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Abstract

Over the last few years, various research have been carried at IMO to assess precipitation
extremes, based on observations as well as simulations from the IcelandrReanalysis
(ICRA) and climate projection from the CMIP5 dataset (Coupled Model Intercomparison
Project 5). In this study, CMIP6 projections are used to assess how climate change is
expected to affect precipitation extremes as well as snofsaction in Iceland. Daily and 5
day annual maximum precipitation amounts (RX1D and RX5D) are extracted from an
ensemble of 19 GCMs (Global Climate Model) and four SSPs (Shared Socioeconomic
Pathways) and regridded over a box that covers Iceland with a horizontal resolutod 1°.
Overall, percentage changes show a gradual increase as the projection scenarios imply an
increased radiative forcing by the end of the century. Depending on the quadrant,
percentile, and scenario considered, most results show an increase of the EXand RX5D
values at the end of the century, up to 25 and 23%, respectively. Sndéraction is also
calculated based on snowfall and precipitation fluxes from 12 GCMs, and data are
regridded with a resolution of 0.5°. Results show a sno¥raction decrease overall in
Iceland, with a mean value over the whole country for winter months of 44% for the period
1986 & 2014, lowering to 17% with the SSP585 scenario.

Key words:precipitation extremes, return levels, snovraction, CMIP6 projections



Agrip

A sidustu arum hafa ymsar rannsoknir verid gerda hja Vedurstofu islands til ad meta
aftakalrkomu, byggdar & athugunum sem og likanagégnum tslensku endurgreiningunni
(ICRA) og nidurstédum loftslagsspaa ur CMIP5 (Coupled Model Intercomparison Project 5)
gagnasafninu. | pessari rannsokn eru CMIP6 spar notadar til ad meta moguleg ahrif
loftslagsbreytinga & aftakadrkomu og hlutfall snjos af rkomu & islandi. Mesta Urkoma yfir
einn og fimm daga fyrir hvert ar (RX1D og RX5D) eru unnin ar safni 19 vedurfarsika
(GCM, Global Climate Model) og fjorum svidssmyndum (SSP, Shared Socioeconomic
Pathways). Gognin eru reiknud yfir i net sem naer yfir island med 1° laréttri upplausn.
Almennt séd syna hlutfallslegar breytingar haega aukningu i aftakatdrkomu par sem spéarnar
benda til aukins geislunaralags i lok aldarinnar. Ef litid er til landsfjérduna, trkomuhlutfalla
og svidsmynda p& syna flestar nidurstddur aukningu a RX1D og RX5D gildum i lok
aldarinnar, allt ad 25% fyrir RX1D og 23% fyrir RX5D. Hlutfall snj6és af arkomueamig
reiknadur at fra snjékomu og arkomu i 12 GCM likbnum og gdgnin reiknud yfir i 0,5°
reikninet. Nidurstdédurnar syna ad snjohlutfall laekkar almennt & islandi, fyrir allt landid ad
vetri & timabilinu 198662014 var pad 44%, en leekkar i 17% med SSP58%anni.

Lykilord:aftakaurkoma, endurkomutimi, hlutfall snjéhula, CMIP6 spar
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1 Introduction

In Iceland, periods of intense rainfall have led to localised damage on numerous occasions.
In December 2020, a recorebreaking rainfall amounting to almost 570 mm over five days,
caused landslides and major damages in Seydisfjérour. More recently, in Sempber 2023,

a heavy precipitation episode hit Neskaupstadur with measurements exceeding 250 mm
in 48 hours. These events are a reminder of the importance of having reliable data in order
to issue accurate flood warnings and help in the design of infrastruze able to handle
large surface runoff.

These estimates of precipitatiorextremes have recently been the subject of several studies
in Iceland, using Extreme Value Analysis (EVA) to predict the occurrence of rare events by
assessing their frequency from the most extreme values of a dataset. In 2020, a study by
Massad et al. (2020) reassessed precipitation return levels in Iceland, resulting in a new
national map of 24-hour precipitation thresholds for a Syear event (Figure 1, top), in
agreement with the general precipitation pattern in Iceland documented in Bjérnssenal.
(2018) and Crochetet al. (2007). But the impact of extreme rainfall in Iceland in recent
years also underlines the importance of understanding the occurrence of precipitation
extremes, and how they will be affected by the ongoing warming climate. As arctic and
subarctic regions varm rapidly, precipitation extremes are expected to broadly increase in
the coming decades (Bintanja, 2018), and in 2022, a study partially funded by
Orkurannsoknasjodur Landsvirkjurnar examined changes in extreme precipitation todsr
the end of the century, using CMIP5 projections to calculate future precipitation return
levels under two emission scenarios (Massaét al. 2022). The analysis of the CMIP5
projections showed that 24hour precipitation return levels with a 5/ear return period will
increase by the end of the century with a mean change in the hydropower catchments
operated by Landsvirkjun ranging from 3.2 t6.7%, depending on the emission scenario
(Figure 1, bottom).

