9 9 o9 8 ¢ 9 9 9 §F §F 9
» » & = § ®» ¥ B @ & » » &  § ® ¥ B © &
(o] (o2} o o o o o o o o (&} (=2} o o o o o o o o
- -~ o o N N N 39 N o ~— ~— o N N N N (39 N o
Change in Mean Annual Precipitation Change in Mean Annual Snowfall
o _ I
[aV] |—e— Ensemble median © ©
HYPE scenarios N
o _| -
" A V~v-
L o G0 0. Y e 2 4 —Y
° \o~o/6\°/° ° 1 \V'
[—e— Ensemble median g
8 _ g _ HYPE scenarios
! T T T T T T T T T T I T T T T T T T T T T
o o o o o o o o o o o o o o o o o o o o
- 2V {50 < v © ~ [s¢] D o - 2V (52 < 0 © ~ [s¢] D o
o o o o o o o o o - o o o o o o o o o -
L . U S L L L S T 9 9 g F 9 ¥ F F 9
» » & £ & ®» ¥ B B K » » & £ & ®» ¥ B B K
(o] o0 o o o o o o o (=] (&} o0 o o o o o o o (=]
— — (Y] o N o o Y N N -~ — (Y] (Y] Y N N 39 N 3V
Change in Mean Annual Discharge Change in Mean Annual Snow Melt
o
Al T|-e— Ensemble median o I
HYPE scenarios
o _|
- - \,
o —G=—0- ‘“‘o V.
2 0=, _—0 R 94 —9.
Toe 2 >0 =V~
.
o —e— Ensemble median v
o — 8 - HYPE scenarios
I T T T T T T T T T T I T T T T T T T T T T
o o o o o o o o o o o o o o o o o o o o
— (Y] (2] < n © ~ @ (o3} o — (Y (2] < 0 © ~ @ (=] o
§ § § § § § & & § & § §8 &8 &8 §&§ § & & & &
1 | | | 1 | | 1 | |
© o o p o o < 0 © ~ o > S = I o p o o ~
2 2 g & & & & & & 87§ 2 2 § & & & & & & 8

Fig. 49: Laxa catchment (vhm74): Projected changes in 30-year mean annual temperature,
precipitation, rainfall, snowfall, snowmelt and river discharge under the RCPS8.5 emission
scenario, relative to the 1981-2010 reference period. Ensemble members (grey lines) and
ensemble median (red line). The symbols on the ensemble median indicate whether the 30-year
mean is likely to increase or decrease significantly or remain unchanged in the future periods
compared to the reference period, according to the Mann-Whitney test (triangle point-up=increase;
triangle point down=decrease; open circle=no significant change).
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Fig. 50: Laxa catchment (vhm74): Projected changes in 30-year mean OND temperature,
precipitation, rainfall, snowfall, snowmelt and river discharge under the RCPS8.5 emission
scenario, relative to the 1981-2010 reference period. Ensemble members (grey lines) and
ensemble median (red line). The symbols on the ensemble median indicate whether the 30-year
mean is likely to increase or decrease significantly or remain unchanged in the future periods
compared to the reference period, according to the Mann-Whitney test (triangle point-up=increase;
triangle point down=decrease; open circle=no significant change).
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Fig. 51: Lax4 catchment (vhm74): Projected changes in 30-year mean JFM temperature,
precipitation, rainfall, snowfall, snowmelt and river discharge under the RCPS8.5 emission
scenario, relative to the 1981-2010 reference period. Ensemble members (grey lines) and
ensemble median (red line). The symbols on the ensemble median indicate whether the 30-year
mean is likely to increase or decrease significantly or remain unchanged in the future periods
compared to the reference period, according to the Mann-Whitney test (triangle point-up=increase;
triangle point down=decrease; open circle=no significant change).
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Fig. 52: Laxd catchment (vhm?74): Projected changes in 30-year mean AMJ temperature,
precipitation, rainfall, snowfall, snowmelt and river discharge under the RCPS8.5 emission
scenario, relative to the 1981-2010 reference period. Ensemble members (grey lines) and
ensemble median (red line). The symbols on the ensemble median indicate whether the 30-year
mean is likely to increase or decrease significantly or remain unchanged in the future periods
compared to the reference period, according to the Mann-Whitney test (triangle point-up=increase;
triangle point down=decrease; open circle=no significant change).
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Fig. 53: Laxa catchment (vhm74): Projected changes in 30-year mean JAS temperature,
precipitation, rainfall, snowfall, snowmelt and river discharge under the RCPS8.5 emission
scenario, relative to the 1981-2010 reference period. Ensemble members (grey lines) and
ensemble median (red line). The symbols on the ensemble median indicate whether the 30-year
mean is likely to increase or decrease significantly or remain unchanged in the future periods
compared to the reference period, according to the Mann-Whitney test (triangle point-up=increase;
triangle point down=decrease; open circle=no significant change).
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6-2-3 Summary and discussion

The projected warming in the 21st century is relatively linear in all seasons and catchments. A
greater warming is projected under the RCP8.5 than the RCP4.5 emission scenario, as expected.
Spatial variations in projected warming are observed, with the lowest warming projected in the
Laxa catchment and the largest one in the Fnjoska catchment. Mean annual and seasonal
precipitation projections are mainly characterised by oscillations reflecting long-term natural
climate variability. The nature of these oscillations often depends on the driving GCM and the
different precipitation projections do not always vary in phase with each other, leading sometimes
to large uncertainties in the outcome in some periods. Significant mean precipitation changes
(increase or decrease) are projected in some periods, depending on the phase and amplitude of
these oscillations. Long-term upward trends are superimposed on top of these oscillations and
dominate the mean precipitation variability in JAS and/or OND in the Svartd and Fnjoska
catchments, depending on the emission scenario, leading to an increase in mean annual
precipitation as well. The warming leads to an increase in mean seasonal rainfall and a decrease in
mean seasonal snowfall, in a majority of projection periods. Changes in the phase of precipitation
lead to less snow storage and shorter snow seasons. Subsequently, mean seasonal snowmelt is
projected to gradually decrease in AMJ and JAS in all catchments. The direction of projected
mean snowmelt changes is more variable in OND and JFM and depends on each catchment. An
increase in mean snowmelt in JFM is likely caused by an increase in the number of intermittent
snowmelt events, and/or a shift earlier in the onset of the snowmelt season, whereas a decrease is
likely attributed to a snow storage reduction. Similarly, an increase in mean snowmelt in OND is
likely attributed to an increase in the number of intermittent snowmelt events whereas a decrease
is likely attributed to a reduction in snow storage and/or a shift later in the start of the snow
season.

