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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 Pvera catchment is located near the coast in the
Westfjords; The Markarfljot catchment is located in the southern highlands, in the region of
Myrdalsjokull ice cap, and has a 13% glacier coverage; The Kreppa catchment is located in the
northeast central highlands, in the region of Vatnajokull ice cap, and has a 51% glacier coverage.

An ensemble of daily streamflow series was simulated for the period 1981-2100, with the HYPE
hydrological model forced with locally-adjusted temperature and precipitation outputs from an
ensemble of CORDEX climate projections, considering two greenhouse gas emission scenarios
referred to as Representative Concentration Pathways (RCPs 4.5 and 8.5). Projected changes
affecting near surface air temperature, precipitation, snow storage, snow and glacier melt, and
their impact on mean and extreme streamflow characteristics were analysed, considering moving
30-year time-windows. The reference period was taken as 1981-2010.

A significant warming is projected over the course of the 21st century, more or less pronounced
according to the season, catchment location and emission scenario (0.29°C/decade for the RCP4.5
emission scenario and 0.46°C/decade for the RCP8.5 emission scenario, on average over all
months and catchments). Precipitation variations are characterised by decadal to multi-decadal
oscillations reflecting natural climate variability. The different precipitation projections do not
always fluctuate in phase with each other, which sometimes leads to large uncertainties regarding
both direction and magnitude of changes in annual and seasonal means, depending on the future
time-windows under consideration. Despite these large fluctuations, mean precipitation is
projected to significantly increase in summer and autumn in the future in the three catchments,
especially under the RCP8.5 emission scenario, and decrease in winter in the Markarfljot
catchment.

Projected climate change, if it realises, 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, which is expected to lead to more rainfall at the expense of snowfall, to a
decrease in snow storage and to changes in snow and glacier melt. The magnitude of the
hydrological response varies over the course of the 21st century and is different from one
catchment to another because their characteristics differ. In summary, results indicate that mean
seasonal streamflow is likely to increase in all seasons in the future in the Kreppa catchment,
whereas in the Pvera and Markarfljot catchments, mean streamflow is projected to i) increase in
autumn and winter, ii) increase in spring under both emission scenarios but decrease towards the
end of the century under the RCP8.5 emission scenario, iii) decrease in summer.

Projected climate change will also have an impact on flood risk in the future. Changes in the
seasonal frequency of occurrence of annual maximum floods are expected in the Pverd and
Markarfljot catchments with an increase in autumn/winter and a decrease in spring/summer. An
increase in the magnitude of annual maximum floods is also expected in the Kreppa and
Markarfljot catchments.
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1 Introduction

Global warming caused by human influence is unequivocal (IPCC 2021). The study of climate
change due to anthropogenic greenhouse gas emissions and its potential impact on ecosystems and
societies has become a subject of primary concern. In particular, numerous studies have
investigated the impact of projected climate change on the hydrological characteristics of river
basins worldwide 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). In Iceland, several studies have analysed
recent climate variations and projected climate changes in the 21st century and their impact on
glaciers and hydrology. Results indicate that climate warming is expected to lead to more rainfall
at the expense of snowfall, shorter snow seasons and less snow storage, retreat of glaciers, and to
changes in the seasonality of streamflow in snow-dominated and glacier-fed river basins (e.g.
Johannesson et al. 2007; Einarsson and Jonsson 2010; Thorsteinsson and Bjornsson Eds. 2011;
Bjornsson et al. 2018; Adalgeirsdéttir et al. 2020; Crochet 2013, 2020, 2021, 2022).

Projected changes affecting hydrological characteristics of river basins are likely to have
consequences on water resources management, operation of reservoirs and existing hydropower
installations and flood and drought risks. Therefore, studying the potential impact of projected
climate change on hydrological processes is necessary in order to help identify the most
appropriate adaptation strategies and mitigating actions to be deployed to insure resilience of
society in the future.

The aim of this study is to continue the work of Crochet (2020, 2021, 2022) and document the
likely hydrological response to projected climate change in Iceland in the 21st century. Following
the same procedure as in Crochet (2022), an ensemble of daily hydrological series was simulated
for the period 1981-2100, in three river catchments located in different regions of the country. The
HYPE hydrological model was used for that purpose and forced with locally-adjusted temperature
and precipitation outputs from an ensemble of climate projections from CORDEX, considering
two greenhouse gas emission scenarios. Projected changes affecting near surface air temperature,
precipitation, snow storage, snow and glacier melt, and their impact on mean and extreme
streamflow characteristics were analysed.

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 river catchments are situated in different regions of the country (Figure 1 and Table 1).
The Pvera catchment is located close to the coast in the Westfjords; The Markarfljot catchment is
partly-glaciated and located in the southern highlands, in the region of Myrdalsjokull ice-cap; The
Kreppa catchment is partly-glaciated and located in the northeast central highlands, in the region
of Vatnajokull ice-cap. The delineation of the drainage areas of these catchments was made with a
digital elevation model (DEM) from ArcticDEM (Porter et al., 2018) but the average elevations
given in Table 1 were estimated with the DEM from the National Land Survey of Iceland (see
Section 3-6 below), which can explain the differences between these estimates and those given in
Hrodmarsson and Porarinsdottir (2018) or Massad et al. (2022), especially in the case of the
Kreppa catchment due to its large glaciated extent. The streamflow gauging stations located in
these catchments are monitored by Vedurstofa Islands (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 Pvera river at gauging site vhm38 is a
combination of two categories (D, S), the Kreppa river at gauging site vhm233 is a combination of
two categories (J, D) and the Markarfljot river at gauging site vhm218 is a combination of three
categories (J, D, L). According to the Corine Land Cover data (Arnason and Matthiasson, 2017),
the Pvera catchment contains several lakes and is partly covered with mosses, poor heathland and
with partly vegetated land; The Markarfljot catchment is partly glaciated (ca. 13%) and the land
area is partly covered with mosses, poor heathland and with barren areas; The Kreppa catchment is
partly glaciated (ca. 51%) and the land area is mostly barren. According to the soil map of Iceland
(Arnalds and Oskarsson, 2009; Arnalds, 2015), the prevailing soil types found in the Pvera
catchment are composed of 1) a complex of Brown Andosol, Gleyic Andosol and Histosol, and ii)
Cambic Vitrisol; The prevailing soil types found in the Markarfljét catchment are composed of 1)
Cambic Vitrisol, ii) Brown Andosol, iii) Arenic Vitrisol, iv) a complex of Cambic and Arenic
Vitrisols, v) Leptosols and vi) a complex of Arenic Vitrisol and Leptosol; The prevailing soil types
found in the Kreppa catchment are composed of 1) a complex of Cambic and Arenic Vitrisols, ii)
Cambic Vitrisol, iii) a complex of Arenic Vitrisol and Leptosol, and iv) Brown Andosol.
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Table 1: Discharge gauging stations and main characteristics of catchments

Name of river and location of | ID River Drainage Average
gauging station type area (km?) elevation
(m.a.s.l)
Pvera, Langadalsstrond; vhm38 D,S 41 428
Nauteyri
Markarfljot; Emstrur vhm218 J,D, L 516 728
Kreppa, Krepputungu; vhm233 I,D 1126 1034
Lénshnjakur
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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).
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3 Data and methods

The text below is mostly taken from Crochet (2022), since the same hydrological model, climate
data and methodology are used.

3-1 Method overview

The following modelling chain was used to produce an ensemble of daily hydrological projections
for the period 1981-2100:

“Greenhouse gas emission scenario — global climate model — regional downscaling — local
adjustment / bias correction — hydrological model — analysis”

The climate forcing was provided by an ensemble of six regional climate projections from the
CORDEX framework for two possible greenhouse gas 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.

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. This approach is expected to improve
the reliability of the hydrological simulations. In total, an ensemble of twelve daily hydrological
projections (or twelve ensemble members) was obtained for the period 1981-2100 and each
emission scenario (six climate projections X two HYPE parameter sets). The spread of the
hydrological projections is expected to provide a plausible estimate of the uncertainty range
associated with future hydrological characteristics.

Various hydro-climatic indicators were extracted from these projections and their characteristics
analysed considering a moving time-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 1981-2010.

The hydro-climatic indicators considered in this study are:

» Near surface air temperature (catchment-averaged)

 Precipitation (catchment-averaged)

+ Rainfall (catchment-averaged) (liquid fraction of precipitation)

* Snowfall (catchment-averaged) (solid fraction of precipitation)

* Snow storage, in snow water equivalent (SWE, catchment-averaged)
* Snow and glacier 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 each year, by averaging daily values from each month, season and water
year, respectively, and their 30-year mean estimated in each 30-year time-window. 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 in each water-year 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 do so, 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 was then calculated in each 30-year time-window. 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) in each 30-year time-window and the magnitude of the
T-year floods (for T=10 and 50 years) estimated. Finally, the flood magnitude Q was fixed and the
corresponding return period T(Q) estimated in each 30-year time-window.

Changes affecting the statistical characteristics of each hydro-climatic indicator between the
reference (1981-2010) and future 30-year periods were evaluated. 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, snow and glacier
melt, discharge, the T-year flood ensembles and the seasonal frequencies of occurrence of AMFs,
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 had been drawn from the same population, and no change was
likely projected between the two periods. When the null hypothesis was rejected in favour of one
of the alternative hypothesis, it was reasonably concluded that either 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 projected return period T(Q), changes between the reference and future periods were
considered significant when at least two-thirds of the ensemble members were shifted in the same
direction (T(Q) increase or decrease).

Then, changes affecting the 30-year mean (annual, seasonal and/or daily) values 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 (100x(future minus reference)/reference), and the ensemble median
of the difference or relative difference calculated.

The multi-model ensemble approach used in this study takes into consideration various sources of
uncertainties in the modelling chain (future emission scenarios, global and regional climate
modelling, hydrological model parameterisation). Other sources of uncertainty not included in the
present study may also play some role in the overall uncertainty (e.g. local bias adjustment
method, hydrological model structure, hydrological model calibration strategy). Velazquez et al.
(2013) found that the added-value of using several hydrological models in climate change impact
studies depended on the hydrological indicator considered and the region investigated. Their
results suggested that the use of several types of hydrological models should be considered for the
study of low flow, whilst most hydrological models tested by these authors led to comparable
results in the case of high flow. Concerning mean flow, their results were found to depend on the
region considered which led them to recommend to use several types of hydrological models, as
for the study of low flow. Gosling et al. (2011) also found that the uncertainty associated with the
type of hydrological model used could be substantial but still relatively small compared to the one
arising from the use of multiple GCMs, in a study of projected changes of mean annual as well as
high and low monthly runoff. The introduction of more components in the modelling chain would
come at the cost of extra computational efforts and its added-value regarding the estimation of the
overall uncertainty range would need to be evaluated for each catchment. A detailed analysis of
the contribution of individual sources of uncertainty in the modelling chain to the overall
hydrological uncertainty is beyond the focus of this study and therefore not undertaken. It is
simply assumed that the modelling chain used in this study offers a reasonable trade-off between
complexity and reliability.

3-2 The HYPE hydrological model

HYPE (Hydrological Predictions for the Environment) is a 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
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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).