Another aspect of the 2022 study aimed at assessing changes in precipitation type, over
the historical period covered by the Icelandic reanalysis (1978 2017). Results were

presented for eleven catchments and showed systematic changes in the seasonalify o
precipitation during winter months, coinciding with periods of enhanced warming in
Iceland. In 9 cases out of 11, the onset of the melt season shifted to an earlier date, while
the snow fraction (i.e. the snow amount as a fraction of total precipitatiodcreased in all

catchments, especially for the ones lying at lower altitudes. An important aspect of climate

change in cold regions is how the snow fract.i

2014), and studies have shown that snow changes are ongoingh@ tend to be more
pronounced at lower altitudes (Lét al., 2020). Future changes in snow fraction have been
the subject of several studies (Let al., 2022; Krasting et al., 2013), but in combination
with other precipitation changes (such as higher extnees), changes in this quantity may
have a significant impact. Indeed, if extreme precipitation events occur as rain, it may lead
to slope failure, rather than being leading to high accumulation. Furthermore, the future
evolution of glaciers may depend serisvely on the fraction of precipitation that falls as



snow during the cold season, and if snofvaction declines more slowly at higher altitude
then this may enhance resilience of glaciers to warming.

Recently, new data from the CMIP6 projections have been released by the Copernicus
Climate Service. Available in the new dataset are the daily andd&y annual maximum
precipitation amounts (respectively RX1D and RX5D) as well as snowfall and precipitation
fluxes, from which the snowraction can be estimated until 2100. Therefore, the aim of
this study is twofold: Firstly, CMIP6 projections will be used to improve estimates of return
levels of precipitation for different return periods. Secondly, the sndinaction change
analysis will be extended to the end of the century using CMIP6 models both for the whole
country, and for the eleven hydropower catchments operated by Landsvirkjun.

This research was funded in 2023 by Landsvirkjun, under the Orkurannsdknasjédur grant.
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Figure 1A 1M5 maps based on 24hour accumulated precipitation from the ICRA
dataset (top, from Massad et al. 2020) andvith CMIP5 projections from the RCP 8.5
for the interval 2080 & 2100, using the 90w percentile from the climate model
ensemble (bottom, from Massad et al. 2022). Results obtained using the Peaker-
Threshold method with Maximum Likelihood Estimation.



2 Data

2.1 Icelandic Reanalysis: t

The operational Numerical Weather Prediction (NWP) system used by the Icelandic

he ICRA dataset

Meteorological Office (IMO) is the nohydrostatic HARMONBAROME model, with a
horizontal resolution of 2.5 km and 65 vertical levels (Bengtssoet al., 2017). The fine
scale gridding gives 66,181 terrestrial points over Iceland. The model has been used to

reanalyse atmospheric conditions in Iceland at hourly tirsteps between September 1979

and August 2017, resulting in the Icel

In this study, the ICRA dataset is used to reassess precipitation return levels that will serve

andic Reanalysis (ICR¥gtaset (Nawriet al., 2017).

as the basis to apply climate projections and create a new set of maps. Total precipitation
is not a direct output from the dataset and is calculated as the surmom the rate of fall of

rain, snow, and graupel.

2.2 The CMIP6 projections

The Coupled Model Intercomparison Project (CMIP) is a large framework that collects the

outputs from global coupled ocearatmosphere general circulation models (GCMs) to
project future climatic changes due to anthropogenic activity.

For this project, results from the sixth phase of the project are used, commonly referred to
as CMIP6 (see Eyringt al. (2016) for details) and featured in the IPCC Sixth Assessment
Report (2021). This time, the climate projections are based on a set of Shared

Socioeconomic Pathway (SSP) (Figure 2). These SSPs describe various narratives of global

societal developments foithe end of the century, into which are derived the Representative
Carbon Pathways (RCP) used in the fifth phase of the project (CMIPB)CMIPE, five SSPs

named SSP1 to SSP5 are considered, with the more sustainable scenario being SSP1, and
being the continuing devel

t he wor st , SSP5,
et al., 2017).
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Climate models are then run for a specific SSP, coupled with various radiative forcings. In
this analysis, the results from four scenarios are used:

- SSP126 Represents the CMIP6 counterpart of the RCP2.6 scenario that is the most
optimistic, with a radiative forcing of 2.6 W.ra by 2100, compatible with a global
temperature raise of 2°C. In this scenario, strict climate protection measures are
being taken.

- SSP2450Mi ddl e of the roadod pathway in terms o
with an additional forcing of 4.5 W n®. In this scenario, climate protection
measures are also being taken.

- SSP370. Uppermiddle part of the full range of scenarios, with a forcing of 7 W:m
by 2100.

- SSP585 Represents the upper boundary range of scenarios, with a radiative forcing
of 8.5 W m2 by the end of the century. It represents an update of the RCP8.5
scenarios from the CMIP5 but now combined with socioeconomic considerations.

The global mean temperature change for three of those scenarios are showrHigure

3. According to the Copernicus Climate Change service, temperature projections under
SSP126, SSP245, and SSP585 suggest an increase that range between under 2°C
(SSP126) to over 5°C (SSP585) for the period 207® 2100 when compared to the
historical period 1985 & 2014.

CMIP6 annual global average temperature (1850-2100)

20 SSP5-8.5
S5P2-4.5
SSP1-2.6
historical

global average near-surface air temperature (" C)

1850 1900 1950 2000 2050 2100
time

Figure 31 Global mean temperature between 1850 and 2100 for selected CMIP6

models. The grey shaded area shows the range of historical simulations while the
coloured areas show potential future temperature change based on different

greenhouse gas emission scenariogfrom Copernicus Climate Change Service,

ECMWF).

