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Abstract
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Abstract. The Baltic Sea Region is very sensitive to climate change; it is a region with spatially varying climate and diverse
ecosystems, but it is also under pressure due to a high population in large parts of the area. Climate change impacts could
easily exacerbate other anthropogenic stressors such as biodiversity stress from society and eutrophication of the Baltic Sea
considerably. Therefore, there has been a focus on estimations of future climate change and its impacts in recent research. In
this reviewoverview paper, we will concentrate on a presentation of recent climate projections from beth12.5 km horizontal
resolution atmosphere-only andregional climate models from EURO-CORDEX. Comparison will also be done with

corresponding prior results as well as with coupled atmosphere-ocean regional climate models. The recent regional climate
model projections strengthen the pictureconclusions from previous assessments. This includes a strong warming, in
particular in the north in winter. Precipitation is projected to increase in the whole region apart from the southern half during
summer. Consequently, the new results lend more credibility to estimates of uncertainties and robust features of future
climate change. Furthermore, the larger number of scenarios gives opportunities to better address impacts of mitigation
measures. Theln simulations with a coupled atmosphere-ocean model-locally-modifies, the climate change signal is locally
modified relative to that-in-the corresponding stand-alone atmosphere regional climate model. Differences are largest in
areas where the coupled system arrives at different sea-surface temperatures and sea-ice conditions.
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1 Introduction

For many years, hundreds of global climate projections have been produced according to various scenarios of future
greenhouse gas emissions and other forcing factors including changes in aerosols and land use. This has been coordinated in
model inter-comparison projects (CMHPsMIPs), that have provided fundamental input to the Working Group | assessment
reports of the Intergovernmental Panel on Climate Change (IPCC)-Woeorking-Group-1-assessment-reports(; IPCC 2001, 2007,
2013, 2021). The fifth IPCC assessment report (ARS5; IPCC 2013;-AR5)) was built on the World Climate Research
Programme’s (WCRP) Coupled Model Intercomparison Project phase 5 (CMIP5) multi-model data (Taylor et al., 2012) with
the-participation-of -many). Many general circulation models (GCMs) and-use-ofparticipated in simulations according to
several Representative Concentration Pathway (RCP) scenarios (van Vuuren et al., 2011). The most recent, sixth, assessment
report (IPCC 2021; ARG6) builds on the successor CMIP6 (Eyring et al., 2016) that involves a new set of Shared
Socioeconomic Pathway (SSP) scenarios (O’Neill et al., 2017). This has, however, not been addressed here as, at this point,
downscaling activities based on CMIP6 projections are still lacking.

The Baltic Sea Region is highly diverse with considerable spatial variability over small distances compared to typical GCM
resolutions. Consequently, GCMs do not represent all relevant processes at adequate scales and results are often biased (e.g.
Graham et al., 2008). High-resolution regional climate models, nested in the GCMs, have been shown to add value to the
GCM results and to promote detailed analysis on regional to local scales (e.g-., Giorgi and Gao, 2018). At the European
level, considerable efforts have therefore been undertaken to downscale GCM simulations to a higher horizontal resolution
with RCMs. The history of coordinated RCM simulations started in the PRUDENCE project with RCMs mostly operated at
50 km spatial resolution (Christensen and Christensen 2007), continued with the ENSEMBLES project (van der Linden and
Mitchell 2009;. Hanel and Buishand 2011; Kysely et al. 2011; Raisanen and Eklund 2011; Déqué et al. 2012; Kjellstrom et
al. 2013) and more recently in the EuroEURO-CORDEX initiative, which forms part of the Coordinated Regional climate
Downscaling EXperiment (CORDEX, waw.cordex-org;-e-g-www.cordex.org; e.g. Jacob et al., 2013; Kotlarski et al., 2014;
Keuler et al., 2016; Kjellstrom et al., 2018). Most recently, the European Copernicus Climate Change Services has supported
an extension of the available CMIP5-driven RCM downscaling simulations in the EuroEURO-CORDEX setup with around
12 km spatial resolution (Vautard et al., 2021; Coppola et al., 2021). This has led to the public availability of a large amount,
currently 127, different simulations following the RCP2.6, RCP4.5, and RCP8.5 scenarios (some simulations with known
errors are not counted).