Projected changes in mean seasonal rainfall and in the snow accumulation and melt cycles, caused
by warming, lead, in turn, to changes in the seasonal runoff distribution, along the 21st century,
but the timing, magnitude and direction of projected streamflow changes vary with the season,
catchment and emission scenario. In summary, mean seasonal flow is projected to i) increase in
OND and JFM in all catchments under both emission scenarios, ii) decrease in AMIJ in the three
catchments under both emission scenarios but the decrease starts later in the Fnjoska catchment,
ii1) decrease in JAS in the Fnjoska and Laxé catchments under both emission scenarios, whereas in
the Svarta catchment, no change is projected under the RCP4.5 emission scenario and a moderate
increase is projected under the RCP8.5 emission scenario. The projected changes in mean seasonal
flow are not necessarily gradual along the projection horizon, like warming, because precipitation
oscillations contribute to modulate these changes. These changes are usually more severe and/or
start earlier under the RCP8.5 emission scenario than under the RCP4.5 emission scenario because
the warming is greater and is leading to larger changes in the ratio of rainfall and snowfall and to a
larger decrease in snow storage.
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7 Climate change impact on flood characteristics

This section examines the impact of projected climate change on the timing and magnitude of
annual maximum floods (AMFs).

7-1 Changes in the timing of annual maximum floods

To investigate changes in the timing of AMFs, the day of the water year when annual maximum
discharge occurred was extracted from the simulated daily streamflow time series and assigned to
the corresponding season. The frequency with which AMFs occurred in each season and each 30-
year projection period was then calculated for each member and the ensemble median estimated
(see Methodology in Section 3-1). Changes in the seasonal frequencies of occurrence of AMFs
from the reference to the future periods are considered significant when at least 2/3 of the
ensemble members are shifted in the same direction (frequency increase or decrease). The
evolution of the seasonal frequencies of occurrence along the projection horizon was analysed.
Figs. 54 to 59 present the results for the ensemble median and Appendix 9 presents the results with
all ensemble members. It is assumed that AMFs occurring in OND are primarily generated by
rainfall; AMFs occurring in JFM are generated by a combination of rainfall and snowmelt; AMFs
occurring in AMJ are primarily generated by snowmelt but rainfall may be combined with
snowmelt; AMFs occurring in JAS are primarily generated by rainfall but snowmelt may also have
some contribution early in the season, depending on the catchment and projection period.

¢ Svarta catchment (vhm10)

In the reference period (1981-2010), AMFs primarily occur in AMJ, followed by JFM and then
OND, whereas hardly any event occurs in JAS.

* RCP4.5 emission scenario
As the projection horizon increases, AMFs are projected to occur less and less frequently in AMJ
and more and more often in JFM and OND, and later in JAS as well. By the end of the century, the
main flood season is still AMJ, but the frequency difference with the other seasons is strongly
reduced.

* RCPS8.5 emission scenario
Results are similar to those projected with the RCP4.5 scenario but the seasonal changes are
greater, especially the frequency decrease in AMJ. Towards the end of the century, AMFs are
projected to occur with an equal prevalence in AMJ and JFM.

* Fnjoska catchment (vhm200)

In the reference period (1981-2010), AMFs primarily occur in AMJ, followed by JAS, while very
few events are occurring in OND and JFM.

* RCP4.5 emission scenario
AMI is projected to remain the dominant flood season along the entire projection horizon but a
significant frequency decrease is projected from 2061-2090 and thereafter. AMFs are also
projected to occur less and less frequently in JAS and at the same time, more often in OND. A
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moderate median frequency increase is also projected in JFM from 2051-2080 and thereafter.
From 2021-2050 and thereafter, AMFs are projected to occur more frequently in OND than in
JFM or JAS and from 2041-2070 and thereafter, AMFs are projected to occur more frequently in
JFM than in JAS. By the end of the century, very few AMFs are projected in JAS.

* RCPS8.5 emission scenario

More changes are projected to take place under this emission scenario. From 2031-2060 and
thereafter, AMFs are projected to occur less and less frequently in AMJ but this season remains the
main flood season until 2051-2080. AMFs are also projected to occur less frequently in JAS, but
the decrease is not as rapid and steady as under the RCP4.5 scenario. AMFs are projected to occur
more and more frequently in OND and very quickly, this season becomes the second most
frequent flood season, and by the end of the century, the main flood season. From 2041-2070 and
thereafter, more AMFs are projected to occur in JFM, and by the end of the century, AMFs have
almost the same probability of occurring in AMJ or JFM.

* Laxa catchment (vhm74)

In the reference period (1981-2010), AMFs primarily occur in OND, followed by JFM and then by
JAS and AMJ.

« RCP4.5 emission scenario
Hardly any change is projected to take place in this catchment, regarding the frequency of
occurrence of AMFs. The prevalence of OND followed by JFM persists along most of the entire
projection horizon. The main feature characterising the evolution of the median frequency of
occurrence of AMFs in the different seasons is an oscillation-like pattern. Changes in the seasonal
frequency order are mainly related to the phase and amplitude of the oscillations.

* RCPS8.5 emission scenario
Results are very similar to those projected with the RCP4.5 emission scenario. OND is projected
to remain the predominant flood season along the entire projection horizon and no change is
projected in the seasonal order of the median frequency of occurrence of these extreme events.

* Discussion

The flood regime of the Svarta catchment is projected to be less and less governed by spring
snowmelt, and more and more influenced by a combination of rainfall and snowmelt in winter,
and to a lesser extent by rainfall in autumn and summer, under both emission scenarios. The flood
regime of the Fnjosk4 catchment is projected to remain largely dominated by spring snowmelt
under the RCP4.5 emission scenario, because snow storage is large enough to maintain a
considerable snowmelt runoff in that season. More drastic changes are projected under the RCP8.5
scenario for this catchment, corresponding to a decreasing dominance of spring snowmelt and an
increasing influence of rainfall and snowmelt in autumn and winter. In the Laxa catchment,
projected changes in snow storage have little impact on the seasonal frequency of occurrence of
AMFs and these extreme events are projected to remain most frequently triggered by rainfall in
autumn (ca. 50%) along the entire projection horizon, under both emission scenarios.
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Fig. 54: Svartd catchment (vhm10): Projected median relative frequency of occurrence of AMFs in
each season under the RCP4.5 emission scenario. OND (blue), JFM (green), AMJ (orange), JAS
(red). The symbols on the ensemble median indicate whether a significant shift in the seasonal
frequency ensemble has been detected between the reference and future periods (triangle point-
up=freq. increase; triangle point down=freq. decrease; open circle=no significant change).
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Fig. 55: Svarta catchment (vhm10): as Fig. 54 but under the RCP8.5 emission scenario.
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Relative frequency

Fig. 56: Fnjoska catchment (vhm200): Projected median relative frequency of occurrence of
AMFs in each season under the RCP4.5 emission scenario. OND (blue), JFM (green), AMJ
(orange), JAS (red). The symbols on the ensemble median indicate whether a significant shift in
the seasonal frequency ensemble has been detected between the reference and future periods
(triangle point-up=freq. increase; triangle point down=freq. decrease; open circle=no significant

change).