The CMIP6 projections provide a global dataset that include a large range of variables,
calculated both monthly and yearly. Depending on the variable, a different number of GCMs
is available, both for a historical period spanning from 1850 to 2014, and fa projection
period that runs throughout the end of the century. In this study, four variables were
extracted from the CMIP6 dataset, as described in the following paragraphs.



2.2.1 Precipitation data: RX1D and RX5D

The CMIP6 dataset provides annual maximum series both for daily andl&y precipitation
data. These variables, respectively referred to as RX1D and RX5D, can be used as the basis
for an Extreme Value Analysis (EVA) carried with a Block Maxima method ag anhual
maximum values are needed to calculate return levels with this method. In the previous
studies, the Peakover-Threshold method had been privileged, because the dataset
available had an hourly temporal resolution. However, here to match the resaotut of the
projections, the Block Maxima method is used, as explained in Section 3 of the report.

Because all the GCMs used to make the projections did not run necessarily for the same
scenarios, it was decided to keep in this study only the models that simulated RX1D and
RX5D for both the historical period and the four SSPs scenarios selected. This te the
selection of 19 GCMSs, all listed in Table 1.

In the first place, the variables were extracted globally, both for the historical period (1850
0 2014) and the projection period (20158 2100). Because the initial spatial resolution
differs in all models, the data were regridded over a box that coverseland between
longitudes-13 and -19°, and latitudes 63 and 67°, with a horizontal resolution of 1°. In
most cases, this consisted in downscaling the initial data, which was done using a bilinear
interpolation between the gridpoint values.

Table 1 Model name, realisation and initial resolution used for RX1D and RX5D

Model name Initial resolution Variant
1| ACCES&EM2 1.9°x1.3° rlilpifl
2 | ACCESE£SMI5 1.9°x1.2° rlilpifl
3 | BCCCSM2ZMR 1.1°x1.1° rlilpifl
4 | CNRMCM6-1 1.4°x 1.4° rlilpif2
5 | CNRMESM21 1.4°x 1.4° rlilpif2
6 | ECEarth3 0.7°x 0.7° rlilpifl
7 | EGEarth3-Veg 0.7°x 0.7° rlilpifl
8 | GFDLESM4 1.3°x1.0° rlilpifl
9 | INM-CM4-8 2.0°x 1.5° rlilpifl
10 | INM-CM5-0 2.0°x 1.5° rlilpifl
11 | KACE1-0-G 1.9°x 1.3° rlilplfl
12 | MIROCSG6 1.4°x1.4° rlilpifl
13 | MIROCGES2L 2.8°x 2.8° rlilp1f2
14 | MPFESM1-2-HR 0.9°x 0.9° rlilpifl
15 | MPFESM1-2-LR 1.9°x 1.9° rlilpifl
16 | MRFESM20 1.1°x1.1° rlilpifl
17 | NorESM2LM 2.5°x1.9° rlilplfl
18 | NorESM2MM 1.3°x 0.9° rlilpifl
19 | UKESM10-LL 1.9°x1.3° rlilp1f2

10




2.2.2 Snowfall and precipitation fluxes

In the second half of the study, the focus is on the evolution of snewaction at the end of
the century. Because snowraction is not a direct output from the GCMs, it needs to be
calculated by dividing the snowfall fluxes by the total precipitation fluxé¢lsoth available in
kg m2 s1).

Similarly to the RX1D and RX5D data, only models that run for both variables over the
historical and the four SSP scenarios were kept, which led to the 12 models listed in Table
2. The regridding was done over the same box around Iceland, but this timehnit 0.5°
resolution, with the goal to be able to use those data at catchmestale, as described in
Section 4.

Table 2 i Model name, realisation and initial resolution used for snowfall and
precipitation fluxes.

Model name Initial resolution Main realisation
1 | BCGCSM2MR 1.1°x1.1° rlilpifl
2 | CanESM5CanOE 2.8°x 2.8° rlilpifl
3 | CMCGCM2-SR5 1.0°x 1.0° rlilplfl
4 | CNRMCM6-1 1.4°x 1.4° rlilplf2
5 | CNRMESM21 1.4°x 1.4° rlilplf2
6 | FGOALS3-L 1.3°x 1.0° rlilplfl
7 | GFDLEESM4 1.3°x 1.0° rlilplfl
8 | INM-CM4-8 2.0°x 1.5° rlilplfl
9 | IPSLCMBALR 2.5°x1.3° rlilplfl
10 | MIROGES2L 2.8°x 2.8° rlilplfl
11 | MRIFESM20 1.1°x 1.1° rlilplfl
12 | TaiESM1 1.3°x 0.9° rlilpifl

11




3 Extreme precipitation analysis andlimate
projections from the CMIP6 dataset

3.1 Spatial distribution of RX1D and RX5D

As explained in Section 2.2.1 and shown in Table 1, 19 models were used in this EVA, all
of them ran over a historical period (18508 2014), and four SSP projections (20150
2100).