In—addition-toRegional climate models have been used not only for downscaling of climate change scenarios. Also,
observation-based reanalysis datasets have also-been extensively downscaled with RCMs;-particularly in recent years (e.g.
Feser et al. 2001; Hagemann et al. 2004; Christensen et al. 2010; Samuelsson et al. 2011; Kotlarski et al., 2014; Prein et al.,
2015). These experiments allow-a-comparison-ofare useful for comparing RCM results and observational data for the-mest
recent decades, and thereby anfor evaluation of the RCMsRCM models. The RCMs are found to capture many features of
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the climate in a realistic way albeit with some systematic errors and biases (Wibig et al., 2015; Kjellstrdm and Christensen,
2020). As a remedy, bias-correction is sometimes applied to the results (e.g. Dosio et al., 2016). Biases are generally larger
when GCMs are downscaled instead of reanalysis data as these show systematic biases in their representation of the large-
scale-atmospheric circulation, at large scales, of temperature-and, humidity conditions-as-well-as-and sea surface conditions.
For an area like the Baltic Sea region, this implies that sea surface properties-(sea-surface-temperatures —(SSTs—) and sea
ice) from the coarse-scale driving GCM may not be completely adequate as input to an RCM, and; this constitutes an
additional source of potential uncertainty forof the downscaled regional scenarios (Kjellstrém and Ruosteenoja, 2007).

During the past decades a number of regional coupled atmosphere-ocean-sea-ice models with focus on the Baltic Sea and
adjacent marginal seas have therefore been developed for climate studies (e.g. Gustafsson et al., 1998; Ddscher et al., 2002;
Wang et al., 2015; Dieterich et al., 2019; Primo et al., 2019; Kelemen et al., 2019; Akhtar et al., 2019; Sein et al., 2020). In
these models, prescribed boundary conditions at the sea surface (i.e. sea ice and sea surface temperature (SST))) were
replaced by online coupled ocean models allowing for a direct and more realistic representation of air-sea thermal feedback
mechanisms (see review by Groger et al., 2021b). These coupled models exhibit a different model solution for many climate
variables compared to their atmosphere stand-alone counterparts, especially over the coupled region (Groger et al., 2015;
Ho-Hagemann et al., 2017; Primo et al., 2019; Groger et al., 2019, 20202021a). The most recent and largest ensemble of
regional coupled climate change simulations was provided by Dieterich et al. (2019) and Groger et al. (2019, 20202021a)
and is based on the regional climate model RCA4 coupled interactively to the ocean model NEMO.

Available RCM studies have resulted inliterature describes extensive analysesstudies of possible future climate conditions
for many areas, including the Baltic Sea basin (see, e.g.., Lind and Kjellstrom 2008; Kjellstrom and Lind 2009; Benestad
2011; Kjellstrom et al. 2011a; Nikulin et al. 2011; Christensen et al. 20152015a; Christensen and Kjellstrom 2018; Coppola
et al., 2021). ProbabilisticEnsembles of climate projection simulations have been used to obtain probabilistic climate change
information has been derived from the GCM scenarios, both GCM (Lind and Kjellstrom 2008; Réisanen 2010) and RCM

scenariosensembles (Buser et al. 2010; Donat et al. 2011). In addition, the wider range of GCM scenarios has been used to

set regional scenarios in a broader context (Lind and Kjellstrom 2008; Kjellstrom et al., 2016 and 2018).

This work aims at presenting climate change in the area around the Baltic Sea area, as_it is projected by the very large
ensemble of EuroEURO-CORDEX RCMs at 12 km resolution. The spread in results between the projections is used to
discuss uncertainties in future climate change. In addition to the uncoupled atmosphere-only EURO-CORDEX RCM
ensemble, we will also assess changes in an ensemble with the atmospheric regional model RCA4 coupled to the NEMO
ocean model. A comparison between results from the stand-alone atmospheric model and the coupled model provides input
to the assessment of uncertainties in future climate change projections for the area.
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2. Data and methods

The main results of this study build on seasonal means from the publicly available and accessible EURO-CORDEX data,
vhich-at-the time-of writing-consisted-of the-124 simulations-indicated-in-Tab.-1-out of-a-current total-o ~We will focus
on data of the most commonly studied fields: surface air temperature, average total precipitation, mean wind speed at 10 m

height, incoming short-wave radiation, and average winter snow and sea-ice cover.

ExtremeThe consequences of extreme weather events are-very-important-ferimpact many aspects of society. Extreme
precipitation often results in flooding, which often causes extensive damage as do extreme winds in connection with low-
pressure systems. Changes in these extremes as a result of anthropogenic climate change have received considerable
attention. We will therefore also report on extremes of daily precipitation and 10 m wind speed.