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
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: Climate Limited- | Rockel et al. (2008)
area modelling community
(CLM-Community)
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 is 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, the Pvera catchment (vhm38) was divided into two sub-basins, the
Kreppa catchment (vhm233) was divided into four sub-basins and the Markarfljét catchment
(vhm218) was divided into twelve sub-basins.

The HYPE model parameters were inferred through optimisation using the PEST software
package (Doherty, 2021). The SCEUA P global optimisation scheme, where SCE stands for
“Shuffled Complex Evolution” and UA stands for “University of Arizona”, was used, considering
the root-mean-square error (RMSE) 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 simulation period. Among the optimised
parameters, a correction for precipitation was included, meaning that after passage into the
hydrological model, the two output precipitation series will be different.

The model 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 Nash and
Sutcliffe efficiency criterion, NSE (Nash and Sutcliffe 1970) and ii) the percent bias (RE):

E] (Qsimi—Qobsi)2
NSE=1 - - - (1)
El (Qobsi—E[Qobs])

El (Qsiml-—Qobsi)
RE(%)=100 x ————— (2)
El Qobs;

where Qobs and QOsim denote observed and simulated discharge respectively and » the number of
time steps (days). The NSE criterion evaluates the performance of the HYPE discharge
simulations by comparing it to the performance of a benchmark estimate obtained by assigning the
mean of the discharge observations (E[Qobs]) to each time step. The NSE criterion can take values
ranging from —oo to 1. A value lower than O indicates that HYPE is less accurate than the
benchmark estimate, a value of 0 means that HYPE is as accurate as the benchmark estimate, a
value greater than O indicates that HYPE is more accurate than the benchmark estimate 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
* Kreppa catchment (vhm233)

The HYPE model simulations perform reasonably well with respect to NSE in the different
validation periods and the results obtained with the two parameter sets are of similar quality. The
percent bias varies within [—3.3%;+11.8%] but is mostly positive. The seasonality of mean daily
flow in the period 1981-2016 is also reasonably well reproduced.

*  Markarfljot catchment (vhm218)

The HYPE model simulations perform reasonably well with respect to NSE in the different
validation periods and the results obtained with the two parameter sets are of similar quality. The
streamflow simulations are unbiased on average in most validation periods and the percent bias
varies within [-2.6%;—0.7%]. The seasonality of mean daily flow in the water years 1981-2016 is
also reasonably well reproduced.

* bvera catchment (vhm38)

The HYPE model simulations perform reasonably well with respect to NSE but the results
obtained with the first parameter set are of slightly better quality than those obtained with the
second parameter set. The percent bias varies with the validation period and is within [-15.9%;
+5.9%]. The streamflow simulations are relatively unbiased, except in the period 1981-1995
where a negative bias is observed with both streamflow simulations. The seasonality of mean daily
flow in the water years 1981-2016 is also reasonably well reproduced by both simulated series.

* 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 simulated vs. observed magnitude of AMFs. Only water years for
which daily discharge observations are available in more than 300 days are considered. Different
generating mechanisms (rainfall, snowmelt, glacier melt, combined rainfall and snowmelt) are
associated with the AMFs depending on catchment and season of occurrence. AMFs occurring in
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. AMFs occurring in spring are expected to be primarily generated by snowmelt,
sometimes combined with rain. AMFs occurring in summer are expected to be primarily generated
by rainfall, sometimes combined with snowmelt (and glacier melt in glaciated catchments). In the
Kreppa catchment (vhm233), observed AMFs occurred from July to September and were
primarily caused by glacier melt. In the Markarfljot catchment (vhm218), observed AMFs
occurred in all seasons but with a majority in June-July. In the Pveréd catchment (vhm38), observed
AMFs occurred in all seasons with a majority in May-June.

The seasonality of the timing of AMFs is usually well reproduced by the HYPE simulations in the
Kreppa catchment but some AMFs are simulated in May-June whilst none are observed in these
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months. In the Markarfljot catchment, AMFs are simulated in all seasons, as observed. In the
bvera catchment, the concentration of AMFs occurring in June has been well detected by the
HYPE simulations but those observed in other months have often not been detected by the
simulations and most of those simulated in July-August do not correspond to any observation,
especially with the model calibrated in 2003-2009.

The magnitude of AMFs is reasonably well simulated by HYPE in the Kreppa catchment but the
most extremes ones (some of which could have been caused by jokulhlaup and not by the
meteorological situation) are underestimated by both model simulations. The magnitude of AMFs
tends to be underestimated by the model simulations in the Markarfljot and Pvera catchments.

e Conclusion

The HYPE hydrological model simulations reproduce observed daily streamflow characteristics
reasonably well but the magnitude of AMFs tends to be underestimated in the Markarfljot and
bvera catchments. The performances of the daily model simulations in the validation periods are
usually consistent with their performances in the calibration periods which suggests that the model
parameters are sufficiently robust to natural variations in climatic conditions. 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 vhm233 (Kreppa): HYPE discharge simulations: Validation results for a daily

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

vhm233

Calibration period Calibration period

1996-2002 2003-2009

Validation period NSE RE (%) NSE RE (%)
1981-2016 0.79 1.9 0.78 7.02
1981-1995 0.68 6.6 0.67 11.8
1996-2002 0.84 0.22 0.83 5.25
2003-2009 0.89 -33 0.89 1.98
2010-2016 0.76 25 0.74 7.6

Table 5: Catchment vhm218 (Markarfljot): HYPE discharge simulations: Validation results for a

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

vhm218

Calibration period Calibration period

1996-2002 2003-2009

Validation period NSE RE (%) NSE RE (%)
1981-2016 0.73 -1.5 0.73 -1.53
1981-1995 0.75 -0.71 0.74 -0.7
1996-2002 0.72 2.1 0.72 2.3
2003-2009 0.7 -1.4 0.72 -1.3
2010-2016 0.72 -2.5 0.73 -2.6
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Table 6: Catchment vhm38 (Pverd): HYPE discharge simulations: Validation results for a daily

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

vhm38
Calibration period Calibration period
1996-2002 2003-2009

Validation period NSE RE (%) NSE RE (%)
1981-2016 0.77 -3.1 0.71 -7.8
1981-1995 0.77 -12.4 0.68 -15.9
1996-2002 0.69 -0.06 0.63 -4.6
2003-2009 0.77 5.2 0.8 -1.3
2010-2016 0.79 5.9 0.73 0.15

Table 7: HYPE discharge simulations: Annual NSE statistics for water years with more than 300

valid daily discharge observations. Validation results for a daily time step.

Validation

vhm233 (1981-2016)

Calibration period: 1996-2002

Calibration period: 2003-2009

NSE min -0.04 -0.14
NSE median 0.81 0.80
NSE max 0.94 0.93

vhm218 (1981-2016)

Calibration period: 1996-2002

Calibration period: 2003-2009

NSE min 0.38 0.21
NSE median 0.73 0.74
NSE max 0.83 0.85

vhm38 (1981-2016)

Calibration period: 1996-2002

Calibration period 2003-2009

NSE min 0.46 0.14
NSE median 0.79 0.75
NSE max 0.89 0.89
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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 and then a specific QM-based adjustment was defined for each month and sub-basin
(see section 3-7). The results presented in this section correspond to the ICRA temperature and
precipitation series and the corresponding QM-adjusted CORDEX projections, before their
passage into the hydrological model. The ICRA and QM-adjusted CORDEX precipitation series
will then be further corrected by the the HYPE hydrological model with a coefficient that depends
on each calibration period (these results are 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 and the skill of the QM adjustment
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 (see Tables 2 and 3). The CORDEX evaluation series are synchronised with
observed climate, making a direct comparison with ICRA reanalysis possible. The QM-based
adjustment coefficients were defined by comparing the 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). The results presented here are for daily temperature and precipitation area-averaged over
the entire catchments.

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 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. The RCA4 and RACMO22E evaluation series are negatively
biased in all months in the Kreppa (vhm233) and Markarfljot (vhm218) catchments and relatively
unbiased or slightly positively biased in the Pverd (vhm38) catchment. 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 different evaluation series are relatively
similar in terms of RMSE, with a slight advantage for CCLM-4-8-17 and RACMO22E.
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5-1-2 Precipitation

The seasonality of ME and RMSE before and after local bias-adjustment 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 over- or under-estimation depending on the
days (not shown). For the Kreppa catchment (vhm233), two RCMs (RCA4 and RACMO22E) are
relatively unbiased on average whereas CCLM-4-8-17 is positively biased in autumn/winter and
unbiased in other months, and REMO2009 is slightly negatively biased in autumn/winter and
unbiased in other months. Precipitation over the Markarfljot catchment (vhm218) is unbiased on
average with RACMO22E, underestimated on average with REM02009, especially in autumn/
winter, and overestimated on average with RCA4 and CCLM-4-8-17. Precipitation over the Pvera
catchment (vhm38) is underestimated on average in all months with REMO2009, especially in
autumn/winter, slightly overestimated in a majority of months with CCLM-4-8-17, slightly
overestimated in spring/summer and underestimated in winter with RCA4, underestimated in
autumn/winter and unbiased in other months with RACMO22E. 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. Overall, the different
bias-corrected evaluation series are relatively similar in terms of RMSE but with a slight
advantage for CCLM-4-8-17 in a majority of months in catchments vhm218 and vhm38.

5-2 Climate projections

Comparisons between CORDEX and ICRA mean monthly temperature and precipitation in the
1981-2010 period confirms i) 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 series 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 §). On average
over all months and catchments, a warming rate of 0.29°C/decade is projected with the RCP4.5
emission scenario and 0.46°C/decade with the RCP8.5 emission scenario. The lowest average
warming rate is projected in the Markarfljot catchment (vhm218) and the highest one is projected
in the bvera catchment (vhm38). 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 slightly greater than the one
derived from the original temperature series (0.27°C/decade under RCP4.5 and 0.42°C/decade
under RCP8.5). These results are similar to those observed in the analysis of other catchments (see
Crochet 2020, 2021, 2022).
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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 monthly temperature cycle (see Appendix 6).

5-2-2 Precipitation trends

As already observed in the analysis of other catchments (see Crochet 2020, 2021, 2022), monthly
precipitation projections do not exhibit any significant linear trend in most months and studied
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 lack of significant
linear precipitation trend does not mean that no significant change will be affecting precipitation in
some future 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 vhm233 vhm218 vhm38
RCP4.5 RCP8.5 RCP4.5 |RCP8.5 RCP4.5 RCP8.5
Jan 0.290 0.373 0.265 0.334 0.324 0.445
Feb 0.279 0.444 0.259 0.400 0.305 0.499
Mar 0.266 0.414 0.259 0.382 0.313 0.511
Apr 0.239 0.351 0.230 0.348 0.298 0.464
May 0.260 0.455 0.247 0.404 0.312 0.455
Jun 0.303 0.526 0.315 0.502 0.306 0.445
Jul 0.308 0.568 0.346 0.591 0.336 0.538
Agu 0.290 0.574 0.301 0.576 0.304 0.545
Sep 0.309 0.509 0.251 0.393 0.298 0.454
Oct 0.343 0.537 0.280 0.426 0.327 0.478
Nov 0.278 0.480 0.240 0.414 0.279 0.458
Dec 0.286 0.448 0.239 0.376 0.307 0.488
Mean 0.288 0.473 0.269 0.429 0.309 0.482
Mean 0.258 0.418 0.250 0.389 0.301 0.459
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 vhm?233 vhm218 vhm38

RCP4.5 RCP8.5 RCP4.5 RCP8.5 RCP4.5 RCP8.5
Jan |/ / / / / /
Feb |/ / / / / /
Mar |/ / / / / /
Apr |/ / / / / /
May |/ / / / / /
Jun |/ / / / / /
Jul |/ / / / / /
Agu |/ / / / / /

Sep |/ / / / / | 0-185 (6)
Oct |/ / / / / /
Nov |/ / /| 0-182 (4) / /

Dec |/ 0.143 (4) / / /10.131 (5)
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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 HYPE 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

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. These comparisons allow to evaluate how the local
adjustments of CORDEX precipitation and temperature projections by quantile mapping
propagate into the hydrological modelling chain. 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
cumulative 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.