Relative frequency

Fig. 57: Fnjoské catchment (vhm200): as Fig. 56 but under the RCP8.5 emission scenario.
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Fig. 58: Laxa catchment (vhm74): Projected median relative frequency of occurrence of AMFs in
each season under the RCP4.5 emission scenario. OND (blue), JFM (green), AMJ (orange), JAS
(red). The symbols on the ensemble median indicate whether a significant shift in the seasonal
frequency ensemble has been detected between the reference and future periods (triangle point-
up=freq. increase; triangle point down=freq. decrease; open circle=no significant change).

S - OND
o JFM
AMJ
—o— JAS
« _]
S
>
5
5
©
= o
jon
2
3}
)
2 <
= [}
=
o)
~ o/o\o
— o
R
~ | P g\v/g/ \ok_,\
IS _—
o o ~ v
o |
S
\ T T T T T T T T T
o o o o o o o o (=] o
- a (s} < 0 © ~ @ (o2} o
o o o o o o (=] o o -
9 9 9 9 9 9 9 ) 9 9
o > ) = & ) < ) o S
(2] o o o o o o o o o
- — o (39 3 o o o o o

Fig. 59: Laxa catchment (vhm74): as Fig. 58 but under the RCP8.5 emission scenario.
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7-2 Changes in the magnitude of annual maximum floods

This section examines the impact of projected climate change on the magnitude of annual
maximum floods (AMFs).

7-2-1 Changes in the magnitude of T-year floods

A Gumbel distribution was fitted to the AMFs series in each 30-year projection period (not shown)
and the magnitude of the T-year floods estimated for the return periods T=10 and 50 years. The
uncertainty associated with the T-year flood estimation is large, including in the reference period,
as large variations are often observed between the different ensemble members (see for instance
the empirical AMFs frequency distributions for the 1981-2010 reference period presented in
Appendix 8 for the two emission scenarios). Projected changes in the magnitude of the T-year
floods between reference and future periods are presented in Figs. 60 to 65. The plots also show
results from the one-sided Mann-Whitney tests used to compare the ensembles of T-year flood
magnitude between the reference and future periods (see Methodology in Section 3-1).

* Svarta catchment (vhm10)

See Figs. 60 and 61.

* RCPA4.5 emission scenario
No significant change is projected until 2051-2080 and thereafter, a significant magnitude
decrease is projected for both T-year floods until the end of the century. The magnitude decrease
varies in similar proportions for the two return periods and reaches a median value of about -20%
in 2071-2100, relative to the 1981-2010 reference level.

+ RCP8.5 emission scenario

The magnitudes of both T-year floods are projected to decrease throughout a large part of the 21st
century and in similar proportions. The projected decrease reaches a median value of about -20%
in 2071-2100, relative to the 1981-2010 reference level.
+ Discussion

Snowmelt runoff in spring plays a primary role in the generation of AMFs in this catchment in the
reference period (see Section 7-1). The projected snow storage depletion and the subsequent
reduction in spring snowmelt caused by rising temperatures are partly responsible for the projected
decrease in the magnitude of T-year floods in this catchment. As these magnitude changes are
associated with a shift in the timing of AMFs from spring to the other seasons, these results also
indicate that the magnitudes of AMFs occurring in these other seasons in the future periods, tend
not to exceed the magnitudes of those generated by snowmelt in spring in the reference period,
even though seasonal rainfall and winter snowmelt are projected to increase.
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Projected change in the magnitude of the 10-year flood
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Projected change in the magnitude of the 50-year flood
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Fig. 60: Svartd catchment (vhm10): Projected changes in the magnitude of the T-year flood
relative to the 1981-2010 reference level, under the RCP4.5 emission scenario: 10-year flood (top)
and 50-year flood (bottom). Ensemble members (grey lines) and ensemble median (red line). The
symbols on the ensemble median indicate whether the magnitude of the T-year flood is likely to
increase or decrease significantly or remain unchanged in the future periods compared to the
reference period, according to the Mann-Whitney test (triangle point-up=magnitude increase;
triangle point down=magnitude decrease; open circle=no significant change).
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Projected change in the magnitude of the 50-year flood
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Fig. 61: Svarta catchment (vhm10): As Fig. 60 but under the RCP8.5 emission scenario.
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* Fnjoska catchment (vhm200)

See Figs. 62 and 63.

* RCP4.5 emission scenario
No significant change is projected until 2021-2050 and thereafter, a significant magnitude
decrease is projected for both T-year floods until the end of the century. The magnitude decrease

varies in similar proportions for the two return periods and reaches a median value of about -20%
in 2071-2100, relative to the 1981-2010 reference level.

* RCP8.5 emission scenario
Results indicate that the magnitudes of both T-year floods are projected to decrease throughout
most of the century. The decrease is projected to become significant from 2001-2030 for T=10
years and 2011-2040 for T=50 years, until the end of the century. The magnitude decrease varies

in similar proportions for the two return periods and reaches a median value of about -30% in
2071-2100, relative to the 1981-2010 reference level.
* Discussion

Snowmelt runoff in spring plays a primary role in the generation of AMFs in this catchment in the
reference period (see Section 7-1). Projected snow storage depletion and the subsequent reduction
in spring snowmelt caused by warming are partly responsible for the projected decrease in the
magnitude of T-year floods in this catchment. As these changes in T-year flood magnitude are
associated with a shift in the timing of AMFs from spring/summer to autumn/winter, especially
under the RCP8.5 emission scenario, these results also indicate that the magnitudes of AMFs
occurring in autumn and winter in the future periods, tend not to exceed the magnitudes of those
generated by snowmelt in spring in the reference period, even though autumn/winter rainfall and
winter snowmelt are projected to increase.
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Projected change in the magnitude of the 10-year flood
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Projected change in the magnitude of the 50-year flood
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Fig. 62: Fnjoskd catchment (vhm200): Projected changes in the magnitude of the T-year flood
relative to the 1981-2010 reference level, under the RCP4.5 emission scenario: 10-year flood (top)
and 50-year flood (bottom). Ensemble members (grey lines) and ensemble median (red line). The
symbols on the ensemble median indicate whether the magnitude of the T-year flood is likely to
increase or decrease significantly or remain unchanged in the future periods compared to the
reference period, according to the Mann-Whitney test (triangle point-up=magnitude increase;
triangle point down=magnitude decrease; open circle=no significant change).
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Fig. 63: Fnjoska catchment (vhim200): As Fig. 62 but under the RCP8.5 emission scenario.
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* Laxa catchment (vhm74)

See Figs. 64 and 65.