The main results of this study build on seasonal means from the publicly available and accessible EURO-CORDEX data,
which at the time of writing consisted of the 124 simulations indicated in Tab. 1 out of a current total of 127. Three different
emission scenarios have been widely used for downscaling within CORDEX. The RCP2.6 scenario is the most moderate and
will require a targeted emission reduction worldwide. The RCP8.5 scenario, in contrast, is consistent with large future
increases in emissions, little emission mitigation, and a continued reliance on fossil fuels for many decades. In the middle,

the RCP4.5 scenario requires a considerable amount of mitigation, but is very unlikely to achieve the 2-degree warming limit
relative to pre-industrial conditions, which the Paris agreement targets.

In this study we will concentrate on the warmer RCP8.5 scenario. In the analysis we will analyse three periods: 1981-2010,

2041-2070 and 2071-2100. Plots corresponding to the other scenarios can be found in the supplementary material. In
general, the amplitude of regional climate change for varying scenarios scale with temperature change, while the spatial
pattern is similar (see, e.g., Christensen et al., 2015b). This means that the RCP8.5 scenario will show expected patterns of
climate change with a relative minimum of noise from interannual variability of the simulations. Furthermore, the largest of
all three RCP ensembles is the RCP8.5 one (Table 1) and, hence, the analysis of these scenario simulations allows the best
estimate of model uncertainties and internal variability.

Not all EURO-CORDEX simulations have been analysed for extremesevery variable considered here; two WRF361H
simulations do not contain solar radiation; and snow and sea ice from several simulations either do not exist in the archive or
have not been downloaded. Some simulations with crCLIM are missing DJF 2005-2006 due to a problem when handling the
transition between historical and scenario simulations; we have repeated DJF 2004-2005 in its place. All simulations driven
by HadGEM2-ES are missing the year 2100; for these simulations we have used 2070-2099 as the end-of-century period.

The second BACC report from 2015 (BACC Il Author Team, 2015) showed similar maps to those presented here. These
results were based on the ENSEMBLES database (van der Linden and Mitchell, 2009), consisting of simulations following

5



the SRES (Nakicenovi¢ et al., 2000) A1B scenario performed in 25 km grid resolution. The periods compared were 1961-
1990 and 2071-2100. The mean GCM global temperature change, weighted with the number of RCM simulations in the
130| ensemble, for the EURO-CORDEX and ENSEMBLES simulations can be seen in Tab. 2. Note that the first reference

periods-forperiod differs between ENSEMBLES are (1961-1990) and 2071-2100, whereas-they are 1981-2010, 2041-2070
and-2071-2100-for EURO-CORDEX. (1981-2010).

To a high extent, maps over the Baltic Sea catchment of climate change in the Baltic area for the weaker emission scenarios
correspond toexhibit the same patterns as the RCP8.5 climate change normalized by global temperature change; maps are
135| available in the Supplementary Material. The weighted global warming between the relevant periods for the simulations in

BACC I, driven by the SRES A1B emission scenario, is 3.00 degrees.
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Table 1. Model simulations of the study. These constitute the entire set of seasonal-average fields available from the Earth
System Grid Federation archive (ESGF; http://esgf-data.dkrz.de) in May 2021. There are 72 ensemble members following
140 RCP8.5, 22 following RCP4.5, and 30 following RCP2.6.
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Project Scenario Ensemble size Mid-century End-century
warming warming
ENSEMBLES SRES Al1B 13 - 3.00
EURO-CORDEX | RCP8.5 72 2.21 3.71
EURO-CORDEX | RCP4.5 22 1.67 2.13
EURO-CORDEX | RCP2.6 30 1.22 1.19

Table 2 Average global warming from driving GCMs in each scenario, weighted by the number of downscaling
simulations of each. The warming is presented relative to the reference period 1981-2010 for mid-century (2041-2070) and
end-of-century (2071-2100) conditions.

with large future increases in emissions, little emission mitigation, and a continued reliance on fossil fuels for many years. In

the middle, the RCP4.5 scenario requires a considerable amount of mitigation, but is very unlikely to achieve the 2-degree

warming limit relative to pre-industrial conditions, which the Paris agreement targets.