The current streamflow seasonality of the Pvera catchment 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/summer when snow melts. The Kreppa and Markarfljot
catchments which are partly glaciated have low flows in winter when snow accumulates and high
flows in spring/summer when snow and then later ice melt. The Markarfljot catchment has also
some substantial groundwater flow so that the contrast between low winter flow and high spring/
summer flows is not as marked as in the Kreppa catchment. 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 cumulative 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 in the Markarfljot (vhm218) and Pvera
(vhm38) catchments compared to the reference simulations (note however that in these two
catchments, the magnitude of AMFs is often underestimated by the HYPE simulations forced with
ICRA, as compared to observed AMFs, see Section 4). The spread of the hydrological ensembles
reflects the uncertainties associated with the different climate projections, their local-adjustment,
and the hydrological model parameterisation. Overall, these results give credibility to the local-
adjustment by quantile mapping applied to the CORDEX climate projections. It is assumed in the
rest of the study that the local-adjustments of CORDEX precipitation and air temperature 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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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 the seasonality of mean daily snow storage and river flow

Projected changes in the seasonality of mean daily snow storage and river discharge are presented
in Figs. 12 to 23. First, the ensemble median is presented for all 30-year periods and then results
with all the ensemble members are presented for two periods: near future (2021-2050) and far
future (2071-2100). The overall uncertainty associated with these projections can be estimated by
the spread of the ensemble. The percentage of days in the water year for which the mean daily
snow storage or discharge ensembles significantly differ between the reference (1981-2010) and
these two future periods is also indicated. The larger warming projected with the RCP8.5 emission
scenario leads to larger hydrological changes in the three catchments than the RCP4.5 emission
scenario.

In the Pverd (vhm38) and Markarfljot (vhm218) catchments, the projected rise in temperatures
(see Section 5-2-1 and Appendix 6) gradually leads to shorter snow seasons and less snow storage.
By the end of the 21st century, mean daily snow storage is projected to strongly deplete on these
two catchments, especially under the RCP8.5 emission scenario. Results look quite different in the
Kreppa (vhm233) catchment where mean daily snow storage is apparently projected to increase
under both emission scenarios. To explain this result, it should be mentioned that HYPE converts
all the snow falling onto the glaciers into ice, and snow is only accumulated by the model for the
land area outside the glaciers (snow accumulation is assumed to be null on the glacier since snow
is converted into ice). As temperature is rising, the glacier is projected to progressively retreat and
the land area increase (not shown). Therefore, when averaged over the entire catchment, snow
storage is projected to increase because of the increase in land area (where additional snow storage
is accounted for), and not because more snow will accumulate over the initial land area. To verify
this assumption, HYPE was re-run without glacier in order to calculate snow storage over the
entire catchment during the entire projection period (not shown). Results indicate that snow
storage over the entire Kreppa catchment is projected to decrease during the 21st century, which
was expected as a reduction of catchment-averaged snowfall is projected in the future (see Section
6-2-2 below). Note that for the Markarfljot catchment, the glacier is also projected to
progressively retreat and the land area increase (not shown), however, as the glacier coverage on
the Markarfljot catchment is much smaller than on the Kreppa catchment (ca. 13% vs. 51% at the
start of the simulations), the gain in land area where additional snow storage is accounted for is
obviously not sufficient to compensate for the reduction of snow storage over the initial land area,
owing to the projected warming, so that overall, snow storage averaged over the entire catchment
is projected to decrease.

As the projection horizon increases, the mean daily streamflow seasonality pattern of the three
catchments is projected to change in response to rising temperatures and subsequent changes in
snow (and glacier) melt. In the Pverd and Markarfljot catchments, mean daily discharge is
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projected to increase more or less progressively between October and May, likely because the
number of rainfall and/or snowmelt events will increase with projected warming, and decrease
more or less progressively between June and August in relation to snow storage depletion and
subsequent snowmelt reduction. The peak of mean daily discharge caused by snowmelt in spring
or early summer is projected to gradually decrease and shift earlier in these two catchments under
both emission scenarios because the projected snow storage reduction will lead to less snowmelt
in spring/summer and the onset of spring snowmelt will start earlier. In the Pvera catchment, the
peak of mean daily discharge originally observed in late June-early July is projected to disappear
towards the end of the century under the RCP8.5 emission scenario and a new peak caused by
rainfall will emerge in October/November. Furthermore, in that catchment, a period of low flow is
projected to develop in Jul/Aug towards the end of the century under both emission scenarios. The
lowest mean daily flow is observed in Mar/Apr in the 1981-2010 reference period whereas in
2071-2100, the lowest mean daily flow is projected to occur in Jul/Aug.

In the Markarfljot catchment, the seasonal differences in mean daily flow are projected to remain
substantial during the entire projection period under the RCP4.5 emission scenario, whereas under
the RCP8.5 emission scenario, projected mean daily flow becomes more evenly distributed within
the water-year, towards the end of the 21st century. In particular, glacier melt and groundwater
flow will maintain a relatively high flow in summer, although reduced compared to what is
observed in the 1981-2010 reference period.

Results for the Kreppa catchment indicate a generalised increase in mean daily flow in the future,
under both emission scenarios, most likely caused by an increase in rainfall, snowmelt and/or
glacier melt, depending on the month under consideration, owing to the rise in temperatures. The
projected increase is gradual except in Jul/Aug where after around 2041-2070/2051-2080, mean
daily flow will start declining because of the decline of glacier melt, owing to the glacier retreat.
Nevertheless, projected mean daily discharge in Jul/Aug will remain substantially greater than in
the reference period.

Note that in practise, the retreat of glaciers could introduce some changes in the geometry and
drainage area of the two glaciated catchments. This aspect was not taken into consideration in the
simulations and the drainage areas were assumed to remain unchanged during the entire projection
period. The uncertainty regarding this geometrical aspect may introduce some additional
uncertainties in the hydro-climatic projections.
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Fig. 12: bverd catchment (vhm38): Projected seasonality of mean daily snow storage (ensemble
median) under the RCP4.5 emission scenario (top) and RCP8.5 emission scenario (bottom). Each
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Fig. 13: bverd catchment (vhm38). Top-panel: Projected seasonality of mean daily discharge
(ensemble median). Bottom-panel: Percent change in mean daily discharge relative to the
1981-2010 reference period (ensemble median). 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: bvera catchment (vhm38): 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: bvera catchment (vhm38): 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. 16: Markarfljot catchment (vhm218): Projected seasonality of mean daily snow storage
(ensemble median) 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. 17: Markarfljét catchment (vhm218). Top-panel: Projected seasonality of mean daily
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panel: RCP8.5 emission scenario. Each colour corresponds to a 30-year period: from dark blue
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Fig. 18: Markarfljot catchment (vhm218): 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: Markarfljot catchment (vhm218): 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. 21: Kreppa catchment (vhm233). Top-panel: Projected seasonality of mean daily discharge
(ensemble median). Bottom-panel: Percent change in mean daily discharge relative to the
1981-2010 reference period (ensemble median). 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: Kreppa catchment (vhm233): 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: Kreppa catchment (vhm233): 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 this section, the ensembles of 30-year mean annual and seasonal streamflow projections are
jointly analysed with the corresponding ensembles of mean annual and seasonal temperature,
precipitation, rainfall, snowfall and snow and glacier melt projections. Projected changes between
reference and future 30-year periods are presented in Figs. 24 to 53. For the Markarfljot (vhm218)
and Kreppa (vhm233) catchments, figures show the total changes in snow and glacier melt, and
Appendix 9 and 10 present the results for snow and glacier melt separately (keep in mind that
HYPE converts all snow falling onto glaciers into ice and subsequently, the model accumulates
and melts snow outside the glaciers only). For temperature, the projected 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 include results from the two one-sided Mann-Whitney tests used to compare the 30-year
mean ensembles between reference and future periods (see Methodology in Section 3-1). The
analysis below summarises the results.

* Pvera catchment (vhm38)

- Mean annual and seasonal near surface air temperatures are projected to steadily rise during
the 21st century. A median warming of about +2.7°C is projected from 1981-2010 to
2071-2100 under the RCP4.5 scenario and about +4.2°C to +4.6°C under the RCP8.5
scenario, depending on the season (see also Table 8).

- A significant increase in mean annual precipitation is projected during the 21st century under
both emission scenarios and concerns most ensemble members, especially under the RCP8.5
emission scenario. This increase is moderate under the RCP4.5 scenario and does not exceed
a median value of +10%, whereas under the RCP8.5 scenario, the increase reaches a median
value of almost +20% by the end of the century. The spread of the ensemble increases with
the projection horizon under both emission scenarios. The increase in mean annual
precipitation is driven by the projected increase in mean precipitation in JAS and OND. The
largest increases in JAS and OND are projected towards the end of the 21st century with a
median value estimated at about +20% under the RCP4.5 scenario and about +30% under
the RCP8.5 scenario. Mean seasonal precipitation is not projected to change significantly in
JFM and AMJ in most projection time-windows, 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 increase in temperature is projected to have an impact on the fractions of precipitation
falling as rain or snow. Mean seasonal rainfall is projected to increase more or less gradually
whereas mean seasonal snowfall is projected to decrease more or less gradually, during the
21st century and all seasons, under both emission scenarios. The increase in mean seasonal
rainfall in JFM and AMJ results mainly from changes in the phase of precipitation, whereas
in JAS, the rainfall increase results mainly from a precipitation increase, and in OND from
both changes in the amount and phase of precipitation.
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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 under both emission scenarios. At the seasonal level, mean snowmelt variations
are more complex: Results indicate that mean seasonal snowmelt is projected to increase in
OND, progressively increase in JFM, first increase and then decrease in AMJ, and
continuously decrease in 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 OND/JFM/AMI 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 (JFM/AMJ), whereas the projected decrease in mean
snowmelt in AMJ/JAS is owing to the projected snow storage depletion caused by the
projected decrease in seasonal snowfall combined with an increased number of snowmelt
events in winter destabilising the build-up of the snowpack. Note also that in OND,
snowmelt increases under the RCP8.5 scenario but from 2051-2080, the rate of increase
slows down, most likely indicating that less snow is available for melting because the build-
up of the snowpack starts later in the season.