In order to analyse the spatial distribution of the precipitation maxima, a control period
was defined between 1986 and 2014.The same control period has recently been used in
the fourth assessment report from the Scientific Committee on Climate Change (202Bqr
each model, RX1D and RX5D values were averaged over the control period for each
gridpoint, and then the ensemble median values were calculated as shown in Figure 4. The
model grid is plotted on top of the maps to account for the resolution of thaata used in
this analysis. Despite the data coarseness, precipitation patterns are well respected when
compared to previous studies (Bjérnssoat al.,2018; Massad et al., 2020). On both maps,
maximum values are obtained in the southeastern region (S.E. quadrant), with maximum
values of 37 mm for RX1D, and 80 mm for RX5D. Overall, more precipitation is found in
the southern half of Iceland, with values above 28 mm for R®1 and above 65 mm for
RX5D. Minimum values are found in the northeastern part of lkeexd (N.E. quadrant), with

a minimum median RX1D of 25 mm, and a minimum median RX5D of 53 mm. It should be
noted that both values are found over gridpoints covered by sea.

This spatial distribution of extreme precipitation is further illustrated by Figure 5 and Table
3. On Figure 5, ensemble median RX1D and RX5D values were calculated for each quadrant
by taking the mean value over all gridpoints within the region and plottever time from
1850 to 2100 for each SSP projection. The annual maximum series for the SSP585
scenario are shown in the figure, other SSPs are available in Appendix I. In all scenarios,
spatial trends shown on Figure 4 with higher precipitation in the 5. quadrant and lower
precipitation in the N.E. quadrant translate from the historical period to the end of the
century. Indeed, in the case of the SSP585, higher values are found for RX1D and RX5D in
the S.E. quadrant with median values of 33 and 76 mm spectively for the control period
(1986 6 2014), and median values of 37 and 77 mm at the end of the century (2098
2100). From Figure 5, the increase appears to be more pronounced for RX1D than RX5D
for SSP585, and this trend is also present for the othiescenarios as shown in the table.

Therefore, despite the coarseness of the climate model resolution, GCMs are still able to
represent the main features of the Icelandic precipitation patterns: enhanced precipitation
in the southern half, with maximum values over the Vatnajokull region, ankss
precipitation in the N.E. quadrant, in the lowlands. In regions of complex orography such
as the East and Westfjords, values are higher than in areas of similar latitudes but more
inland. This project will therefore consider geographical changes pnecipitation patterns
and use them as part of the analysis when calculating new return levels for the end of the
century.

12



Median RX1D

[mm day~!]
24-26
26-28
28-30
30-32
32-34
34-36
36-38

Median RX5D

[mm 5-day 1]
50-55
55-60
60-65
65-70
70-75
75-80
80-85

Figure 4 Median RX1D (top) and RX5D (bottom) values for each gridpoint averaged
over the control period 19868 2014 for the ensemble of climate models. Note that
the colour scale differs for each map.
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RX1D: SSP585 Median ensemble values
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Figure 5 A Median RX1D (top) and RX5D (bottom) values for each quadrant
calculated from the ensemble of climate models for a historical period (1985 2014,
transparent dots) and the SSP585 period (201% 2100, opaque dots).
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Table 36 Median RX1D and RX5D values as calculated for each quadrant for a
control period (Hist., 198608 2014) and four SSP scenarios (20915 2100).

Median RX1D values (mm) Median RX5D values (mm)
SSP (20918 2100) SSP (20918 2100)
Quadrant| Hist. | 126 | 245 | 370 | 585 | Hist. | 126 | 245 | 370 | 585
N.W. 27 27 30 31 32 62 62 63 65 67
N.E. 26 28 28 30 31 58 58 63 65 65
S.W. 30 29 31 33 34 69 67 69 71 72
S.E. 33 33 32 35 37 76 76 73 77 77

3.2 Percentage changes ofprecipitation maximum by quadrant
and SSP

In order to take into account the geographical distribution of precipitation from the
ensemble of climate models, it was decided to calculate the percentage changes between
a control period (198606 2014) and an end-of-the-century period (20916 2100) for each
scenario by quadrant.

Results are shown for scenario SSP585 in Figure 6 and 7, respectively for RX1D and RX5D.
Other scenarios are shown in Appendix Il. Instead of working directly with the median
values as on Figure 5, the range of values for each one of the 19 models is shoamthe
figures for each year, and precipitation values were normalised by dividing each one of
them by the median values over the control period. Each subplot shows the results for a
different quadrant, with the ensemble values represented as green dotand the yearly
median and 101-90th percentile range with a different colour for each quadrant. While the
values are shown continuously for the entire period from 1986 to 2100, only the two
periods used to calculate the percentage changes are shown with opaque colours.
Percentage changes ar indicated on the figures. They were calculated based on median
values, as well as 1@ and 90th percentiles from all data for each period. Another method
was tested where statistics based on the yearly quantiles showm ahe figure were
compared for the two periods, which gave very similar results, although slightly lower. In
the end, the first method was chosen as it gets rid of possible trends within the two periods.
Those results are also compiled for every scenario Table 4 and 5, respectively for RX1D
and RX5D.