* RCP4.5 emission scenario
The magnitudes of both T-year floods are projected to increase significantly in a majority of
projection periods. The projected changes are not gradual but oscillate. The magnitude increase
varies in similar proportions for the two return periods but seldom exceeds a median value of 10%.
The largest median increase is projected in 2061-2090 and reaches a value of about 15% for T=10
years and almost 20% for T=50 years.

* RCPS8.5 emission scenario
The magnitudes of both T-year floods are projected to increase significantly from 2021-2050 to
2051-2080. In that period of time, the magnitude increase varies in similar proportions for the two
return periods and reaches a median value of about 20% in 2051-2080. Large uncertainties affect
the projected changes beyond 2051-2080, making difficult to draw any robust conclusion.

* Discussion
This catchment is projected to remain dominated by rainfall-generated AMFs in autumn (see
Section 7-1). Therefore, a rainfall intensification could likely explain the projected increase in the
magnitude of T-year floods. However, large uncertainties affect these projections and a large
spread is observed in the estimated T-year flood ensembles. These uncertainties originate partly
from the large uncertainties affecting the rainfall projections, due to their oscillating nature,
making difficult to draw robust conclusions in some projection periods.
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Fig. 64: Laxa catchment (vhm74): Projected changes in the magnitude of the T-year flood relative
to the 1981-2010 reference level, under the RCP4.5 emission scenario: 10-year flood (top) and 50-
year flood (bottom). Ensemble members (grey lines) and ensemble median (red line). The symbols
on the ensemble median indicate whether the magnitude of the T-year flood is likely to increase or
decrease significantly or remain unchanged in the future periods compared to the reference period,
according to the Mann-Whitney test (triangle point-up=magnitude increase; triangle point
down=magnitude decrease; open circle=no significant change).
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Fig. 65: Laxa catchment (vhm74): As Fig. 64 but under the RCP8.5 emission scenario.
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7-2-2 Changes in the return period of annual maximum floods

The flood magnitude (Q) is now fixed and the corresponding return period T(Q) estimated in the
30-year projection periods and compared to T(Q) in the reference period (1981-2010). If the
frequency distribution of AMFs is projected to shift towards larger flood discharges in the future,
then a flood of magnitude Q will be exceeded more frequently in the future and its return period
should decrease:

@=Q(T=N)fyture > 1=Q(T=T1)1981-2010
T=T(Q=q)future < T1=T(Q=q1)1981-2010

If the frequency distribution of AMFs is projected to shift towards lower flood discharges in the
future, then a flood of magnitude Q will be exceeded less frequently in the future and its return
period should increase:

@=Q(T=T)future < 91=Q(T=T1)1981-2010
T=T(Q=q)future > T1=T(Q=q1)1981-2010

The reference flood magnitude Q is taken as the magnitude of the 10-year flood in the reference
period (1981-2010). Here, changes between the reference and future periods are considered
significant when at least 2/3 of the ensemble members are shifted in the same direction (T increase
or decrease). The temporal evolution of the T(Q) ensembles is presented in Figs. 66 to 68. As
expected, the results are found to echo the projected evolution of 10-year floods analysed in
Section 7-2-1 above.

* Svarta catchment (vhm10)
See Fig. 66.
e RCP4.5 emission scenario

The return period associated with the reference 10-year flood is projected to increase from
2051-2080 to the end of the projection horizon. The spread of the ensemble is large but most
members agree with a return period increase. As an example, in 2071-2100, the reference 10-year
flood is projected to become a flood with a median return period of about 40 years. Before
2051-2080, the agreement among the ensemble members regarding the direction of change is low,
making the outcome very uncertain and leading the median return period to remain close to the
reference level of 10 years.
* RCP8.5 emission scenario

Results are similar to those obtained under the RCP4.5 emission scenario, but there is a better
consensus within the ensemble regarding a return period increase along most of the 21st century.
In 2071-2100, the reference 10-year flood is projected to become a flood with a median return
period of about 43 years.
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* Fnjoska catchment (vhm200)
See Fig. 67.
* RCP4.5 emission scenario

Results indicate that the median return period associated with the reference 10-year flood is
projected to increase along the 21st century, especially after 2021-2050. From 2031-2060 to
2071-2100, the reference 10-year flood is projected to become a flood with a median return period
varying approximately between 25 and 55 years. The spread of the ensemble is large and increases
with the projection horizon, making the projected median return period more and more uncertain,
but most members agree with an increase.

* RCPS8.5 emission scenario
Results are similar to those obtained under the RCP4.5 emission scenario but the changes are more
pronounced, especially before 2031-2060. A large majority of members projects an increase in the
return period associated with the reference 10-year flood, along the entire projection horizon. In
2071-2100, the reference 10-year flood is projected to become a flood with a median return period
of almost 80 years.

* Laxa catchment (vhm74)

See Fig. 68.

* RCP4.5 emission scenario
The median return period associated with the reference 10-year flood is projected to decrease
along most of the projection horizon except in the 2031-2060 and 2041-2070 periods, during
which the return period is fluctuating close to the initial reference value of 10 years. As an
example, the reference 10-year flood is projected to become a flood with a median return period of
about 5 years in 2061-2090.

* RCP8.5 emission scenario

The median return period associated with the reference 10-year flood is projected to decrease
along most of the projection horizon but this decrease is only considered significant from
2011-2040 to 2041-2070. In that period, the reference 10-year flood is projected to have a median
return period varying between approximately 6 and 7 years. Beyond the 2041-2070 period, the
spread is large and the consensus among the ensemble members regarding the direction of change
of the projected return period is low, making difficult to draw any robust conclusion.
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Fig. 66: Svarta catchment (vhm10): Projected return period (T) associated with the reference 10-
year flood. Top-panel: RCP4.5 emission scenario; bottom-panel: RCP8.5 emission scenario.
Ensemble members (grey lines) and ensemble median (red line). The symbols on the ensemble
median indicate whether a significant shift in the T ensemble has been detected between the
reference and future periods (triangle point-up=T increase; triangle point down=T decrease; open
circle=no significant change).
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Fig. 67: Fnjoska catchment (vhm200): Projected return period (T) associated with the reference
10-year flood. Top-panel: RCP4.5 emission scenario; bottom-panel: RCP8.5 emission scenario.
Ensemble members (grey lines) and ensemble median (red line). The symbols on the ensemble
median indicate whether a significant shift in the T ensemble has been detected between the
reference and future periods (triangle point-up=T increase; triangle point down=T decrease; open
circle=no significant change).