In-this study-we-will concentrate-on the- warmer RCP8.5-scenario. The maps below show results based on 72 regional climate
change simulations from the RCP8.5 EURO-CORDEX simulations listed in Tab. 1. Corresponding plots for other scenarios
and periods can be found in the Supplementary Material. For each location, the median among ensemble members of the
change is shown together with the first and third quartiles. In the maps showing the median we only display grid points
where 75% of models agree on the sign, i.e., where both quartile plots show the same sign, elsewhere we indicate by white
colour that the changes are not robust. We will discuss only winter (DJF) and summer (JJA) in this study. The scatter plots
below show results for all simulations following the three commonly used scenarios (Tab. 1). Where possible we also
include results from the ENSEMBLES project, which were the basis of BACC Il (Christensen et al., 20152015a). In addition
to the average over the entire Baltic Sea catchment region including the Baltic Sea, we divide the region into sea points and

land points north and south of 60N. In the Supplementary Material, Tab. S1-S20, tables of ensemble means and ensemble

7
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standard deviations can be found for temperature and precipitation, for both periods, all scenarios (including the BACC
I/ENSEMBLES SRES A1B scenario), and all five areas.

We will also investigate the coupled model ensemble with RCA4-NEMO. RCA4 is set up for the EURO-CORDEX domain
with a horizontal resolution of ~25 km and 40 vertical levels. NEMO simulates the hydrodynamics of the Baltic Sea as well
as the North Sea at ~3.7 km resolution and 56 vertical levels (Groger et al., 2015; Dieterich et al., 2019). Air-sea fluxes are
exchanged every three hours between the ocean and the atmosphere. The RCA4-NEMO ensemble consists of 22 downscaled
GCM simulations based on 8 different global models as well as a reanalysis for the historical period and the RCP2.6,
RCP4.5, and RCP8.5 scenarios. In addition, there is also a reanalysis-driven simulation for the historical period.

These results will be compared to the corresponding RCA4 atmosphere-only simulations at 12.5 km resolution, which can be
found in the EURO-CORDEX archive. When possible, these simulations are included into the scatter plots below.

3. Results and discussion
3.1. Temperature

According to the analysed EURO-CORDEX ensemble, we will see increasing air temperaturestemperature in the Baltic Sea
area will increase with time during the present century. According to this ensemble it is a robust result for all seasons,

locations, simulations and scenarios.

For both seasons analysed; (winter and summer), the temperature change shows spatial gradients with the strongest warming
in the north-east (Figure 1). Winter warming is larger than summer warming, and larger than the global average warming of
about 3.7 degrees (Tab. 2); in the north-east it approaches twice the global average warming. HigherLarger warming than the
global average is generally expected for land areas, which-warmsince land heats more quickly than sea areas where also
enhanced evaporation tends to reduce warming (e.g. Sutton et al., 2007); it is most clearly seen in winter in the eastern part

of the area. The strong winter increase is also influenced by the feedback mechanisms involving retreating snow and sea-ice.
The north-south-gradientThere is a general pattern of greatesthigher warming in the north than in winter-is-generalthe south,
but there is a spread in the magnitude of the change. This-spread is illustrated in the columns of the figures below. As only 8
GCMs have been used for these RCP8.5 RCM experiments, the spread between quartiles iscould be lower than what would
have come from an exhaustive downscaling of all CMIP5 global simulations; Kjellstrom et al. (2016) compared 9 GCMs,

including the 8 GCM s analysed here, to 25 other CMIP5 GCMs and found the 9-member-ensemble spread over Sweden to

be comparable in summer, but smaller than that in the larger GCM ensemble in winter.

Earlier studies have shown that the strong-increase in winter temperatures is most-pronouncedstrongest for the coldest
episodes (Kjellstrdom 2004). This is also the case) as well as for extreme daily maximum and minimum temperatures

8
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(Kjellstrom et al. 2007; Nikulin et al. 2011) with). There is a significant decrease in probabilitiesthe probability of cold
temperatures (Benestad 2011). InWarm summer, warm extremes are projected to become more pronounced. For; for

example, Nikulin et al. (2011) showedused an ensemble of six RCM simulations, all downscaling GCMs under the SRES

A1B scenario; the data indicate that warm extremes; in today’s climate with a present-day (1961-1990) with-a 20-yr return

value (defined as the temperature that will be exceeded once every period of 20 years as a statistical average), will occurwill
be reached four times as often in Scandinavia by 2071-2100, with a frequency around once every five years in Scandinavia
by 2071-2100 according to an ensemble of six RCM simulations, all downscaling GCMs under the SRES A1B scenario...