Overall, precipitation percentage changes show a gradual increase as the projection
scenarios imply an increased radiative forcing by the end of the century. With the SSP126
scenario, values in the 10 percentile show a decrease both for RX1D and RX5D in all

guadrants indicating lower annual maximum precipitation values. However, in the case of
RX1D, besides two negative percentages calculated with the median values of the SSP126
scenario, and one negate value calculated with the 1@ percentile of the SSP245

15



scenario, all percentage changes in Table 4 are positive, indicating an increase of
precipitation, ranging from 0 to 25%, depending on the quadrant, percentile, and scenario.
For RX5D (Table 5), some negative values are found for other percentiles and su@rs,
but most trends also indicate an increase in precipitation, up to 23% for the SSP585
scenario, based on the 90 percentile and for the N.W. quadrant. However, percentage
changes are overall lower for the RX5D data, which is especially notable vilie SSP370
scenario where the mean percentage change in all quadrants with the 9@ercentile is
18% for RX1D and 10% for RX5D.

Table 40 Percentage change for RX1D between the control period 198652014 and
2091 0 2100 for all quadrants, percentiles, and SSP.

RX1Dd Percentage changes (%)

SSP126 SSP245 SSP370 SSP585
Quadrant| 10th | 50th | 90th | 10th | 50th | 90th | 10th | 50th | 90th | 10th | 50th | 90th
N.W. -3.2| 19| 88| 22| 90123 | 6.1 144|199 123 |17.3|24.6
N.E. 22| -16| 46| 32| 78124 | 741|104 148 | 8.7 (149|220
S.W. 60| 06| 13| 09| 38(100| 7.7 9.1|21.4|12.1|14.1)|21.9
S.E. -14}) 05| 74| 03| 35| 54| 33| 88 |157| 6.6 |12.2|20.7

Table 506 Percentage change for RX1D between the control period 19862014 and
2091 6 2100 for all quadrants, percentiles, and SSP.

RX5DJd Percentage changes (%)

SSP126 SSP245 SSP370 SSP585
Quadrant| 10th | 50th | 90th | 10th | 50th | 90th | 10th | 50th | 90th | 10th | 50th | 90th
N.W. 13| 02| 42| 02| 32| 17| 55| 59128 | 55| 8.0]|153
N.E. 00| 20| 7.7| 3.7| 581|118 | 6.8|10.0 106 | 56 |11.1|23.2
S.W. 36| 24| 18| 32| 05| 32| 07| 36| 76| 23| 56| 7.7
S.E. -3.2| -18| 40| 09| 17| 46| 1.7 22| 97| 06| 433|123
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3.3 Updated precipitation return levels in regard to CMIP6
climate projections

3.3.1 1M5 and 5M5 maps

3.3.1.1 Results for the whole country

One of the main results presented in Massaét al. (2020) was a new map showing 24
hour precipitation return levels with a Sear return period (also known as 1M5 map). In
the subsequent study (Massadet al., 2022), this map was reassessed by applying
precipitation percentage change for various CMIP5 climate scenarios into the EVA. These
percentage changes were calculated seasonally and later integrated into the analysis
before calculating the 5Byear return kvels in each ICRA gridpoint using the Peaker-
Threshold method with Maximum Likelihood Estimation. For further details, a summary was
written in Section 3 of the 2020 report, adapted from Coles (2001).

In this present case, because of the temporal resolution of the dataset, the Peaker-
Threshold method is not suited. Indeed, RX1D gives annual maximum series, for which a
Block Maxima method is more adequate. Therefore, before applying the climate
projections, a new 1M5 map for daily precipitation with a fear return period was
calculated by the Block Maxima method with Maximum Likelihood Estimation (MLE) (Figure
8, top). Overall, precipitation extreme patterns are the same as in the 2020 study (Figure
1, top), with maximum precipitation (over 180 mm) in the S.E. quadrant over Vatnajokull
as well as in regions of complex orography. However, region with lower values (as shown
by the dark green shaded area in the lowlands) are more spread on this map obtinwith
Block Maxima than in the previous version. This can be justified by two reasons. Firstly, it
was shown in the 2020 study that 1M5 values for selected weather stations based on Block
Maxima give slightly lower values than based on the Peaker-Threshold, although still in
the same range. Secondly, the 1M5 map presented in 2020 was based on Rbur
precipitation, which is not the case in Figure 8. Indeed, here the annual series calculated
for each gridpoint was based on daily precipitation in ordeo fit the RX1D variable better.
Although it is very likely that the difference between RX1D and annual maximum series
based on 24-hour precipitation would give about the same difference than comparing daily
to 24-hour precipitation values, it cannot be veéfied in our case and therefore the Block
Maxima analysis was carried on daily rather than 2dour accumulated precipitation. As a
reminder, it should be noted that the difference for the whole country between daily and
24-hour precipitation on the 5yearreturn level was 14% when calculated with the Peak
over-Threshold method.

Since the precipitation data only give access to annual values, reproducing the method
used for the 2022 project by applying seasonal percentage changes is not an option in this
study. Instead, the percentage changes calculated for each quadrant are useal dreate
the new set of maps. Precipitation return levels with a-gear return period calculated on
Figure 8 were therefore obtained by applying the percentage changes according to the
location of the gridpoint.
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Eventually, 12 new 1M5 maps were created: one for each quantile (10th percentile,
median, and 90th percentile), and each scenario (SSP126, SSP24SSP370, SSP585).
For practical reasons, only one new map is shown within this report: the 1M5 map for the
end of the century, based on percentile changes calculated from the 90th percentile, and
in the case of a SSP585 scenario (Figure 8, bottom). From thenge of percentage changes
in Table 4, this map can be seen as the most extreme 1M5 map which can be calculated
from the climate dataset available.