106



RCP4.5

—e— Ensemble median 8 |~ Ensemble median

m HYPE scenarios m HYPE scenarios
< o @ -
L ES
=z = 8 _l
5 2T 5
Q Q =
= =
2, o - 2, -
9 \'\v v\v 9 9 Q. e —— o v

© 0

I I I I I I I I I I
1981-2010 1991-2020 2001-2030 2011-2040 2021-2050 2031-2060 2041-2070 2051-2080 2061-2090 2071-2100
RCP8.5
[—e— Ensemble median —e— Ensemble median
™ HYPE scenarios I (=3 HYPE scenarios
g g O
[} — [}
> 7 > w |
- =
e e
N g o
O O e ) O —
S o V\v\
o 0 - o 0 - G ———rmnn (4] —— o
I I I I I I I I I I
1981-2010 1991-2020 2001-2030 2011-2040 2021-2050 2031-2060 2041-2070 2051-2080 2061-2090 2071-2100

Fig. 68: Laxd catchment (vhm74): Projected return period (T) associated with the reference 10-
year flood. Top-panel: RCP4.5 emission scenario; bottom-panel: RCP8.5 emission scenario.
Ensemble members (grey lines) and ensemble median (red line). The symbols on the ensemble
median indicate whether a significant shift in the T ensemble has been detected between the
reference and future periods (triangle point-up=T increase; triangle point down=T decrease; open
circle=no significant change).
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7-3 Summary and discussion

Projected climate change is expected to have a significant impact on the flood regimes of the three
studied catchments in the future, especially those where snowmelt-induced runoff currently plays
a dominant role in the generation of annual maximum floods. This impact concerns both the
timing and magnitude of these extreme events in the Svartd and Fnjoska catchments and mainly
their magnitude in the Laxé catchment.

In the Svartd and Fnjoské catchments, the strong dominance of spring snowmelt on the timing of
annual maximum floods is projected to decrease in the future, and the influence of rainfall and/or
combined rainfall and snowmelt in autumn and winter increase, owing to the projected increase in
temperature. These projected timing changes are associated with a trend towards a decrease in the
magnitude of these extreme events. The Lax4 catchment is projected to remain dominated by
rainfall-generated annual maximum floods in autumn, but a slight magnitude increase is to be
expected in some future periods, possibly because of rainfall intensification. Projected changes in
the magnitude of T-year floods will have implications in design flood studies.

These results are consistent with findings from hydrological projections in other Icelandic
catchments (Crochet 2021), in Norway (Vormoor et al., 2015) and Sweden (Arheimer and
Lindstrom, 2015), which suggest a greater influence of autumn/winter rainfall and a decreasing
importance of spring/summer snowmelt on the generation of floods in the future, due to
temperature rise.

Projected changes in the timing of annual maximum floods appear to be relatively robust, and the
consensus within the ensembles is usually good. On the other hand, projected changes in the
magnitude of T-year floods are associated with large uncertainties so these results have to be
treated with caution. The overall uncertainty is related to uncertainties affecting extreme discharge
projections, uncertainties related to the fitting of the Gumbel distribution and uncertainties in the
estimation of flood quantiles or return periods beyond the range of simulated flood values.
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8 Conclusions

A methodology based on a multi-model ensemble approach was applied to investigate the impact
of projected climate change in the 21st century, on the hydrological characteristics of three river
catchments situated in different regions of Iceland. The approach is based on the use of the HYPE
hydrological model, calibrated in two different periods, and forced with an ensemble of regional
climate projections from CORDEX, under two possible greenhouse gas emission scenarios (RCPs
4.5 and 8.5). In total, twelve daily hydrological projections were obtained for each emission
scenario, over the period 1981-2100. The envelope curve of the ensemble of hydrological
projections reflects the overall uncertainty associated with the modelling chain. Projected changes
affecting near surface air temperature and precipitation and their impact on mean and extreme
flow characteristics were analysed, considering moving 30-year periods. The reference period was
taken as the 1981-2010 period.

Results indicated that the HYPE hydrological model driven by the ICRA reanalysis provided
credible estimates of observed daily discharge characteristics but the magnitude of annual
maximum floods was is some cases difficult to simulate properly. The comparisons between
discharge simulations obtained with the hydrological model driven by the ICRA reanalysis and by
the locally-adjusted CORDEX climate outputs in the reference period showed good agreement,
demonstrating the credibility of the modelling chain.

A significant warming is expected throughout the 21st century, more or less pronounced according
to the season, catchment location and emission scenario (0.295°C/decade for the RCP4.5 emission
scenario and 0.473°C/decade for the RCP8.5 emission scenario, on average over all months and
catchments). Mean annual and seasonal precipitation projections are mainly characterised by
oscillations reflecting the natural climate variability. These oscillations lead sometimes to
significant mean precipitation changes (increase or decrease) in some future periods depending on
their phase and amplitude, but no long-term trend is emerging in most cases, except in summer
and/or autumn in the Svartd and Fnjoskéd catchments where an increase is projected, under both
emission scenarios, leading to an increase in mean annual precipitation as well.

The projected warming leads to an increase in the fraction of annual precipitation falling as rain, at
the expense of snow, which, in turn, leads to shorter snow seasons and less snow storage. The rise
in temperature is also expected to lead to an increase in the number of snowmelt events in autumn
and/or winter and to contribute to instabilities in the build-up of the snowpack. The projected
snow storage reduction leads to a decrease in spring/summer snowmelt.