Summer warming in the Baltic Sea basin is smaller than that in winter warming, and it is relatively homogeneous across the
area. A tendency is seen for larger warming over land areas in the most northernnorthernmost parts of the Baltic Sea basin is

seen. These areas are closest to the northern rim of Scandinavia and the Kola Peninsula where warming in summer is as high
as that projected for parts of southernmost Europe (Kjellstrdm et al., 2018). The highest-percentile summer warming is

comparatively-larger-than-the-median-in-the-southeastIn the north-eastern part of the region.This-can, a large warming may
be related to the larger temperature increases further to the north in the Arctic, potentially connected with the ice-albedo and

other feedback mechanisms (IPCC, 2021). The strong warming in the south-eastern part of the Baltic Sea basin is related to
the large-scale pattern of warming in Europe with, where the strongest summer warming is seen in southern Europe. In the
very northeast of the region there is a large warming, probably connected to the ice-albedo feedback. Similar results also
exist for other GCM/RCM combinations (have been reached in, e.g., Christensen and Christensen (2007;), Kjellstrom et al.
(2011a;), and Vautard et al. (2014). A potential source of difference between GCMs and RCM:s is the different treatment of
aerosols in these models. Many of the RCMs do not include time-varying anthropogenic aerosols leading to weaker future
warming compared to GCMs (Boé et al., 2020). The EURO-CORDEX-based results are consistent with the RCM-results for

an—earlier-period—(2021-2050)-presented-by in Déqué et al. (2012). FheyThis study found that there is a significant
temperature response, even for the relatively short-term 20212050 time frame, even though the total uncertainty related to

the choice of model combination (GCM/RCM) and sampling (natural variability) is large, it is still not enough to mask the
temperature response, not even for the relatively short-term 2021-2050 time frame.. Similarly, Kjellstrom et al. (2013)
showed early emergence already in the first few decades of the 21st century of trends in both winter and summer temperature

despite large natural variability as represented in the ENSEMBLES RCM projections used in BACCII.

Corresponding changes in the daily minimum temperature and daily maximum temperature (not shown) have the same
patterns as the average temperature change, with the expected larger magnitude of warming for minimum temperature. This
is a direct consequence of the fact that the greenhouse effect acts by reducing outgoing long-wave radiation, which acts to
cool the surface particularly when the ground is warmer than the air, e.g., during winter and during nights.A range of factors
may be responsible for this decrease in difference between minimum and maximum temperatures. This could involve

changes in the diurnal temperature range (e.g. Lindvall and Svensson, 2015) or changes in the synoptic weather variability in




combination with reduced large-scale temperature gradients between the Atlantic Ocean and the Eurasian continent (IPCC
2021).

25th percentile Median 75th percentile

Winter

Summer

Figure 1. Temperature change between 1981-2010 and 2071-2100 for 72 simulations from EuroEURO-CORDEX according
to the RCP8.5 scenario. Top-rowPanels a-c: winter; bottom row. Panels d-e: summer. Left columnPanels a,d: lowest quartile;
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mid columnPanels b.e: median value; right columnPanels c.f: higher quartile. In all following figures, the mid column

depicting pointwise median values is only coloured when 75% of the simulations agree on the sign of the change. The Baltic
Sea Catchment is indicated in yellow.

3.2 Precipitation

The multi-model EURO-CORDEX ensemble relative precipitation change for winter and summer is shown in Fig. 2. The
ensemble is the same as in Fig 1.

During winter, the relative increases are quite homogeneous, although there are large differences between the lower and
upper quartiles. These differences are largest west of the Baltic Sea catchment (Norway) as-aresult-ofwhere the amount of
precipitation is particularly sensitive to different changes in the large-scale circulation. For summer there is a clear north-
south-gradient:-the further north, the pattern of more positive the change. in the north versus less positive change in the
south. As expected, therewinter increases are greater-projected increases-in-winter-to be larger than in summer. Roughly, the
winter increase is 25-35% over most of the area in the median, and the summer increase is 15-25% for the northern part of
the area. This is consistent with the AR5 Climate Atlas, where median increases of precipitation in the area are 10-20% for
the winter half year and 5-10% for summer, as these results correspond to the RCP4.5 scenario with around 2.5 degrees of
warming for the periods mapped, whereas the EuroEURO-CORDEX results correspond to a global warming of 3.8 degrees.