Comparing both maps on Figure 8, the main differences lie in the presence of precipitation
values above 160 mm in the Eastfjords and southVestfjords as well as the narrowing of
the area with values under 40 mm in the lowlands. Compared to results from tf2922
map (Figure 1, bottom), newer results lead to a map with overall lower values. This is
expected as the seasonal percentage changes applied in 2022 ranged from 23 to 30%,
while the values in this case vary between 20 and 25% depending on the quadrant.

With the availability of RX5D data, it was also decided to create maps feday precipitation
with a 5-year return period, that will be referred to as 5M5 maps. Figure 9 shows such
maps both based on the ICRA dataset without projection (top figure), anithwpercentage
changes based on the 9@ percentile of the ensemble of climate models for SSP585
(bottom figure). Most of the S.E. quadrant now appears in red tones both with and without
projections, indicating values above 180 mm. Minimum, median and maxum 5M5 values
for the whole country are 42, 122, and 1153 mm on the current map, and 48, 139, and
1421 mm for the SSP585 scenario. In the map that includes the SSP585 projections, it
appears that only small, localised patches are coloured in dark greemdicating values
under 60 mm), and a continuous area with values above 180 mm now covers the southern
half of Iceland from Myrdalsjokull to the north of the Eastfjords, the whole northern part of
the Westfjords, and the mountainous regions of Trollaskagnd Flateyjarskagi.
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Figure 84 1M5 maps for daily precipitation with a Syear return period, based on
the ICRA dataset and obtained with Block Maxima with MLE. Top figure shows current
results, without climate projection. Bottom figure shows results based on 90th

percentile percentage changes for SSP585 at the end of the century.
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Figure 9 5M5 maps for 5-day precipitation with a 5year return period, based on
the ICRA dataset and obtained with Block Maxima with MLE. Top figure shows current
results, without climate projection. Bottom figure shows results based on 90
percentile percentage changes for SSP585 at the end of the century.
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3.3.1.2 Results for individual catchments

Individual 1M5 maps were also created for each hydropower catchment operated by
Landsvirkjun. An example is given for Halslén on Figure 10, that can be directly compared
to Figure 19 of the 2022 study. Indeed, with the Peakver-Threshold method on 24hour
precipitation, the median value for catchment Halslon as calculated in 2022 was 85 mm,
against 72 mm on Figure 10, obtained with Block Maxima over daily values. With
percentage changes from Table 3 applied, the new median value with SSP858 based on
90th percentile percentage change is 88 mm, while it was 109 mm with RCP8.5. This is
explained by the lower current 1M5 value compared to results obtained with the Peaker-
Threshold method over 24hour precipitation, and by the lower percentage change applied
(21% for this quadrant with CMIP6, 27% with CMIP5). Figures for other catchments are
shown in Appendix IlI.
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Figure 10 i 1M5 maps for catchment Halslon based on the ICRA dataset without
projection (top left), with SSP126 and 10 percentile percentage changes (top right),
with SSP370 and median percentage changes (bottom left) and with SSP585 and
90t percentile percentage changes (bottom right).
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3.3.2 Other returnlevel maps

While thefocus in the 2020 and 2022 studies was mostly on the 5ear return levels, other
return periods have been compiled in tables and IntensHyurationFrequency curves (IDF
curves) for a selection of weather stations as well as for the hydropower catchmer@ased

on the ICRA dataset, return level maps with a-25-, 10-, 25-, 50- and 100-year return
periods have been created using the Block Maxima method with MLE. Thus, using the
percentage changes as calculated from the different percentiles under the varmualimate
projection scenarios, a large set of maps have been created.

Figure 11 shows two of these maps: the daily andd&ay precipitation maps with a 100year
return period based on the 9@ percentile percentage changes for SSP585. On the daily
precipitation map, it appears that the dark green shaded areas @ 40 mm) have almost
completely disappeared and can only be found in the northern half of the country.
Minimum, median, and maximum vlues are 37, 125, and 1138 mm respectively, which
are extremely close to the range of values presented for the original 5M5 map and
presented on Figure 9 (42, 122, and 1153 mm). However, when comparing more closely
those two maps (Figure 11, top, and Figure 9, top), it appears that on the daily precipitation
map, lower values can be found in the southern part of Iceland, even for the 1§@ar
return period, while values in that part of the country always exceeded 60 mm on the 5M5
map. Figure 11 also presents a map for8lay precipitation with a 100year return period
(bottom), and most of the country appears in red, indicating values abo%60 mm. Values
range from 69 to 1916 mm, with a median value of 230 mm.