In the present climate, the hydrological regimes of the Svarta and Fnjéska catchments are strongly
influenced by the seasonality of snow accumulation and melt, leading to a strong contrast between
low flows in winter when snow accumulates, and high flows in spring when snow melts, whereas
the Laxé catchment has a more mixed rainfall/snowmelt regime with high flows in autumn due to
rainfall and high flows in spring due to snowmelt. Projected changes in climatic conditions are
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expected to impact the streamflow seasonality pattern of the three studied catchments along the
21st century, but the timing, magnitude and direction of changes vary with the catchment, season
and emission scenario. Results indicate that mean seasonal river flow is likely to (i) increase in
autumn and winter in the three catchments, (ii) decrease in spring in the three catchments, (ii1)
decrease in summer in the Fnjoska and Laxad catchments, remain unchanged in summer in the
Svarta catchment under the lowest emission scenario but increase moderately in the second-half of
the 21st century under the highest emission scenario. The peak of mean daily discharge in May/
June is projected to gradually decrease and shift earlier in the three catchments. Note that in
spring, mean daily flow is actually projected to increase in April and in the first part of May,
depending on the projection horizon and catchment, but the decrease projected in the second part
of May and in June leads to an overall decrease in mean flow, when averaged over the season. All
these changes reflect the increasing influence of rainfall or the combination of rainfall and
snowmelt in autumn/winter, and the decreasing influence of spring snowmelt, on runoff
generation, caused by the projected warming. Changes in mean seasonal flow are not necessarily
gradual along the projection horizon, like warming, because precipitation fluctuations contribute
to modulate these changes.

Projected changes in climatic conditions are also expected to have an impact on flood risk in the
future. In the Svarta catchment, annual maximum floods are projected to occur less and less
frequently in spring and more and more often in the other seasons, especially winter, and their
magnitude is projected to decrease, owing to the projected reduction in snow storage and
subsequent decrease in spring snowmelt. In the Fnjoska catchment, annual maximum floods are
projected to occur less and less frequently in spring and summer, and more and more frequently in
autumn and winter, especially under the highest emission scenario, and their magnitude is
projected to decrease. In contrast, the Laxa catchment is projected to remain under the dominating
influence of rainfall-generated annual maximum floods in autumn, but a slight magnitude increase
is likely to be expected in some future periods, likely because of rainfall intensification. Projected
changes in the magnitude of annual maximum floods are associated with large uncertainties whilst
changes affecting their timing appear to be more robust.

The projected changes in streamflow characteristics are often more pronounced and/or start earlier
under the RCPS8.5 emission scenario than under the RCP4.5 emission scenario because the
warming is greater and leads to larger changes in the ratio of rainfall and snowfall and to a larger
decrease in snow storage.

In conclusion, projected climate change is expected to have a significant impact on the
hydrological characteristics of the three studied catchments in the future. The main driver of these
changes is the projected warming but the timing, magnitude and direction of the hydrological
response vary with the emission scenario, season and catchment characteristics. Therefore, in
order to better understand the hydrological response to projected climate change across Iceland,
this type of impact assessment study should be extended to other river basins representative of the
hydro-climatic conditions encountered in the country.
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Appendix 1

Observed and simulated Annual Maximum Floods
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Fig. I-1: Catchment vhm10: Simulated vs. observed AMFs in the water years 1981-2016. Top:
HYPE with parameter set calibrated in 1996-2002. Bottom: HYPE with parameter set calibrated in
2003-2009.
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Fig. I-2: Catchment vhm200: Simulated vs. observed AMFs in the water years 1981-2016. Top:
HYPE with parameter set calibrated in 1996-2002. Bottom: HYPE with parameter set calibrated in
2003-2009.
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Fig. I-3: Catchment vhm74: Simulated vs. observed AMFs in the water years 2006-2016. Top:
HYPE with parameter set calibrated in 2006-2011. Bottom: HYPE with parameter set calibrated in
2012-2016.
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Appendix 2

CORDEX air temperature evaluation series
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Fig. II-1: Catchment vhm10: Mean error (ME) between original CORDEX evaluation air
temperature and ICRA air temperature. Period 1989-2008. Each colour corresponds to a RCM (cf.
Table 3). The month=1 for January and 12 for December.
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Fig. II-2: Catchment vhm10: Mean error (ME) between locally-adjusted CORDEX evaluation air
temperature and ICRA air temperature. Period 1989-2008. The month=1 for January and 12 for

December.
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Fig. 1I-3: Catchment vhm10: Root mean square error (RMSE) between original CORDEX
evaluation air temperature and ICRA air temperature. Period 1989-2008. Each colour corresponds
to a RCM (cf. Table 3). The month=1 for January and 12 for December.
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Fig. [1-4: Catchment vhm10: Root mean square error (RMSE) between locally-adjusted CORDEX
evaluation air temperature and ICRA air temperature. Period 1989-2008. The month=1 for January

and 12 for December.
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Fig. II-5: Catchment vhm200: Mean error (ME) between original CORDEX evaluation air
temperature and ICRA air temperature. Period 1989-2008. Each colour corresponds to a RCM (cf.
Table 3). The month=1 for January and 12 for December.
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Fig. I1-6: Catchment vhm200: Mean error (ME) between locally-adjusted CORDEX evaluation air
temperature and ICRA air temperature. Period 1989-2008.The month=1 for January and 12 for

December.
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Fig. II-7: Catchment vhm200: Root mean square error (RMSE) between original CORDEX
evaluation air temperature and ICRA air temperature. Period 1989-2008. Each colour corresponds
to a RCM (cf. Table 3). The month=1 for January and 12 for December.
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Fig. II-8: Catchment vhm200: Root mean square error (RMSE) between locally-adjusted
CORDEX evaluation air temperature and ICRA air temperature. Period 1989-2008. The month=1
for January and 12 for December.
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Fig. 1I-9: Catchment vhm74: Mean error (ME) between original CORDEX evaluation air
temperature and ICRA air temperature. Period 1989-2008. Each colour corresponds to a RCM (cf.
Table 3). The month=1 for January and 12 for December.
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Fig. I11-10: Catchment vhm74: Mean error (ME) between locally-adjusted CORDEX evaluation air
temperature and ICRA air temperature. Period 1989-2008. The month=1 for January and 12 for

December.
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Fig. II-11: Catchment vhm74: Root mean square error (RMSE) between original CORDEX
evaluation air temperature and ICRA air temperature. Period 1989-2008. Each colour corresponds
to a RCM (cf. Table 3). The month=1 for January and 12 for December.
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Fig. II-12: Catchment vhm74: Root mean square error (RMSE) between locally-adjusted
CORDEX evaluation air temperature and ICRA air temperature. Period 1989-2008. The month=1
for January and 12 for December.
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Appendix 3