- Following the projected increase in mean annual precipitation, mean annual streamflow is
projected to increase significantly under both emission scenarios, especially in the second
half of the 21st century. 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, therefore the
percent increase in mean annual streamflow is slightly smaller than the percent increase in
mean annual precipitation. At the seasonal level, the projections indicate a progressive
increase in mean streamflow in OND and JFM under both emission scenarios, caused by the
projected increase in rainfall and snowmelt. Mean streamflow is projected to increase in
AM]J during most of the 21st century (except in 2071-2100) under the RCP4.5 emission
scenario, with a peak in 2041-2070, whereas under the RCP8.5 emission scenario, mean
streamflow will increase until 2041-2070 with a peak in 2031-2060, and decrease thereafter
until the end of the century. These results in AMJ are first related to an increase in rainfall
and snowmelt and then to a decrease in snowmelt not always compensated by the rainfall
increase. A gradual decrease in mean streamflow is projected in JAS under both emission
scenarios, caused by the snowmelt decrease and increased evapotranspiration (not shown)
not compensated by the increase in rainfall. The changes are usually more pronounced with
the RCP8.5 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 accumulation and melt
larger. The greatest median changes in mean seasonal streamflow projected in the 21st
century have the following values:

_RCP4.5: OND (+75%), JEM (+128%), AMJ (+27%), JAS (~55%)
_RCP8.5: OND (+115%), JEM (+211%), AMJ (£22%), JAS (—62%)
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Fig. 24: Pbverd catchment (vhm38): 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 projected to change significantly or to remain unchanged in future periods compared to
the reference period, according to the Mann-Whitney test (triangle point-up=significant increase;
triangle point down=significant decrease; open circle=no significant change).
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Fig. 25: Pvera catchment (vhm38): 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 projected to change significantly or to remain unchanged in future periods compared to
the reference period, according to the Mann-Whitney test (triangle point-up=significant increase;
triangle point down=significant decrease; open circle=no significant change).
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Fig. 26: bverd catchment (vhm38): 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 projected to change significantly or to remain unchanged in future periods compared to
the reference period, according to the Mann-Whitney test (triangle point-up=significant increase;
triangle point down=significant decrease; open circle=no significant change).
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Fig. 27: bvera catchment (vhm38): 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 projected to change significantly or to remain unchanged in future periods compared to
the reference period, according to the Mann-Whitney test (triangle point-up=significant increase;
triangle point down=significant decrease; open circle=no significant change).
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Fig. 28: Pbvera catchment (vhm38): 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 projected to change significantly or to remain unchanged in future periods compared to
the reference period, according to the Mann-Whitney test (triangle point-up=significant increase;
triangle point down=significant decrease; open circle=no significant change).
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Fig. 29: Pvera catchment (vhm38): 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 projected to change significantly or to remain unchanged in future periods compared to
the reference period, according to the Mann-Whitney test (triangle point-up=significant increase;
triangle point down=significant decrease; open circle=no significant change).
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Fig. 30: Pverd catchment (vhm38): 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 projected to change significantly or to remain unchanged in future periods compared to
the reference period, according to the Mann-Whitney test (triangle point-up=significant increase;
triangle point down=significant decrease; open circle=no significant change).
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Fig. 31: bverd catchment (vhm38): 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 projected to change significantly or to remain unchanged in future periods compared to
the reference period, according to the Mann-Whitney test (triangle point-up=significant increase;
triangle point down=significant decrease; open circle=no significant change).
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Fig. 32: bvera catchment (vhm38): 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 projected to change significantly or to remain unchanged in future periods compared to
the reference period, according to the Mann-Whitney test (triangle point-up=significant increase;
triangle point down=significant decrease; open circle=no significant change).
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Fig. 33: Pverd catchment (vhm38): 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 projected to change significantly or to remain unchanged in future periods compared to
the reference period, according to the Mann-Whitney test (triangle point-up=significant increase;
triangle point down=significant decrease; open circle=no significant change).
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* Markarfljot catchment (vhm218) (see also Appendix 9)

- Mean annual and seasonal near surface air temperatures are projected to progressively
increase during the 21st century. A median warming of about +2.2°C to +2.4°C is projected
from 1981-2010 to 2071-2100 under the RCP4.5 scenario and about +3.2°C to +4.6°C under
the RCP8.5 scenario, depending on the season (see also Table 8).

- No clear consensus is emerging regarding the direction of change in mean annual
precipitation under the RCP4.5 emission scenario due to the presence of a large spread in the
ensemble, leading the median change to remain close to zero, except in 2071-2100 where a
small significant increase is projected. Mean annual precipitation is projected to oscillate
around the reference level under the RCP8.5 emission scenario and a significant increase is
projected in the early part of the 21st century only. The magnitude and direction of changes
in mean seasonal precipitation vary greatly with the season and emission scenario. Under the
RCP4.5 scenario, mean seasonal precipitation is projected to significantly decrease in JFM
in a majority of projection time-windows depending on the amplitude of the oscillations,
significantly increase in JAS until 2041-2070, whereas little or no change is projected in
OND and AMJ in most projection periods. Under the RCP8.5 scenario, mean seasonal
precipitation is mainly projected to significantly increase in JAS and OND and decrease in
JFM, whereas little or no change is projected in AMJ.

- The projected warming is expected to lead to an increase in mean seasonal rainfall and
subsequently to a decrease in mean seasonal snowfall in all seasons, during the 21st century,
under both emission scenarios. These changes are usually gradual, except for rainfall in AMJ
under the RCP4.5 scenario and in JAS under the RCP8.5 scenario where the median increase
becomes relatively stable from 2021-2050 until the end of the century. As these changes
affect all seasons, the annual means are similarly impacted: Mean annual rainfall is projected
to progressively increase whereas mean annual snowfall is projected to progressively
decrease during the 21st century, under both emission scenarios.

- Changes in mean annual snow and glacier melt are mainly driven by changes in mean annual
snowmelt, which is projected to gradually decrease under both emission scenarios (cf.
Appendix 9), owing to the reduction in snow storage caused by warming (cf. Fig. 16). Mean
annual glacier melt is first projected to increase under both emission scenarios, following the
increase in temperature, and latter decrease until the end of the 21st century because of the
concomitant retreat of glaciers. The magnitude and direction of change in mean seasonal
snow and glacier melt vary greatly with the season and emission scenario. Mean seasonal
snowmelt is greater than glacier melt in OND, JFM and AMJ whereas in JAS, mean glacier
melt is greater (not shown). Therefore, changes in mean seasonal snow and glacier melt are
mainly driven by changes in mean seasonal snowmelt except in JAS where changes in mean
glacier melt dominate. A significant increase in mean snow and glacier melt is projected in
OND, especially in the first half of the 21st century, with a peak around 2021-2050, whereas
little or no significant change is projected in the second-half of the 21st century, because the
build-up of the snowpack will start later in the water-year due to the increase in temperature.
A progressive increase in mean snow and glacier melt is projected in JFM under both
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emission scenarios, mainly caused by an increase in mean snowmelt. Mean snow and glacier
melt is projected to remain unchanged in AMJ until 2051-2080 under the RCP4.5 scenario
and until 2031-2060 under the RCP8.5 scenario, and thereafter progressively decrease,
owing to the decrease in both mean snowmelt and glacier melt. In JAS, mean snow and
glacier melt is projected to progressively decrease under both emission scenarios, due to the
snowpack reduction and the retreat of glaciers.

- Mean annual streamflow is projected to slightly increase under both emission scenarios but
the spread of the ensemble increases with the projection horizon, making the outcome
progressively more uncertain. The pattern of mean annual streamflow change resembles the
pattern of mean annual precipitation change but is also influenced by changes in
groundwater flow and glacier melt. At the seasonal level, the projections indicate a
progressive increase in mean streamflow in OND and JFM, caused by the projected increase
in rainfall and snowmelt; An increase in AMJ in the second half of the projection period
under the RCP4.5 scenario, mainly caused by increased rainfall, an increase in the first-half
of the 21st century under the RCP8.5 scenario caused by an increase in rainfall and glacier
melt, followed by a return to the reference level and thereafter a decrease by the end of the
century, caused by a decrease in snowmelt not balanced by the increase in rainfall; A
progressive decrease in JAS, caused by the decrease in snow and glacier melt not balanced
by the increase in rainfall. The changes in mean seasonal streamflow are often 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. The greatest median changes in mean seasonal
streamflow projected in the 21st century have the following values:

_RCP4.5: OND (+24%), JEM (+42%), AMJ (+12%), JAS (~21%)
“RCP8.5: OND (+35%), JEM (+51%), AMJ (£8%), JAS (—26%)

Note that in practise, the retreat of glaciers could introduce some changes in the geometry and
drainage area of this glaciated catchment. This aspect was not taken into consideration in the
simulations and the drainage area was assumed to remain unchanged during the entire projection
period. The uncertainty regarding this geometrical aspect may introduce some additional
uncertainties in the hydro-climatic projections.
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Fig. 34: Markarfljot catchment (vhm218): Projected changes in 30-year mean annual temperature,
precipitation, rainfall, snowfall, snow and glacier melt 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 projected to change significantly or to remain unchanged in future periods compared to
the reference period, according to the Mann-Whitney test (triangle point-up=significant increase;
triangle point down=significant decrease; open circle=no significant change).
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Fig. 35: Markarfljot catchment (vhm218): Projected changes in 30-year mean OND temperature,
precipitation, rainfall, snowfall, snow and glacier melt 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 projected to change significantly or to remain unchanged in future periods compared to
the reference period, according to the Mann-Whitney test (triangle point-up=significant increase;
triangle point down=significant decrease; open circle=no significant change).
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Fig. 36: Markarfljot catchment (vhm218): Projected changes in 30-year mean JFM temperature,
precipitation, rainfall, snowfall, snow and glacier melt 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 projected to change significantly or to remain unchanged in future periods compared to
the reference period, according to the Mann-Whitney test (triangle point-up=significant increase;
triangle point down=significant decrease; open circle=no significant change).
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Fig. 37: Markarfljot catchment (vhm218): Projected changes in 30-year mean AMJ temperature,
precipitation, rainfall, snowfall, snow and glacier melt 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 projected to change significantly or to remain unchanged in future periods compared to
the reference period, according to the Mann-Whitney test (triangle point-up=significant increase;
triangle point down=significant decrease; open circle=no significant change).
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Fig. 38: Markarfljot catchment (vhm218): Projected changes in 30-year mean JAS temperature,
precipitation, rainfall, snowfall, snow and glacier melt 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 projected to change significantly or to remain unchanged in future periods compared to
the reference period, according to the Mann-Whitney test (triangle point-up=significant increase;
triangle point down=significant decrease; open circle=no significant change).
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Fig. 39: Markarfljot catchment (vhm218): Projected changes in 30-year mean annual temperature,
precipitation, rainfall, snowfall, snow and glacier melt 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 projected to change significantly or to remain unchanged in future periods compared to
the reference period, according to the Mann-Whitney test (triangle point-up=significant increase;
triangle point down=significant decrease; open circle=no significant change).
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Fig. 40: Markarfljot catchment (vhm218): Projected changes in 30-year mean OND temperature,
precipitation, rainfall, snowfall, snow and glacier melt 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 projected to change significantly or to remain unchanged in future periods compared to
the reference period, according to the Mann-Whitney test (triangle point-up=significant increase;
triangle point down=significant decrease; open circle=no significant change).
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Fig. 41: Markarfljot catchment (vhm218): Projected changes in 30-year mean JFM temperature,
precipitation, rainfall, snowfall, snow and glacier melt 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 projected to change significantly or to remain unchanged in future periods compared to
the reference period, according to the Mann-Whitney test (triangle point-up=significant increase;
triangle point down=significant decrease; open circle=no significant change).
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Fig. 42: Markarfljot catchment (vhm218): Projected changes in 30-year mean AMJ temperature,
precipitation, rainfall, snowfall, snow and glacier melt 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 projected to change significantly or to remain unchanged in future periods compared to
the reference period, according to the Mann-Whitney test (triangle point-up=significant increase;
triangle point down=significant decrease; open circle=no significant change).
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Fig. 43: Markarfljot catchment (vhm218): Projected changes in 30-year mean JAS temperature,
precipitation, rainfall, snowfall, snow and glacier melt 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 projected to change significantly or to remain unchanged in future periods compared to
the reference period, according to the Mann-Whitney test (triangle point-up=significant increase;
triangle point down=significant decrease; open circle=no significant change).
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* Kreppa catchment (vhm233) (see also Appendix 10)

- Mean annual and seasonal near surface air temperatures are projected to rise during the 21st
century. A median warming of about +2.3°C to +2.7°C is projected from 1981-2010 to
2071-2100 under the RCP4.5 scenario and about +3.6°C to +5.1°C under the RCP8.5
scenario, depending on the season (see also Table 8).