In the Appendix IV, maps based on the median percentage changes from Table 4 are shown
for other for daily and 5day precipitation with a 2, 5-, 10-, 25-, 50- and 100-year return
period. Maps are based on percentage changes calculated from the median vadu
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Figure 11 A Maps for daily (top) and 5day (bottom) precipitation with a 100year
return period. Results were obtained using Block Maxima on the ICRA dataset with
added projections for SSP585 based on 9@-percentile percentage changes.
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4 Snowfraction change in the hydropower
catchments

4.1 Calculation of gridded snowfraction for the whole country

As explained in Section 2.2.2, snoraction is not a direct output of the climate models
and is therefore calculated as the ratio between the snowfall and precipitation fluxes. Both
fluxes needed to be downscaled, this time on a grid with a resolution 8f5° in latitude
and longitude. Bilinear interpolation was used to regrid the values and it should be
acknowledged that the data are not expected to represent the snenaction variation with
altitude as well as it would if the original dataset was in high resolution in the first place.

Median snowfraction from the ensemble of climate models is shown in Figure 12. In order
to follow the results of the 2022 study, only winter months from November to April were
kept in the dataset, and snowfraction was yearly averaged. Here, the map showvike
median ensemble snowfraction yearly averaged for each model between 1986 and 2014.
Mean value for the whole country is 43%, with values ranging from 9 to 76%, and a
pronounced southnorth gradient. To a certain extent, the ensemble of models managas
account for the presence of the Highlands region, where the sndvaction is increased,
with a strong zonal gradient both to the east and west of the Highlands region. As expected
however, is the lack of details in the zones of complex orography such the East and
Westfjords, Snaefellsnes as well as the southern glaciers.

It should be noted that those snowraction values are lower than the ones obtained from
the ICRA dataset in the eleven hydropower catchments. Indeed, in the 2022 study, while
the focus also was on the snovfraction decrease over the reanalysis timgeriod, yearly
snowraction was between 50 and 90% for all the catchments, while here on Figure 12,
some catchments are located in an area where the median snefnaction is below 50%.
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Figure 12i Median snowfraction values for each gridpoint yearly averaged over the
winter months between 198606 2014 for the ensemble of climate models.

4.2 Change in snowfraction in relation to CMIP6 climate
scenarios

Median ensemble snowfractions were consequently calculated yearly for the period 2015
2100 under the four SSP scenarios. Figure 13 shows the results in maps for each scenario,
giving the median snowfraction averaged over the period 20912100. As expected the
snowfraction decreases gradually as the radiative forcing increases in the scenarios. Mean
snowfraction values averaged over all gridpoints are 40, 28, 23, and 17% for SSP126,
SSP245, SSP370, and SSP585, respectively. Interestingly, the meridiogeddient present

in Figure 12 and in the SSP126 scenario becomes less pronounced as the scenarios
become more critical and maximum values are found in zones of higher altitudes.

Figure 14 shows yearly snosfraction timeseries between 1979 and 2100 for three

catchments: Blondulén, Sultartangi and Ufsarlon. Only values based on the SSP585
scenario are shown. For each catchment, a map is shown on the left with the outlines of
the watershed in regard to the selected gridpoints. Because the catchments are rather
small compared to the spacing between the gridpoints, each gridpoint close enough or
included within the boundaries of the catchment is shown in colour, and the corresponding
snow-fraction values over the years are shown in the same colour on the right figure. In
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some instances, because of the vicinity of the catchments, the same gridpoint is used in
several figures. This is the case for instance for Point 2 for Blondul6n, which is the same
than Point 3 for Sultartangi. In order to reproduce the methodology usedthre 2022 study,

the percentage changes are calculated from the linear regression fitting the timeseries, by
taking the difference between the value of the regression line in year 2100 and year 1979.
On Figure 14, these percentage changes are given for imttual gridpoints, and also as a
median percentage over all the gridpoints considered for the catchment. Results for other
catchments and SSPs are shown in Appendix V. Median percentage changes for all
catchments and scenarios are given in Table 6.

Results show that in all cases and scenarios, snefsaction decreases by the end of the
century. The decrease ranges betweer6% with SSP126 (for catchments Budarhals,
Kvislaveita and bdérisvatn) and15% with SSP585 (for catchment Hraunaveita). Overall,
results are very similar for all catchments where the decrease for each scenario is within
5% range. Median snowraction values for scenario SSP370 show less decrease than for
SSP245 in all catchments. This result, although counterintuitive, seems to reftethe
weakening of the southnorth gradient already discussed regarding Figure 13. Indeed, in
the figure, focussing on the blue shade ranging from 50 to 60% sndvaction, it can be
noted that the contour of this area moves slightly southwards on the maprf SSP370,
which can then explain the less pronounced decrease when calculating the percentage
changes. Another reason could come from the fact that the linear regression used to fit the
data is sensitive to outliers.

An interesting result from the 2022 study showed a relation between the altitude of the
catchment and the snowfraction decrease, withlargest changes observed for catchments
at lower altitudes. Those results were obtained based on the ICRA dataset, with a-Rnb
resolution. Here, kecause of the coarser resolution of the climate models, it is however
difficult to quantify the snowfraction changes in relation to the catchment altitude.
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(Right) Evolution of the snowraction between 1979 and 2100 for catchments
Blondulén, Sultartangi, and Ufsarlon based on the SSP585 scenario. The colour of
the timeseries matches thecolour of the gridpoints.
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Table 61 Snowfraction percentage change for the hydropower catchments based
on the different SSP scenarios for the end of the century. Median values were
calculated from the gridpoints within or close to the catchment outlines over the
period 1979 & 2100.