CORDEX precipitation evaluation series
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Fig. II-1: Catchment vhm10: Mean error (ME) between original CORDEX evaluation
precipitation and ICRA precipitation (mm/d). Period 1989-2008. Each colour corresponds to a
RCM (cf. Table 3). The month=1 for January and 12 for December.
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Fig. III-2: Catchment vhm10: Mean error (ME) between locally-adjusted CORDEX evaluation
precipitation and ICRA precipitation (mm/d). Period 1989-2008. The month=1 for January and 12
for December.
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Fig. III-3: Catchment vhm10: Root mean square error (RMSE) between original CORDEX
evaluation precipitation and ICRA precipitation (mm/d). Period 1989-2008. Each colour
corresponds to a RCM (cf. Table 3). The month=1 for January and 12 for December.
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Fig. IlI-4: Catchment vhm10: Root mean square error (RMSE) between locally-adjusted

CORDEX evaluation precipitation and ICRA precipitation (mm/d). Period 1989-2008. The
month=1 for January and 12 for December.
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Fig. III-5: Catchment vhm200: Mean error (ME) between original CORDEX evaluation
precipitation and ICRA precipitation (mm/d). Period 1989-2008. Each colour corresponds to a
RCM (cf. Table 3). The month=1 for January and 12 for December.
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Fig. III-6: Catchment vhm200: Mean error (ME) between locally-adjusted CORDEX evaluation
precipitation and ICRA precipitation (mm/d). Period 1989-2008. The month=1 for January and 12
for December.
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Fig. III-7: Catchment vhm200: Root mean square error (RMSE) between original CORDEX
evaluation precipitation and ICRA precipitation (mm/d). Period 1989-2008. Each colour
corresponds to a RCM (cf. Table 3). The month=1 for January and 12 for December.
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Fig. III-8: Catchment vhm200: Root mean square error (RMSE) between locally-adjusted
CORDEX evaluation precipitation and ICRA precipitation (mm/d). Period 1989-2008. The
month=1 for January and 12 for December.
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Fig. II-9: Catchment vhm74: Mean error (ME) between original CORDEX evaluation
precipitation and ICRA precipitation (mm/d). Period 1989-2008. Each colour corresponds to a
RCM (cf. Table 3). The month=1 for January and 12 for December.
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Fig. I1I-10: Catchment vhm74: Mean error (ME) between locally-adjusted CORDEX evaluation
precipitation and ICRA precipitation (mm/d). Period 1989-2008. The month=1 for January and 12
for December.
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Fig. III-11: Catchment vhm74: Root mean square error (RMSE) between original CORDEX
evaluation precipitation and ICRA precipitation (mm/d). Period 1989-2008. Each colour
corresponds to a RCM (cf. Table 3). The month=1 for January and 12 for December.
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Fig. 1II-12: Catchment vhm74: Root mean square error (RMSE) between locally-adjusted
CORDEX evaluation precipitation and ICRA precipitation (mm/d). Period 1989-2008. The
month=1 for January and 12 for December.
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Appendix 4

Mean monthly air temperature in the reference period (1981-2010)
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Fig. IV-1: Catchment vhm10: Mean monthly surface air temperature in the reference period
(1981-2010). Each panel corresponds to a GCM-RCM combination (cf. Table 3). ICRA-reference
(black line), original CORDEX projections (red line), locally-adjusted CORDEX projections (blue
line). For the CORDEX projections, the period 2006-2010 is taken from the RCP4.5 scenario. The
month=1 for January and 12 for December.
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Fig. IV-2: Catchment vhm200: Mean monthly surface air temperature in the reference period
(1981-2010). Each panel corresponds to a GCM-RCM combination (cf. Table 3). ICRA-reference
(black line), original CORDEX projections (red line), locally-adjusted CORDEX projections (blue
line). For the CORDEX projections, the period 2006-2010 is taken from the RCP4.5 scenario. The
month=1 for January and 12 for December.
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Fig. IV-3: Catchment vhm74: Mean monthly surface air temperature in the reference period
(1981-2010). Each panel corresponds to a GCM-RCM combination (cf. Table 3). ICRA-reference
(black line), original CORDEX projections (red line), locally-adjusted CORDEX projections (blue
line). For the CORDEX projections, the period 2006-2010 is taken from the RCP4.5 scenario. The

month=1 for January and 12 for December.
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Appendix 5

Mean monthly precipitation in the reference period (1981-2010)
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Fig. V-1: Catchment vhm10: Mean monthly precipitation in the reference period (1981-2010).
Each panel corresponds to a GCM-RCM combination (cf. Table 3). ICRA-reference (black line),
original CORDEX projections (red line), locally-adjusted CORDEX projections (blue line). For
the CORDEX projections, the period 2006-2010 is taken from the RCP4.5 scenario. The month=1
for January and 12 for December.
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Fig. V-2: Catchment vhm200: Mean monthly precipitation in the reference period (1981-2010).
Each panel corresponds to a GCM-RCM combination (cf. Table 3). ICRA-reference (black line),
original CORDEX projections (red line), locally-adjusted CORDEX projections (blue line). For
the CORDEX projections, the period 2006-2010 is taken from the RCP4.5 scenario. The month=1
for January and 12 for December.
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Fig. V-3: Catchment vhm74: Mean monthly precipitation in the reference period (1981-2010).
Each panel corresponds to a GCM-RCM combination (cf. Table 3). ICRA-reference (black line),
original CORDEX projections (red line), locally-adjusted CORDEX projections (blue line). For
the CORDEX projections, the period 2006-2010 is taken from the RCP4.5 scenario. The month=1

for January and 12 for December.




Appendix 6

Projected locally-adjusted 30-year mean monthly air temperature
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Fig. VI-1: Ensemble median of the projected seasonality of 30-year mean monthly surface air temperature
under the RCP4.5 emission scenario (left panel) and RCP8.5 emission scenario (right panel). Catchments
vhm10 (top panel), vhm200 (middle panel), vam74 (bottom panel). ICRA-reference (1981-2010) (black
line). Each colour corresponds to a 30-year period: from dark blue (1981-2010) to red (2071-2100). The
month=1 for January and 12 for December.
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Appendix 7

Projected locally-adjusted monthly precipitation under the RCP4.5 emission scenario
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Fig. VII-1: Catchment vhm10: Projected CORDEX monthly precipitation under the RCP4.5
emission scenario. Top (February); Middle (June); Bottom (October). A 5-year running mean was
applied. Each colour corresponds to a GCM-RCM combination (cf. Table 3).
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Fig. VII-2: Catchment vhm200: Projected CORDEX monthly precipitation under the RCP4.5
emission scenario. Top (February); Middle (June); Bottom (October). A 5-year running mean was
applied. Each colour corresponds to a GCM-RCM combination (cf. Table 3).
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Fig. VII-3: Catchment vhm74: Projected CORDEX monthly precipitation under the RCP4.5
emission scenario. Top (February); Middle (June); Bottom (October). A 5-year running mean was
applied. Each colour corresponds to a GCM-RCM combination (cf. Table 3).
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Appendix 8