For summer there is disagreement on the sign of climate change for most of the southern half of the area, indicated by the
masked-out area defined as regions where at least 25% of the models disagree on the sign with the majority. Since the period
mapped here consists of the three summer months June-August, whereas the AR5 Climate Atlas maps April-September, a
comparison of the position of the no-change area is difficult. In an analysis of the older ENSEMBLES simulations;- (Déqué
et al. (., 2012) foundalmost all land points in the Baltic Sea region showed significantly positive summer precipitation
signals for almost all land points in the Baltic Sea catchment.

This general picture of change is not surprising. Climate models generally project an-intensification—of-the global
hydrological cycle to become more intense (e.g. Held and Soden 2006). On-a-European-scale,-For Europe this implies-more
corresponds to increasing precipitation in northern Europe and lessdecreasing precipitation in southern Europe, both in
winter and summer (Christensen et al. 2007). Between these areas of projected increase and projected decrease-there-is-a
broad-zone-where, only small changes or changes in different directions are projected (see e.g. Kjellstrom et al. 2011a). This
The location of the transition zone shifts-withdepends on the seasensseason and is located farther to the south in winter and
to-the-norththan in summer. In summer, this zone shifts into the Baltic Basin-—As-a-consequence;: winter precipitation is
projected to increase over the entire Baltic Sea catchment-in-winter, while in-summer increased-precipitation is mostly
projected forto only increase in the northern half of the basin-enly. In the south, precipitation is-projected-to-change very
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255| little followingis small for the ensemble mean, withand there is a large spread between different models includingwith both

increases and decreases. Basically, both increases and decreases are possible in the future.

25th percentile Median 75th percentile

Winter

Summer

Figure 2. Precipitation relative change (%) between 1981-2010 and 2071-2100 for 72 simulations from EuroEURO-
CORDEX according to the RCP8.5 scenario. Top-rowa-c: winter; bottomrowd-e: summer. Left columna,d: lowest quartile;
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mid columnb.e: median value; right columnc,f: higher quartile. In all following figures, the mid column depicting pointwise
median values is only coloured when 75% of simulations agree on the sign of the change. The Baltic Sea catchment is
indicated in red.

In Fig. 3 we show scatter plots, where the change between 1981-2010 and 2071-2100 of precipitation is plotted against the
corresponding relative change of temperature for each model and each scenario. Ensemble means for the three scenarios are
indicated by the three larger symbols. This calculation has been performed for various subsets of the Baltic Sea catchment
(see Fig. 1): The entire catchmentregion; only land points; only sea points; only land points north and south of 60 degrees
north, respectively.

There is a strong correlation between temperature and precipitation in winter with significant regression slopes of around 5
percentage points per degree and squared correlation coefficients of 0.5 to 0.6 depending on the sub-area. This is an
indication of an approximate common sensitivity of precipitation change to local temperature change. This correspondence
breaks down for summer, where the plots contain much more noise, indicating large model-dependent influences on the
precipitation signal. The north-south gradient in summer precipitation change is apparent in the model averages (compare the

northern and southern land point plots), but there is a largethe inter-model spread is large.

Due to the roughly 20% higher average global warming in the current RCP8.5 ensemble than in the GCMs underlying
BACC Il (see Tab. 2), we would have expected general climate change to be around 20% larger for EURO-CORDEX
RCP8.5 than those presented in BACC II. It is noteworthy that this difference is not generally seen in Fig. 3, where we have
plotted temperature and precipitation change for the BACC Il simulations (BACC Il Author Team, 2015)) simulations)
along with the three scenarios of the present analysis. The BACC Il results correspond to the RCP8.5 results both with
respect to temperature and precipitation change— apart from land areas in summer where the BACC Il change is only about
80% of the RCP8.5 result (+6.5% vs. +8.2%).

13
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Figure 3 Relative change 1981-2010 to 2071-2100 of precipitation against temperature change for individual models and all
scenarios. Scenario means are indicated by larger black symbols. SquaresBlue squares: RCP2.6; FrianglesPink triangles:
RCP4.5; DiamondsRed diamonds: RCP8.5; CrossesGreen crosses: The ENSEMBLES simulations analysed in BACC I
(2015). Purple-colourPlus signs in colours corresponding to the scenario: The RCA4-NEMO atmosphere-ocean coupled
simulations. Calculation performed for subsets of the Baltic Catchment: The entire catchment; sea points; land points north

and south of 60 degrees north, respectively. First four panels Panels a-d show winter; the following four panels e-h show
summer. The lines, with quoted slope and squared correlation coefficient, are best fits to all EURO-CORDEX and
ENSEMBLES data, but do not include coupled-model results.