- Mean annual precipitation is projected to increase in most projection periods under both
emission scenarios but with some oscillations. A large ensemble spread increasing with the
projection horizon is also observed. Mean seasonal precipitation is projected to increase in
OND, remain unchanged in JFM, and oscillate around the reference level in AMJ and JAS
with or without significant increase, depending on the phase and amplitude of these
oscillations. The lack of consistency in the direction of change of individual members in
JFM and also AMJ makes it difficult to draw any robust conclusion regarding the ensemble.

- The rise in temperature leads to an increase in mean annual rainfall and a decrease in mean
annual snowfall. At the seasonal level, changes in mean rainfall and snowfall vary according
to changes in mean precipitation and temperature. Mean seasonal rainfall is projected to
increase in OND, AMIJ and JAS over the course of the 21st century under both emission
scenarios, whereas in JFM, an increase is projected from 2051-2080 until the end of the
century under the RCP4.5 scenario, and from 2021-2050 until the end of the century under
the RCP8.5 scenario. Mean seasonal snowfall is projected to gradually decrease during the
21st century under both emission scenarios in JAS, decrease more or less early in OND and
AMJ, depending on the emission scenario, whereas no change is projected in JFM under
both emission scenarios because of the large ensemble spread and the lack of consensus
among the ensemble members.

- Mean annual glacier melt is greater than snowmelt (not shown), owing to the large glacier
coverage in this catchment, therefore changes in mean annual snow and glacier melt are
mainly driven by changes in mean annual glacier melt, which is projected to increase during
the 21st century under both emission scenarios with a peak around 2051-2080/2061-2090
(cf. Appendix 10). Mean annual snowmelt is projected to increase in a progressive manner,
due to the increase in snow storage (outside the glacier) caused by the increase in land area
concomitant with the glacier retreat (not shown). Mean seasonal snow and glacier melt is
projected to increase more or less progressively in all seasons under both emission scenarios,
owing to an increase in both mean snowmelt and glacier melt (except snowmelt in JAS
under RCP8.5 where no change is projected). In OND and AMJ, mean snowmelt and glacier
melt are often of the same order of magnitude whereas in JFM, mean snowmelt is greater
than mean glacier melt and in JAS, mean glacier melt is greater than mean snowmelt (not
shown). The largest mean snow and glacier melt in the year occurs in JAS, mainly caused by
glacier melt. A peak of mean glacier melt increase in JAS is projected around 2051-2080 /
2061-2090 (cf. Appendix 10), explaining also the peak in mean annual snow and glacier melt
increase in Figs. 44 and 49.

- Mean annual streamflow is projected to continuously increase during the 21st century under
both emission scenarios, with a peak around 2051-2080 / 2061-2090, in line with the
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projected increase in mean annual glacier melt. Mean seasonal streamflow is projected to
progressively increase during the 21st century in all seasons, owing to the combined increase
in rainfall, snow and glacier melt. According to the simulations, the order of the dominant
processes causing the increase in mean seasonal streamflow varies with the season, future
time-window and emission scenario (increase in rainfall, glacier melt and snowmelt in OND;
increase in rainfall and snowmelt in JFM; increase in glacier melt, rainfall and snowmelt in
AMJ; increase in glacier melt and rainfall in JAS). The increase in mean seasonal
streamflow is usually greater under the RCP8.5 emission scenario than under the RCP4.5
emission scenario because the projected warming is greater and has a larger impact on the
changes in the phase of precipitation, in snow storage and glacier melt. The greatest median
changes in mean seasonal streamflow projected in the 21st century have the following
values:

~RCP4.5: OND (+78%), JFM (+78%), AMJ (+40%), JAS (+29%)
~RCPS.5: OND (+138%), JFM (+117%), AMJ (+65%), JAS (+48%)

Note that in practise, the retreat of glaciers could introduce some changes in the geometry and
drainage area of this glaciated catchment. This aspect was not taken into consideration in the
simulations and the drainage area was assumed to remain unchanged during the entire projection
period. The uncertainty regarding this geometrical aspect may introduce some additional
uncertainties in the hydro-climatic projections.
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Fig. 44: Kreppa catchment (vhm233): Projected changes in 30-year mean annual temperature,
precipitation, rainfall, snowfall, snow and glacier melt 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 projected to change significantly or to remain unchanged in future periods compared to
the reference period, according to the Mann-Whitney test (triangle point-up=significant increase;
triangle point down=significant decrease; open circle=no significant change).
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Fig. 45: Kreppa catchment (vhm233): Projected changes in 30-year mean OND temperature,
precipitation, rainfall, snowfall, snow and glacier melt 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 projected to change significantly or to remain unchanged in future periods compared to
the reference period, according to the Mann-Whitney test (triangle point-up=significant increase;
triangle point down=significant decrease; open circle=no significant change).
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Fig. 46: Kreppa catchment (vhm233): Projected changes in 30-year mean JFM temperature,
precipitation, rainfall, snowfall, snow and glacier melt 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 projected to change significantly or to remain unchanged in future periods compared to
the reference period, according to the Mann-Whitney test (triangle point-up=significant increase;
triangle point down=significant decrease; open circle=no significant change).
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Fig. 47: Kreppa catchment (vhm233): Projected changes in 30-year mean AMJ temperature,
precipitation, rainfall, snowfall, snow and glacier melt 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 projected to change significantly or to remain unchanged in future periods compared to
the reference period, according to the Mann-Whitney test (triangle point-up=significant increase;
triangle point down=significant decrease; open circle=no significant change).
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Fig. 48: Kreppa catchment (vhm233): Projected changes in 30-year mean JAS temperature,
precipitation, rainfall, snowfall, snow and glacier melt 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 projected to change significantly or to remain unchanged in future periods compared to
the reference period, according to the Mann-Whitney test (triangle point-up=significant increase;
triangle point down=significant decrease; open circle=no significant change).
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Fig. 49: Kreppa catchment (vhm233): Projected changes in 30-year mean annual temperature,
precipitation, rainfall, snowfall, snow and glacier melt 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 projected to change significantly or to remain unchanged in future periods compared to
the reference period, according to the Mann-Whitney test (triangle point-up=significant increase;
triangle point down=significant decrease; open circle=no significant change).
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Fig. 50: Kreppa catchment (vhm233): Projected changes in 30-year mean OND temperature,
precipitation, rainfall, snowfall, snow and glacier melt 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 projected to change significantly or to remain unchanged in future periods compared to
the reference period, according to the Mann-Whitney test (triangle point-up=significant increase;
triangle point down=significant decrease; open circle=no significant change).
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Fig. 51: Kreppa catchment (vhm233): Projected changes in 30-year mean JFM temperature,
precipitation, rainfall, snowfall, snow and glacier melt 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 projected to change significantly or to remain unchanged in future periods compared to
the reference period, according to the Mann-Whitney test (triangle point-up=significant increase;
triangle point down=significant decrease; open circle=no significant change).
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Fig. 52: Kreppa catchment (vhm233): Projected changes in 30-year mean AMJ temperature,
precipitation, rainfall, snowfall, snow and glacier melt 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 projected to change significantly or to remain unchanged in future periods compared to
the reference period, according to the Mann-Whitney test (triangle point-up=significant increase;
triangle point down=significant decrease; open circle=no significant change).
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Fig. 53: Kreppa catchment (vhm233): Projected changes in 30-year mean JAS temperature,
precipitation, rainfall, snowfall, snow and glacier melt 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 projected to change significantly or to remain unchanged in future periods compared to
the reference period, according to the Mann-Whitney test (triangle point-up=significant increase;
triangle point down=significant decrease; open circle=no significant change).
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6-2-3 Summary and discussion

A progressive warming is projected in the 2Ist century, in all seasons and catchments. As
expected, a greater warming is projected under the RCP8.5 emission scenario than under the
RCP4.5 emission scenario. Some spatial variations are also observed in each season. The lowest
warming rate is projected in the south (Markarfljot catchment) and the highest one in the
northwest (Pvera catchment), on average over all months.

Mean seasonal precipitation is projected to increase in JAS and OND in the three studied
catchments and this increase is usually more pronounced under the RCP8.5 scenario, which is also
the warmest one. Mean seasonal precipitation projections are also characterised by oscillations
reflecting long-term natural climate variability. However, the different precipitation projections do
not always vary in phase with each other, leading sometimes to large uncertainties in some
projection time-windows caused by the large ensemble spread. Little or no significant change is
projected in JFM and AMIJ because of a lack of consensus in the direction of change within the
ensembles, except in JFM in the Markarfljot catchment where a significant decrease is projected.

The projected warming leads to an increase in mean seasonal and annual rainfall and subsequently
to a decrease in mean seasonal and annual snowfall and shorter snow seasons. The direction of
projected change in mean seasonal snowmelt varies with the season and catchment and may also
vary with the projection horizon. The projected increase in mean snowmelt in OND and JFM in all
catchments is likely caused by an increase in the number of intermittent snowmelt events due to
warming. The projected decrease in mean snowmelt in AMJ and JAS in the Pverd and Markarfljot
catchments is due to a snow storage reduction caused by warming whereas the projected increase
in AMJ and JAS in the Kreppa catchment is caused by an increase in snow storage outside the
glacier resulting from the increase in land area concomitant with the glacier retreat due to
warming. In the Kreppa and Markarfljot catchments, mean annual glacier melt is projected to
increase and reach a peak and thereafter start declining because the glaciers will retreat. The peak
of glacier melt is projected to occur much earlier in the Markarfljot than Kreppa catchment. As a
result, mean annual glacier melt will become lower than in the reference period in the Markarfljot
catchment in the second half of the 21st century, whereas in the Kreppa catchment, it is projected
to remain greater than in the reference period during the entire projection period.