Hydrological projections in the reference period (1981-2010): magnitude and seasonal
frequency of occurrence of AMF's
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Fig. VII-1: Catchment vhm10: Empirical cumulative distribution function of AMFs in the
reference period. Estimations derived from the HYPE model forced with the ICRA reanalysis (red
line) and with the locally-adjusted CORDEX projections (grey lines) in the 1989-2007 period
(evaluation series) and 1981-2010 period (RCPs 4.5 & 8.5). Hydrological model forced with
CORDEX evaluation series (top), CORDEX RCP4.5 series (middle), CORDEX RCPS8.5 series
(bottom). Left-panel: HYPE with parameter set calibrated in 1996-2002. Right-panel: HYPE with
parameter set calibrated in 2003-2009.
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Fig. VIII-2: Catchment vhm10: Relative seasonal frequency of occurrence of AMFs in the
reference period. Estimations derived from the HYPE model forced with the ICRA reanalysis (red
line) and with the locally-adjusted CORDEX projections (grey lines) in the 1989-2007 period
(evaluation series) and 1981-2010 period (RCPs 4.5 & 8.5). Hydrological model forced with
CORDEX evaluation series (top), CORDEX RCP4.5 series (middle), CORDEX RCPS8.5 series
(bottom). Left-panel: HYPE with parameter set calibrated in 1996-2002. Right-panel: HYPE with
parameter set calibrated in 2003-2009.
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Fig. VIII-3: Catchment vhm200: Empirical cumulative distribution function of AMFs in the
reference period. Estimations derived from the HYPE model forced with the ICRA reanalysis (red
line) and with the locally-adjusted CORDEX projections (grey lines) in the 1989-2007 period
(evaluation series) and 1981-2010 period (RCPs 4.5 & 8.5). Hydrological model forced with
CORDEX evaluation series (top), CORDEX RCP4.5 series (middle), CORDEX RCPS8.5 series
(bottom). Left-panel: HYPE with parameter set calibrated in 1996-2002. Right-panel: HYPE with

parameter set calibrated in 2003-2009.
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Fig. VIII-4: Catchment vhm200: Relative seasonal frequency of occurrence of AMFs in the
reference period. Estimations derived from the HYPE model forced with the ICRA reanalysis (red
line) and with the locally-adjusted CORDEX projections (grey lines) in the 1989-2007 period
(evaluation series) and 1981-2010 period (RCPs 4.5 & 8.5). Hydrological model forced with
CORDEX evaluation series (top), CORDEX RCP4.5 series (middle), CORDEX RCP8.5 series
(bottom). Left-panel: HYPE with parameter set calibrated in 1996-2002. Right-panel: HYPE with
parameter set calibrated in 2003-2009.
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Fig. VIII-5: Catchment vhm74: Empirical cumulative distribution function of AMFs in the
reference period. Estimations derived from the HYPE model forced with the ICRA reanalysis (red
line) and with the locally-adjusted CORDEX projections (grey lines) in the 1989-2007 period
(evaluation series) and 1981-2010 period (RCPs 4.5 & 8.5). Hydrological model forced with
CORDEX evaluation series (top), CORDEX RCP4.5 series (middle), CORDEX RCPS8.5 series
(bottom). Left-panel: HYPE with parameter set calibrated in 2006-2011. Right-panel: HYPE with

parameter set calibrated in 2012-2016.
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Fig. VIII-6: Catchment vhm74: Relative seasonal frequency of occurrence of AMFs in the
reference period. Estimations derived from the HYPE model forced with the ICRA reanalysis (red
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(evaluation series) and 1981-2010 period (RCPs 4.5 & 8.5). Hydrological model forced with
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(bottom). Left-panel: HYPE with parameter set calibrated in 2006-2011. Right-panel: HYPE with
parameter set calibrated in 2012-2016.
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Appendix 9

Projected seasonal frequency of occurrence of AMFs
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Fig. IX-1: Catchment vhm10: Projected relative seasonal frequency of occurrence of AMFs under
the RCP4.5 emission scenario. Ensemble members (grey lines) and ensemble median (red line).

The symbols on the ensemble median indicate whether a significant shift in the seasonal frequency
ensemble has been detected between the reference and future periods (triangle point-up

=freq.

no significant change).

increase; triangle point down=freq. decrease; open circle
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Fig. IX-2: Catchment vhm10: Projected relative seasonal frequency of occurrence of AMFs under
the RCP8.5 emission scenario. Ensemble members (grey lines) and ensemble median (red line).
The symbols on the ensemble median indicate whether a significant shift in the seasonal frequency
ensemble has been detected between the reference and future periods (triangle point-up=freq.
increase; triangle point down=freq. decrease; open circle=no significant change).
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Fig. 1X-3: Catchment vhm200: Projected relative seasonal frequency of occurrence of AMFs
under the RCP4.5 emission scenario. Ensemble members (grey lines) and ensemble median (red
line). The symbols on the ensemble median indicate whether a significant shift in the seasonal

frequency ensemble has been detected between the reference and future periods (triangle point-

freq. decrease; open circle=no significant change).
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Fig. 1X-4: Catchment vhm200: Projected relative seasonal frequency of occurrence of AMFs
under the RCP8.5 emission scenario. Ensemble members (grey lines) and ensemble median (red
line). The symbols on the ensemble median indicate whether a significant shift in the seasonal

frequency ensemble has been detected between the reference and future periods (triangle point-

freq. decrease; open circle=no significant change).
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Fig. IX-5: Catchment vhm74: Projected relative seasonal frequency of occurrence of AMFs under
the RCP4.5 emission scenario. Ensemble members (grey lines) and ensemble median (red line).
The symbols on the ensemble median indicate whether a significant shift in the seasonal frequency
ensemble has been detected between the reference and future periods (triangle point-up=freq.
increase; triangle point down=freq. decrease; open circle=no significant change).
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Fig. IX-6: Catchment vhm74: Projected relative seasonal frequency of occurrence of AMFs under
the RCP8.5 emission scenario. Ensemble members (grey lines) and ensemble median (red line).
The symbols on the ensemble median indicate whether a significant shift in the seasonal frequency
ensemble has been detected between the reference and future periods (triangle point-up=freq.
increase; triangle point down=freq. decrease; open circle=no significant change).
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