In Christensen et al. (2019) a thorough comparison of change patterns of mean temperature and precipitation has been
performed for the PRUDENCE simulations behind the first BACC report (BACC Author Team, 2008), the ENSEMBLES
simulations behind the second report (BACC Il Author Team, 2015), and the EURO-CORDEX data behind the present
report. This analysis used patterns of change scaled with global temperature change and is therefore useful for pinpointing

differences between the BACC reports extraneous to the variations of general scenario strength, i.e., differences in local
sensitivity and/or change patterns apart from those due to differences in emission scenarios. The most important differences
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between BACC 1l and the current simulations are a slightly reduced winter warming per unit of global warming in EURO-

CORDEX compared to BACC II; a smaller wintertime precipitation increase, but a slightly larger increase of summer

precipitation over the Baltic Sea. These conclusions do not contradict the results from Fig. 3, since a scaling with global

warming would increase both local precipitation and local temperature changes for the BACC Il ENSEMBLES results
relative to RCP8.5.

3.3 Extreme precipitation

As-theThe water-holding capacity of the atmosphere increases under—a-warmer—climate,with increasing temperature.
Therefore precipitation extremes are also-projected to increase with climate warming (e.g. Lenderink and van Meijgaard
2010). Several studies, some of which are described in the following, indicate that extreme precipitation is likely to increase
in the future, even in areas and seasons, where the average precipitation does not increase. One example is the IPCC Special
Report on Extreme events (Seneviratne et al., 2012) where it was shown that higher extremes of precipitation consistently

show larger increases than lower extremes, and higher increases than averages.

Building-on-Already simulations from the PRUDENCE project,- (Christensen and Christensen-{, 2003)-reported-that-even
projections showing a considerable decrease in average summer precipitation in large parts of southern Europe also-at the
same time showed an increased likelihoodprobability of very extreme precipitation in that area as well as in the north, where
average precipitation was not projected to decrease. MoreQuite generally, more intense precipitation can be expected on all
time scales-ranging, from single rain showers to long-lasting-synoptic--scale precipitation.

As-an-example-of-changes-in-daily-precipitation,-Nikulin et al. (2011) investigated an ensemble of RCM simulations
following the SRES A1B scenario with the RCA model-and; they showed that the 20-yryear return value of precipitation
extremes in Scandinavia in the period 1961-1990 period was projected to decrease to 6-10 years in 2071-2100 for summer
over northern Europe and to 2-4 years in winter-in-Scandinavia for the SRES-A1B-scenario.. Similarly, Larsen et al. (2009)
analysed a high-resolution RCM integration and reported that the return period for 20-yryear rainfall events en-a-1-hour

basisat hourly duration decreased to about 4 years overfor Sweden-based-on-a-high-resolution- RCM-integration.

Collected results from 90 of the models from the EuroEURO-CORDEX project are illustrated in Fig. 4, along with results
from the coupled models discussed below. For data availability reasons at the time of writing, not all simulations have been
analysed for extreme precipitation. The-change-in-We will here use the 10-year return value as representative of extreme
precipitation. This is shown-with-10-yrreturn-values-(the-defined as the daily precipitation amount, which is so-large-that-it
will-be-only exceeded enly-once every 10 years on average).. The model-median signal ishas a consistently positive sign
across the domain for the areas where more than 75% of the model results have the same sign. The-increaseThe temperature
dependence of the increases in the Baltic Sea basin is-roughly-similar-for-beth(slopes in Fig. 4) are generally larger in

summer andthan in winter,-but-the— with the southern land points as an exception, the same area where the average
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precipitation (Figs 2-3) decreases. The inter-model spread is considerably larger in summer, corresponding to than in winter
illustrating the greater influence of local processes in this season; it should be noted that the increase in the number of

models analysed, compared to Christensen and Kjellstrom (2018) from 19 to 90 results in a considerably more robust
positive signal in the summer 10-year return value.