Projected changes in mean seasonal rainfall, snowmelt and glacier melt due to warming lead to
changes in seasonal runoff distribution, but the timing, magnitude and direction of streamflow
changes vary with the season, catchment and emission scenario. Results indicated that mean
seasonal streamflow is projected to increase in all seasons in the Kreppa catchment, whereas in the
bvera and Markarfljot catchments, an increase is projected in OND and JFM, a decrease is
projected in JAS, and either an increase or a decrease is projected in AMJ depending on the future
time-window and emission scenario under consideration. The projected changes in mean seasonal
streamflow are not necessarily gradual, like warming, because precipitation oscillations contribute
to modulate these changes. The projected 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.
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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 in each 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 in each
30-year time-window was then calculated for each ensemble member, and the ensemble median
estimated (see Methodology in Section 3-1). Figs. 54 to 59 present the results for the ensemble
median and Appendix 11 presents the results with all ensemble members. It is assumed that AMFs
occurring in autumn are primarily generated by rainfall sometimes combined with snowmelt,
AMFs occurring in winter are generated by a combination of rainfall and snowmelt, AMFs
occurring in spring are primarily generated by snowmelt sometimes combined with rain, and
AMFs occurring in summer are primarily generated by rainfall, sometimes combined with
snowmelt, but primarily generated by glacier melt in the Kreppa catchment.

* Pvera catchment (vhm38)

In the reference period (1981-2010), AMFs primarily occurred in AMJ and JAS, whereas very few
occurred in JFM and OND.

* RCP4.5 emission scenario
As the projection horizon increases, AMFs are projected to occur progressively less frequently in
JAS and more often in OND and JFM, whereas little change is taking place in AMJ. By the end of
the 21st century, AMFs are projected to occur as frequently in AMJ as in OND and very few will
occur in JAS.

* RCP8.5 emission scenario
Results are similar to those projected with the RCP4.5 scenario except that the changes are greater,
including in AMJ where a strong decrease is projected. Towards the end of the 21st century, AMFs
are projected to occur most frequently in OND, followed by JFM whereas very few AMFs will
occur in AMJ and JAS.

* Markarfljot catchment (vhm218)
In the reference period (1981-2010), AMFs occurred with a similar frequency in each season.

* RCP4.5 emission scenario
As the projection horizon increases, AMFs are projected to occur progressively more frequently in
OND and less frequently in JAS first, and later in AMJ, whereas little change is projected in JFM.
By the end of the 21st century, AMFs will occur most frequently in OND, followed by JFM, and
very few will occur in AMJ and JAS.
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* RCP8.5 emission scenario
Results are similar to those projected under the RCP4.5 scenario but the projected changes are
more pronounced.

* Kreppa catchment (vhm233)

In the reference period (1981-2010), simulated AMFs mainly occurred in JAS and very few in
AMIJ whereas none occurred in OND and JFM.

* RCP4.5 emission scenario
Very little change is projected to take place in the 21st century in this catchment regarding the
frequency of occurrence of AMFs. The strong prevalence of JAS will persist during the entire
projection period and even slightly increase in the first half of the 21st century.

* RCP8.5 emission scenario
Results are very similar to those projected with the RCP4.5 emission scenario and the strong
prevalence of JAS will be maintained over the course of the 21st century.

e Discussion

Projected changes in the seasonal frequency of occurrence of AMFs are related to changes in the
mechanisms generating these floods. The flood regime of the Pvera catchment is projected to
become increasingly more dominated by rainfall in autumn and winter, possibly associated with
some snowmelt, and less dominated by snowmelt in spring and early summer. The increase in
rainfall in autumn, possibly associated with some snowmelt will also have an increasing influence
on the frequency of occurrence of AMFs in the Markarfljot catchment, at the expense of snowmelt
in spring and summer. The flood regime of the Kreppa catchment is projected to remain dominated
by glacier melt in summer during the 21st century.
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Fig. 54: Pvera catchment (vhm38): Projected median 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 ensemble of
seasonal frequencies 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: bvera catchment (vhm38): as Fig. 54 but under the RCP8.5 emission scenario.
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Fig. 56: Markarfljot catchment (vhm218): Projected median 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 ensemble of
seasonal frequencies 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. 57: Markarfljot catchment (vhm218): as Fig. 56 but under the RCP8.5 emission scenario.
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Fig. 58: Kreppa catchment (vhm233): Projected median 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 ensemble of
seasonal frequencies 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. 59: Kreppa catchment (vhm233): 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 time-window (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 and increases with T. Projected
changes in the magnitude of the T-year floods between reference and future periods are presented
in Figs. 60 to 65.

* Pvera catchment (vhm38)

See Figs. 60 and 61.
* RCP4.5 emission scenario

No significant change is projected until 2021-2050 and then, a significant decrease in the
magnitude of the T-year floods is projected from 2031-2060 to 2051-2080. In this period of time,
the median change is ranging from about —10 to —20%, relative to the 1981-2010 reference level.
Beyond 2051-2080, the magnitude and direction of change of individual ensemble members
become increasingly more spread and divergent, making the outcome very uncertain.

* RCPS8.5 emission scenario

Similar conclusions can be drawn for this emission scenario. A significant decrease in the
magnitude of T-year floods is projected in a few future time-windows only, from 2011-2040 to
2031-2060. Then, the trajectory of the projections becomes increasingly more divergent and the
ensemble is split into two groups, one group projecting an increase and the other one a decrease,
making the outcome very uncertain.

* Discussion

Snowmelt runoff in spring plays a primary role in the generation of AMFs in this catchment in the
entire projection period, under the RCP4.5 scenario (see Fig. 54 in Section 7-1), which may
explain why no significant change is detected in the magnitude of AMFs until about 2021-2050.
Rainfall in autumn and winter will play an increasing role in the generation of AMFs in the 21st
century but according to the results, the magnitude of these AMFs may or may not become larger
than those triggered by snowmelt in spring in the reference period, depending on the ensemble
member considered. The increasing spread in the projected change in T-year flood magnitude
towards the end of the 21st century is likely related to the increasing uncertainty associated with
the rainfall projections in autumn and winter (cf. Figs. 25, 26). Similar conclusions can be drawn
for the RCP8.5 scenario except that the period with a significant decrease starts and ends earlier
than under the RCP4.5 scenario, because spring snowmelt becomes less dominant earlier in the
generation of AMFs.
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Fig. 60: Pvera catchment (vhm38): 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 a significant shift in the ensemble of T-year flood
magnitudes has been detected between the reference and future periods, according to the Mann-
Whitney test (triangle point-up= significant magnitude increase; triangle point down= significant
magnitude decrease; open circle=no significant change).
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Fig.

61: bvera catchment (vhm38): As Fig. 60 but under the RCP8.5 emission scenario.
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* Markarfljot catchment (vhm218)

See Figs. 62 and 63.
e RCP4.5 emission scenario

No significant change is projected until 2041-2070 and thereafter, a significant increase in the
magnitude of T-year floods is projected until the end of the century for both return periods. The
increase in magnitude 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

Similar results are observed under this emission scenario but the increase in magnitude is
projected to start earlier (2021-2050). The increase in magnitude varies in similar proportions for
the two return periods and reaches a median value of about +50% in 2071-2100, relative to the
1981-2010 reference level.

* Discussion

The projected increase in the magnitude of T-year floods, combined with an increase in the
frequency of occurrence of AMFs in autumn at the expense of a decrease in spring and summer
(see Section 7-1) is likely caused by a rainfall intensification in autumn and winter combined with
an increase in the number of intermittent snowmelt events (see also Figs. 35, 36, 40, 41 and
Appendix 9).
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Fig. 62: Markarfljot catchment (vhm218): 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 a significant shift in the ensemble of T-year
flood magnitudes has been detected between the reference and future periods, according to the
Mann-Whitney test (triangle point-up= significant magnitude increase; triangle point down=
significant magnitude decrease; open circle=no significant change).
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Markarfljot catchment (vhm218): As Fig. 62 but under the RCP8.5 emission scenario.
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* Kreppa catchment (vhm233)

See Figs. 64 and 65.

* RCP4.5 emission scenario
The magnitude of the 10-year flood is projected to significantly increase during the 21st century.
The magnitude of the 50-year flood is projected to significantly increase until 2021-2050 and
thereafter no significant change is detected in the ensemble, because the spread is increasing and
the direction of change is diverging between individual members, making difficult to draw any
robust conclusion. When significant, the increase does not exceed a median value of +10%.

* RCP8.5 emission scenario
The magnitude of the T-year flood is projected to significantly increase during most of the 21st
century for both return periods. The peak of increase is projected in 2011-2040, with a median
value of about +20%. Thereafter, the increase in T-year flood slowly decays and is no longer
considered significant in 2071-2100.

* Discussion
AMFs in this catchment are triggered by glacier melt in summer (see Section 7-1). Therefore, an
increase in glacier melt in summer due to warming is very likely responsible for the projected
increase in the magnitude of T-year floods. Note also that the glacier is projected to progressively
retreat with rising temperature, which may have some counteracting effects on extreme daily
glacier melt after some point in time and could explain why the increase in T-year flood is
projected to decay beyond 2011-2040. The uncertainty in the T-year flood estimates is also
expected to increase with T which probably accounts for some of the differences in the results
between the two return periods under the RCP4.5 emission scenario.
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Fig. 64: Kreppa catchment (vhm233): 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 a significant shift in the ensemble of T-year
flood magnitudes has been detected between the reference and future periods, according to the
Mann-Whitney test (triangle point-up= significant magnitude increase; triangle point down=
significant magnitude decrease; open circle=no significant change).
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. 65: Kreppa catchment (vhm233): 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 each
30-year time-window 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 will
decrease:

Q=Q(T=T77)1981-2010 < ©2=Q(T=T)future
Ti=T(Q=91)1981-2010 > T>=T(Q=q1)fyture

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 will increase:

qQ=Q(T=T77)1981-2010 > ©=Q(T=T)fyture
Ti=T(Q=91)1981-2010 < T>=T(Q=q1)fyture

The flood magnitude of reference (Q) is taken as the magnitude of the 10-year flood in the
reference period (1981-2010). Changes between reference and future periods are considered
significant when more than two-thirds 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. Note that in order to keep the figures readable around the ensemble median, not all members
appear in some figures because located beyond the plotted range.

* Pvera catchment (vhm38)
See Fig. 66.
* RCP4.5 emission scenario

The median of the projected return period is systematically greater than 10 years. However, it
cannot be concluded that the return period of the reference 10-year flood will systematically
increase in the future because the consensus among the ensemble members regarding the direction
of change is low in a majority of projection periods, making the two-thirds majority criteria not
fulfilled. As a result, the return period associated with the reference 10-year flood is projected to
significantly increase in 2031-2060 and 2041-2070 only. As an example, in 2041-2070, the
reference 10-year flood is projected to become a flood with a median return period of about 40
years.

* RCPS8.5 emission scenario
Similar results are obtained with the RCP8.5 scenario. The large ensemble spread and the lack of
consensus regarding the direction of change make it difficult to draw robust conclusions regarding
the evolution of the return period of the reference 10-year flood in the future, except for two future
periods (2001-2030 and 2021-2050) where a significant increase is projected. As an example, in
2021-2050, the reference 10-year flood is projected to become a flood with a median return period
of about 25 years.
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* Discussion
These results are in line with what was expected, given the projected evolution of the magnitude
of the 10-year flood (cf. Figs 60 and 61). The increase in T(Q) in some future time-windows
corresponds to a decrease in the magnitude of the T-year flood. Note that results in Fig. 66 are not
in complete agreement with those in Figs. 60 and 61 regarding the future time-windows with a
significant change. This is due to the use of a different criteria (two-thirds majority voting for T vs.
Mann-Whitney test for the T-year flood) and to the growing uncertainty of the T estimate with T.