Median snowfraction percentage change (%)
SSP126 SSP245 SSP370 SSP585
Bl6éndulén -7.3 -12.3 9.5 -13.7
Buadarhéls -6.2 9.7 -7.7 -11.2
Hagodngulén 6.5 -10.0 -7.5 9.8
Halslén -8.5 -13.7 9.2 -12.3
Hraunaveita 9.0 -16.2 9.7 -14.9
Kvislaveita 6.3 9.8 7.1 -10.1
Sultartangi -6.7 -10.1 -7.9 -11.4
Tungnaa -6.5 9.7 -7.2 -10.4
bingvallavatn -7.8 9.8 -7.3 -12.6
périsvatn 6.2 9.7 7.7 -11.2
Ufsarlén 9.0 -16.1 9.7 -14.3
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5 Summary

This researchaddressed two questions: First, how will precipitation return level be affected
in Iceland, under the CMIP6 projections for different greenhouse gas concentration
trajectories? Second, how will the sno¥iraction be affected during the century, both for
the whole of Iceland, and for the eleven hydropower catchments operated by Landsvirkjun?

In Section 3, daily and &day annual maximum precipitation amounts (RX1D and RX5D)
from the CMIP6 dataset were retrieved for a historical period (185®2014) and four SSP
scenarios: SSP125, SSP245, SSP370, and SSP585 for the rest of the century (2045
2100). Because the initial spatial resolution differs in all models, the data were regridded
over a box that covers Iceland between longitude$3 and -19°, and latitudes 63 and 67°,
with a horizontal resolution of 1°. Despite the coarseness of the datasethe climate
models still managed to capture the main features of the Icelandic precipitation patterns:
enhanced precipitation in the southern half, with maximum values over the Vatnajokull
region, and less precipitation in the N.E. quadrant, in the lowlasdIn regions of complex
orography such as the Eastand Westfjords, values are higher than in areas of similar
latitudes but more inland. This spatial distribution of precipitation was included in the EVA
by calculating percentage changes between a contrperiod (1986 6 2014) and an end
of-the-century period (20916 2100) for each quadrant and all SSPs.

Overall, percentage changes show a gradual increase as the projection scenarios imply an
increased radiative forcing by the end of the century. Despite a few values obtained with
the SSP126 scenario over the 10 percentile (indicating a decrease of the RX1D values at
the end of the century), all percentage changewere positive, with an increase ranging
from O to 25% in 2100, depending on the quadrant, percentile, and scenario considered.
For RX5D, some negative values were found for other percentiles and scenarios, but most
trends also indicate an increase in pregitation, up to 23% for the SSP585 scenario, based
on the 90th percentile and for the N.W. quadrant.

These percentage changes were then incorporated to the ICRA dataset to create a new set
of maps for various return periods, using the Block Maxima method. Results were shown
in Figure 8, 9, and 11 for the whole of Iceland, as well as in Appendix IV. Maprevalso
created for individual catchments, as shown in Figure 10 and Appendix IlI.

In Section 4, snowfraction was calculated as the ratio between the snowfall and
precipitation fluxes from the CMIP6 dataset. Data were regridded with a resolution of 0.5°
in both latitude and longitude and only winter months from November to April wereptén
the analysis. Median values over the period 1986 2014 showed a yearly snowraction

in Iceland ranging from 9 to 76%, with a pronounced meridional gradient, and a mean value
over the whole country for the same period of 44%. These values were lowethe end of
the century for all SSPs, with mean snoivaction values averaged over Iceland of 40, 28,
23, and 17% for SSP126, SSP245, SSP370, and SSP585, respectively. SHoaetion
changes were also calculated at catchmerdcale, as shown in Figure 14nd Appendix V.
Because of the resolution of the dataset, results did not vary much from one catchment to
the next, with results very similar for all catchments. Results showed a decrease in all
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catchments for the period 1979 6 2100, ranging between -6% with SSP126 (for
catchments Budarhéls, Kvislaveita and boérisvatn) and5% with SSP585 (for catchment
Hraunaveita).

To conclude, this study showed an increase in precipitation return levels, reaching a 25%
for RX1D and 23% for RX5D, depending on the quadrant, scenario and percentile
considered. Snowfraction is expected to decrease, with a median value over the whole
country of 44% for the historical period, versus 17% with SSP585.
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Appendix I. Annual Maximuns$eries

In this appendix, figures similar to Figure 5 from the report are presented.

Figure 1.1 shows the ensemble median RX1D calculated for each quadrant by taking the
mean value over all gridpoints within the region. Results are shown for both the historical
period (1850 8 2014) and for the future (2015 6 2100), as covered by the four SP
scenarios. And plotted over time from 1850 to 2100 for each SSP projection. Figure 1.2
shows results based on the ensemble median RX5D.
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RX1D: SSP126 Median ensemble values
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Figure 1.1 A Median RX1D values for each quadrant calculated from the ensemble of
climate models for a historical period (19853 2014, transparent dots) and various SSPs

(2015 6 2100, opaque dots).
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Figure 1.2 i Median RX5D values for each quadrant calculated from the ensemble of
climate models for a historical period (19853 2014, transparent dots) and various SSPs
(2015 0 2100, opaque dots).
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