* Markarfljot catchment (vhm218)
See Fig. 67.
* RCP4.5 emission scenario

Results indicate that the return period associated with the reference 10-year flood is projected to
significantly and progressively decrease from 2041-2070 to the end of the century, meaning that
the reference 10-year flood will be exceeded more than once every 10 years on average in the
future. For instance, in 2071-2100, the reference 10-year flood is projected to become a flood with
a median return period of approximately 5 years. Before 2041-2070, no significant change is
detected and the different members fluctuate around T=10 years.

* RCP8.5 emission scenario
A significant decrease in the return period associated with the reference 10-year flood is projected
during the entire projection period. As an example, the reference 10-year flood is projected to
become a flood with a median return period of about 2 years in 2071-2100.

 Discussion
These results are in line with what was expected, given the projected increase in the magnitude of
the 10-year flood in the future (cf. Figs 62 and 63). Here too, results in Fig. 67 are not in complete
agreement with those in Figs. 62 and 63 regarding the future periods with a significant change.
This is due to the same reasons mentioned above.

¢ Kreppa catchment (vhm233)
See Fig. 68.
* RCPA4.5 emission scenario

A significant decrease in the return period associated with the reference 10-year flood is projected
during most of the 21st century, meaning that the reference 10-year flood will be exceeded more
than once every 10 years on average in the future. As an example, the reference 10-year flood is
projected to become a flood with a median return period of about 6 years in 2001-2030.

* RCP8.5 emission scenario

Results are similar to those observed in the RCP4.5 scenario. A significant decrease in the return
period associated with the reference 10-year flood is projected during most of the 21st century. As
an example, the reference 10-year flood is projected to become a flood with a median return
period of about 4.5 years in 2001-2030.
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 Discussion
These results reflect very well the projected increase in the magnitude of the 10-year flood in the
future in this catchment (cf. Figs 64 and 65). The projected T reaches a minimum around
2011-2040 and then re-increases but remains under T=10 years in all projection time-windows.

7-3 Summary and discussion

Projected climate change, especially warming, is expected to have a significant impact on the
flood regimes of the three studied catchments in the future, leading to a change in flood risk. The
nature of this impact varies with the catchments. It concerns essentially changes in the seasonal
frequency of occurrence of AMFs in the bverd catchment, the magnitude of AMFs in the Kreppa
catchment and both seasonal frequency of occurrence and magnitude of AMFs in the Markarfljot
catchment. The direction of projected changes varies also with the catchments and depends on the
initial dominating flood generating mechanisms. The changes are also projected to start more or
less rapidly, depending on the catchment and emission scenario.

* In the Pvera catchment, the strong dominance of spring and early summer snowmelt on the
timing of AMFs is projected to progressively decrease in the future, and the influence of rainfall
and/or combined rainfall and snowmelt in autumn and winter increase, owing to the projected
rise in temperature. The projected changes in the timing of AMFs are not clearly accompanied
by changes in their magnitude (no clear shift in one direction for the ensemble of T-year
floods). Several assumptions can be made: 1) rainfall-triggered AMFs in autumn/winter in the
future will be of the same order of magnitude as snowmelt-triggered AMFs in spring in the
reference period; i1) the uncertainty associated with rainfall projections triggering these AMFs
increases with the projection horizon and so does the estimation of projected T-year floods.

* The Kreppa catchment is projected to remain strongly dominated by AMFs triggered by glacier
melt in summer. The magnitude of T-year floods is projected to increase in the future, owing to
the increase in glacier melt with projected warming.

* In the Markarfljot catchment, AMFs occur in all seasons in the current climate and with a
similar frequency. In the future, AMFs are projected to occur progressively more frequently in
autumn and less frequently in spring and summer, whereas little change is projected in winter.
Projected snow storage reduction will most likely lead to a decrease in the magnitude of spring
floods, making them less likely to become AMFs in the future. The magnitude of T-year floods
is projected to increase, likely because of an intensification of rainfall in autumn and winter,
possibly combined with snowmelt.

Projected changes in the seasonal frequency of occurrence of AMFs appear to be relatively robust
and the consensus among the ensemble members regarding the direction of change is usually high.
Projected changes in the magnitude of T-year floods are often associated with large uncertainties
and these results have to be treated with caution. The overall uncertainty in the estimation of T-
year floods is related to uncertainties affecting extreme discharge projections (hydrological
modelling uncertainties and climate projection uncertainties), uncertainties related to the fitting of
the Gumbel distribution and uncertainties in the estimation of flood quantiles or return periods for
large flood quantiles beyond the range of simulated flood values (statistical uncertainties).
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Fig. 66: bverad catchment (vhm38): 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= significant T increase; triangle point down=
significant T decrease; open circle=no significant change).
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Fig. 67: Markarfljot catchment (vhm218): 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= significant T increase; triangle point down=
significant T decrease; open circle=no significant change).
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Fig. 68: Kreppa catchment (vhm233): 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= significant T increase; triangle point down=
significant T decrease; open circle=no significant change).
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8 Summary and conclusions

This study presented an analysis of the impact of projected climate change in the 21st century on
the hydrological characteristics of three river catchments located in various regions of Iceland. The
bvera catchment is located near the coast in the Westfjords; The Markarfljot catchment is located
in the southern highlands, in the region of Myrdalsjokull ice cap and has a glacier coverage of
around 13%; The Kreppa catchment is located in the northeast central highlands, in the region of
Vatnajokull ice cap and has a glacier coverage of around 51%.

An ensemble of hydrological projections was obtained for the period 1981-2100 by forcing the
HYPE hydrological model with locally-adjusted daily temperature and precipitation outputs from
an ensemble of CORDEX climate projections, for two different greenhouse gas emission scenarios
(RCPs 4.5 and 8.5). Projected changes affecting near surface air temperature, precipitation, snow
storage, snow and glacier melt, and their impact on mean and extreme streamflow characteristics
were analysed, considering moving 30-year time-windows. The reference period was taken as
1981-2010.

First, results indicated that simulated river discharges, obtained with HYPE calibrated and driven
with the ICRA climate reanalysis, compared well against observed daily discharges in the
reference period, but some weaknesses were observed in the simulation of annual maximum
floods in the Pbverd and Markarflj6t catchments, which tended to be underestimated. The
comparisons between daily discharge statistics obtained with HYPE forced with the ICRA
reanalysis and with the locally-adjusted CORDEX climate series in the reference period showed
good agreement, giving credibility to the modelling chain and its use for the impact study.

As expected, climate projections indicate that near surface air temperature is very likely to rise in
the future, with a rate of 0.29°C/decade under the RCP4.5 emission scenario and 0.46°C/decade
under the RCP8.5 emission scenario, on average over all months and catchments. This warming is
of the same order of magnitude as in other studied catchments (Crochet 2020, 2021, 2022).
Projections of precipitation are not as homogenous in space and time as temperature. Precipitation
is characterised by decadal to multi-decadal oscillations reflecting natural climate variability and
the different members of the ensemble do not always fluctuate in phase with each other,
sometimes leading to large uncertainties regarding both direction and magnitude of changes in
annual and seasonal means, depending on the time-windows under consideration. Despite the large
spread affecting these projections, there is a general consensus that mean precipitation will
increase in summer and autumn in the future, in the three catchments, especially under the RCP8.5
emission scenario, and decrease in winter in the Markarflj6t catchment. No clear consensus
regarding mean seasonal precipitation change was otherwise identified.

The projected warming, if it realises, will lead to an increase in the fraction of annual precipitation
falling as rain at the expense of snow, which, in turn, will lead to less snow storage and shorter
snow seasons. An increase in snowmelt is also expected in autumn and/or winter and will
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contribute to destabilise the build-up of the snowpack which in turn will lead to a decrease in
mean snowmelt in spring and summer. In the Kreppa catchment, however, snow storage outside
the glacier is actually projected to increase due to the projected increase in land area concomitant
with the retreat of glaciers. In the Kreppa and Markarfljot catchments, mean annual glacier melt is
projected to increase and reach a peak, owing to the rise in temperature. The time-window when
this peak is expected to be reached is very different for the two catchments. Thereafter, mean
annual glacier melt will still increase but at a slower rate due to the retreat of glaciers and
eventually decrease in the Markarfljot catchment, whereas in the Kreppa catchment, mean annual
glacier melt will remain greater than in the reference period during the entire projection horizon.

Projected changes in mean seasonal rainfall, snowfall and snow and glacier melt will subsequently
have an impact on the streamflow seasonality pattern of the three studied catchments. Results
indicate that mean seasonal streamflow will likely increase in all seasons in the future in the
Kreppa catchment, whereas in the bverd and Markarfljét catchments, an increase is projected in
autumn and winter, either an increase or a decrease is projected in spring depending on the future
time-window and emission scenario under consideration, and a decrease is projected in summer.

Projected climate change will also have an impact on flood risk. Changes in the seasonal
frequency of occurrence of annual maximum floods are expected in the Pvera and Markarfljot
catchments with an increase in autumn/winter and a decrease in spring/summer, whereas no
change is expected in the Kreppa catchment which will remain dominated by floods in summer.
An increase in the magnitude of annual maximum floods is also projected in the Kreppa and
Markarfljét catchments whereas no clear trend is emerging in the bvera catchment.

In conclusion, projected climate change, if it realises, 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 warming. The magnitude of the hydrological response is expected to vary over
the course of the 21st century and to be different from one catchment to another because their
characteristics differ. Therefore, the development of adaptation strategies and the design of water-
related infrastructures under changing hydro-climatic conditions will probably represent a
considerable challenge in the future. The uncertainty associated with the hydrological projections
must also be taken into account. The results of this study have shown how large the spread of the
hydrological projections can be, even though one hydrological model only was used.
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Appendix 1

Observed versus simulated Annual Maximum Floods
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Fig. I-1: Catchment vhm233: 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.

120



AMF HYPE-p1

o
O p—
)
o 8-
- °
g §‘ ° ¢ ®
(7)) °
§— ®
O p—
| | | | |
0 100 200 300 400
Obs m3/s
AMF HYPE-p2
o
o p—
2
o
E g - °© o
7] °®
S °
o ]

[ [ [ [ [
0 100 200 300 400

Obs m3/s

Fig. I-2: Catchment vhm218: 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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HYPE with parameter set calibrated in 1996-2002. Bottom: HYPE with parameter set calibrated in
2003-2009.

122



Appendix 2

CORDEX air temperature evaluation series: Error statistics before and after local
adjustment
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Fig. 1I-1: Catchment vhm233: 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. I1-2: Catchment vhm233: 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-3: Catchment vhm233: 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-4: Catchment vhm233: 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-5: Catchment vhm218: 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 vhm218: 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 vhm218: 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 vhm218: 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-9: Catchment vhm38: 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. I[1-10: Catchment vhm38: 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 vhm38: 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. 1I-12: Catchment vhm38: 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: Error statistics before and after local adjustment
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Fig. III-1: Catchment vhm233: 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. IlII-2: Catchment vhm233: 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 vhm233: 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-4: Catchment vhm?233: 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 vhm218: 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. IlI-6: Catchment vhm218: 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 vhm218: 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 vhm218: 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 vhm38: 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-10: Catchment vhm38: 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 vhm38: 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-12: Catchment vhm38: 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 near surface air temperature in the reference period (1981-2010)
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Fig. IV-1: Catchment vhm233: Mean monthly near 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 vhm218: Mean monthly near 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 vhm38: Mean monthly near 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 vhm233: Mean monthly precipitation (mm/d) 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 vhm218: Mean monthly precipitation (mm/d) 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 vhm38: Mean monthly precipitation (mm/d) 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 6

Projected locally-adjusted 30-year mean monthly near surface air temperature
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Fig. VI-1: Projected seasonality of mean monthly near surface air temperature (ensemble median) under the
RCP4.5 emission scenario (left panel) and RCP8.5 emission scenario (right panel). Catchments vhm233
(top panel), vhm218 (middle panel), vhm38 (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

Locally-adjusted monthly precipitation projections under the RCP4.5 emission scenario
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Fig. VII-1: Catchment vhm233: Projected 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 vhm218: Projected 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 vhm38: Projected 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. VIII-1: Catchment vhm233: Empirical cumulative distribution functions of AMFs in the
reference period (1981-2010). Estimations derived from HYPE forced with the ICRA reanalysis
(red line) and with the locally-adjusted CORDEX projections (grey lines). Top panel: HYPE
forced with CORDEX RCP4.5 series. Bottom-panel: HYPE forced with CORDEX RCP8.5 series.
Left-panel: HYPE with parameter set calibrated in 1996-2002. Right-panel: HYPE with parameter
set calibrated in 2003-2009. The parameter p=1-1/T.
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Fig. VIII-2: Catchment vhm233: Seasonal frequency of occurrence of AMFs in the reference
period (1981-2010). Estimations derived from HYPE forced with the ICRA reanalysis (red line)
and with the locally-adjusted CORDEX projections (grey lines). Top panel: HYPE forced with
CORDEX RCP4.5 series. Bottom-panel: HYPE forced with CORDEX RCP8.5 series. Left-panel:
HYPE with parameter set calibrated in 1996-2002. Right-panel: HYPE with parameter set
calibrated in 2003-2009.

155



HYPE-P1 HYPE-P2

- RCP4.5 -  RCP4.5

m3/s
100 200 300 400 500
|
m3/s
100 200 300 400 500
|
\

—log(-log(p)) —log(-log(p))

RCP8.5 RCP8.5

300
]

300
]
AN

m3/s
|
N
N
m3/s
]
\

2(|)o
\
2c|)o
\

100
]

100
]

\
4

—log(-log(p)) —log(-log(p))

Fig. VIII-3: Catchment vhm218: Empirical cumulative distribution functions of AMFs in the
reference period (1981-2010). Estimations derived from HYPE forced with the ICRA reanalysis
(red line) and with the locally-adjusted CORDEX projections (grey lines). Top panel: HYPE
forced with CORDEX RCP4.5 series. Bottom-panel: HYPE forced with CORDEX RCP8.5 series.
Left-panel: HYPE with parameter set calibrated in 1996-2002. Right-panel: HYPE with parameter
set calibrated in 2003-2009. The parameter p=1-1/T.
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Fig. VIII-4: Catchment vhm218: Seasonal frequency of occurrence of AMFs in the reference
period (1981-2010). Estimations derived from HYPE forced with the ICRA reanalysis (red line)
and with the locally-adjusted CORDEX projections (grey lines). Top panel: HYPE forced with
CORDEX RCP4.5 series. Bottom-panel: HYPE forced with CORDEX RCP8.5 series. 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 vhm38: Empirical cumulative distribution functions of AMFs in the
reference period (1981-2010). Estimations derived from HYPE forced with the ICRA reanalysis
(red line) and with the locally-adjusted CORDEX projections (grey lines). Top panel: HYPE
forced with CORDEX RCP4.5 series. Bottom-panel: HYPE forced with CORDEX RCP8.5 series.
Left-panel: HYPE with parameter set calibrated in 1996-2002. Right-panel: HYPE with parameter
set calibrated in 2003-2009. The parameter p=1-1/T.
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Fig. VIII-6: Catchment vhm38: Seasonal frequency of occurrence of AMFs in the reference period
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Appendix 9

Projected changes in mean snow and glacier melt in the Markarfljot catchment (vhm218)
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Appendix IX-1: Projected changes in 30-year mean annual snow and glacier melt, relative to the
1981-2010 reference period. Left-panel: RCP4.5 emission scenario. Right-panel: RCP8.5 emission
scenario. Ensemble members (grey lines) and ensemble median (red line). The symbols on the
ensemble median indicate whether the 30-year mean is projected to change significantly or to
remain unchanged in future periods compared to the reference period, according to the Mann-
Whitney test (triangle point-up=significant increase; triangle point down=significant decrease;
open circle=no significant change).
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Appendix [X-2: Projected changes in 30-year mean OND snow and glacier melt, relative to the
1981-2010 reference period. Left-panel: RCP4.5 emission scenario. Right-panel: RCP8.5 emission
scenario. Ensemble members (grey lines) and ensemble median (red line). The symbols on the
ensemble median indicate whether the 30-year mean is projected to change significantly or to
remain unchanged in future periods compared to the reference period, according to the Mann-
Whitney test (triangle point-up=significant increase; triangle point down=significant decrease;
open circle=no significant change).
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Appendix [X-3: Projected changes in 30-year mean JFM snow and glacier melt, relative to the
1981-2010 reference period. Left-panel: RCP4.5 emission scenario. Right-panel: RCP8.5 emission
scenario. Ensemble members (grey lines) and ensemble median (red line). The symbols on the
ensemble median indicate whether the 30-year mean is projected to change significantly or to
remain unchanged in future periods compared to the reference period, according to the Mann-
Whitney test (triangle point-up=significant increase; triangle point down=significant decrease;
open circle=no significant change).
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Appendix IX-4: Projected changes in 30-year mean AMJ snow and glacier melt, relative to the
1981-2010 reference period. Left-panel: RCP4.5 emission scenario. Right-panel: RCP8.5 emission
scenario. Ensemble members (grey lines) and ensemble median (red line). The symbols on the
ensemble median indicate whether the 30-year mean is projected to change significantly or to
remain unchanged in future periods compared to the reference period, according to the Mann-
Whitney test (triangle point-up=significant increase; triangle point down=significant decrease;
open circle=no significant change).
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Appendix IX-5: Projected changes in 30-year mean JAS snow and glacier melt, relative to the
1981-2010 reference period. Left-panel: RCP4.5 emission scenario. Right-panel: RCP8.5 emission
scenario. Ensemble members (grey lines) and ensemble median (red line). The symbols on the
ensemble median indicate whether the 30-year mean is projected to change significantly or to
remain unchanged in future periods compared to the reference period, according to the Mann-
Whitney test (triangle point-up=significant increase; triangle point down=significant decrease;
open circle=no significant change).
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Appendix 10

Projected changes in mean snow and glacier melt in the Kreppa catchment (vhm233)
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Appendix X-1: Projected changes in 30-year mean annual snow and glacier melt, relative to the
1981-2010 reference period. Left-panel: RCP4.5 emission scenario. Right-panel: RCP8.5 emission
scenario. Ensemble members (grey lines) and ensemble median (red line). The symbols on the
ensemble median indicate whether the 30-year mean is projected to change significantly or to
remain unchanged in future periods compared to the reference period, according to the Mann-
Whitney test (triangle point-up=significant increase; triangle point down=significant decrease;
open circle=no significant change).
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Appendix X-2: Projected changes in 30-year mean OND snow and glacier melt, relative to the
1981-2010 reference period. Left-panel: RCP4.5 emission scenario. Right-panel: RCP8.5 emission
scenario. Ensemble members (grey lines) and ensemble median (red line). The symbols on the
ensemble median indicate whether the 30-year mean is projected to change significantly or to
remain unchanged in future periods compared to the reference period, according to the Mann-
Whitney test (triangle point-up=significant increase; triangle point down=significant decrease;
open circle=no significant change).
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Appendix X-3: Projected changes in 30-year mean JFM snow and glacier melt, relative to the
1981-2010 reference period. Left-panel: RCP4.5 emission scenario. Right-panel: RCP8.5 emission
scenario. Ensemble members (grey lines) and ensemble median (red line). The symbols on the
ensemble median indicate whether the 30-year mean is projected to change significantly or to
remain unchanged in future periods compared to the reference period, according to the Mann-
Whitney test (triangle point-up=significant increase; triangle point down=significant decrease;
open circle=no significant change).
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Appendix X-4: Projected changes in 30-year mean AMJ snow and glacier melt, relative to the
1981-2010 reference period. Left-panel: RCP4.5 emission scenario. Right-panel: RCP8.5 emission
scenario. Ensemble members (grey lines) and ensemble median (red line). The symbols on the
ensemble median indicate whether the 30-year mean is projected to change significantly or to
remain unchanged in future periods compared to the reference period, according to the Mann-
Whitney test (triangle point-up=significant increase; triangle point down=significant decrease;
open circle=no significant change).
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Appendix X-5: Projected changes in 30-year mean JAS snow and glacier melt, relative to the
1981-2010 reference period. Left-panel: RCP4.5 emission scenario. Right-panel: RCP8.5 emission
scenario. Ensemble members (grey lines) and ensemble median (red line). The symbols on the
ensemble median indicate whether the 30-year mean is projected to change significantly or to
remain unchanged in future periods compared to the reference period, according to the Mann-
Whitney test (triangle point-up=significant increase; triangle point down=significant decrease;
open circle=no significant change).
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Appendix 11

Projected seasonal frequency of occurrence of AMFs
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Fig. XI-1: Catchment vhm38: Projected seasonal frequency of occurrence of AMFs (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 ensemble of seasonal

=freq.

frequencies has been detected between the reference and future periods (triangle point-up

no significant change).

increase; triangle point down=freq. decrease; open circle
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Fig. XI-2: Catchment vhm38: Projected seasonal frequency of occurrence of AMFs (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 ensemble of seasonal

=freq.

frequencies has been detected between the reference and future periods (triangle point-up

no significant change).

increase; triangle point down=freq. decrease; open circle
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Fig. XI-3: Catchment vhm218: Projected seasonal frequency of occurrence of AMFs (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 ensemble of seasonal
frequencies 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. XI-4: Catchment vhm218: Projected seasonal frequency of occurrence of AMFs (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 ensemble of seasonal

frequencies has been detected between the reference and future periods (triangle point-up

increase; triangle point down=freq. decrease; open circle

=freq.

no significant change).
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Fig. XI-5: Catchment vhm233: Projected seasonal frequency of occurrence of AMFs (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 ensemble of seasonal

=freq.

frequencies has been detected between the reference and future periods (triangle point-up

no significant change).

increase; triangle point down=freq. decrease; open circle
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Fig. XI-6: Catchment vhm233: Projected seasonal frequency of occurrence of AMFs (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 ensemble of seasonal

frequencies has been detected between the reference and future periods (triangle point-up

increase; triangle point down=freq. decrease; open circle

=freq.

no significant change).
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