It-is-apparent-that-theThe relative change of the-extreme precipitation in winter (Fig. 4 upper panel)-looks-very-much
likepanels) are quite similar to the relative change in average precipitation (Fig. 2), indicating no change in the shape of the
intensity distribution function. The situation is different forFor summer, wherehowever, the projected change in extreme

precipitation is consistently more positive than the change in average precipitation. While the temperature sensitivity (slopes
in Figs 3 and 4) for winter average precipitation and winter extreme precipitation are almost identical, the sensitivity of
extremes in summer is larger than for winter, while it is insignificant for the average precipitation in summer. This feature is,
however, less apparent in the EuroEURO-CORDEX results than in the PRUDENCE results of BACC (BACC Author Team,
2008) and the ENSEMBLES results described in BACC Il (BACC |1 Author Team, 2015). It is not clear if this difference is
due to the fact that the RCMs are run at different horizontal resolutions in the three projects (i.e. 50, 25 and 12.5 km,
respectively) or if it is a consequence of different model formulations in the projects, or onof the large-scale climate change

signal as imposed by the underlying GCMs that also differs between the experiments.

Recently, several research institutes have started employing convection permitting regional models (CPMs). Such models are
able to run in much higher resolution, since they avoid the possible double counting, where traditional hydrostatic RCMs
with fully parameterized convective precipitation release may produce convective precipitation explicitly as well as
parameterized., CPMs avoid this possible double counting at high resolution,. With CPMs grid distances below the “grey
zone” of 3-5 km are possible. In Lind et al. (2020) results are presented with the CPM HARMONIE-Climate (HCLIM),
produced in a common Nordic model collaboration (NorCP) with participation from Sweden, Norway, Denmark, and
Finland. Comparing a CPM version of HCLIM in 3 km resolution with a non-CPM version in 12 km, it was concluded that
the high-resolution model showed better results for precipitation intensity distribution, including extreme precipitation at

sub-daily time scales, for the summer precipitation diurnal cycle, and for snow in mountains. Such better agreement now

shown for the Nordic region, have previously been shown for other regions in Europe and elsewhere (e.g. Kendon et al.
(2012), Lind et al. (2016), Gao et al. (2020)).

Based on convection-permitting models, it has been argued that changes in precipitation extremes of a shorter duration may
exceedbe larger than those for longer time scales (e.g. Kendon et al. (2014), Lenderink and van Meijgaard (2010)). However,
other results indicate (Ban et al., 2014) that convection-permitting models may give roughly the same increase also for
shorter durations, consistent with the Clausius-Clapeyron scaling of around 6-7% per degree of warming. In a study of

idealized warming experiments repeating present-day observed weather under warmer and moisturemoister conditions with
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360| the HCLIM model, Lenderink et al (2019) showed that there is a strong dependence on moisture availability to the increase

in the-precipitation extremes= is strongly dependent on moisture availability.
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differences between the BACC reports-extraneous-to-the variations-of general scenario-strength, i.e., differences-in-local
sensitivity and/or change patterns apart from those due to differences in emission scenarios. Fhe-most-impertant-differences

Figure 4 Relative change 1981-2010 to 2071-2100 of the 10-year return value of daily precipitation against temperature

change for individual models and all scenarios. Scenario means are indicated by larger black symbols. SquaresBlue squares:
RCP2.6; TrianglesPink triangles: RCP4.5; DiamondsRed diamonds: RCP8.5.Purple colour; Green crosses: The
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ENSEMBLES simulations analysed in BACC Il (2015). Plus signs in colours corresponding to the scenario: The RCA4-

NEMO atmosphere-ocean coupled simulations. Calculation performed for subsets of the Baltic Catchment: The entire
catchment; sea points; land points north and south of 60 degrees north, respectively. First four panels Panels a-d show
winter; the following four panels e-h show summer. The lines, with quoted slope and squared correlation coefficient, are best
fits to all EURO-CORDEX and ENSEMBLES data, but do not include coupled-model results.

3.4 Wind speed

Changes in the climatology of 10-metre wind climate-arespeed is even more uncertain than it is the case for the precipitation
climate, both for seasonal mean conditions and for extremes on shorter time scales (e.g. Kjellstrém et al. 2011a; Kjellstrom
et al. 2018; Nikulin et al. 2011).

In a study by Donat et al. (2011) investigated mid-century-as-well-as-end-of-century changes-in-the-annual 98th percentile
daily maximum wind speed change in 14 ENSEMBLES-RCM simulations from the ENSEMBLES project were analysed,
for 2021-2050 and 11 models for 2070-2099 of which nine are part of the 13-member ensemble employed formiddle of the
present-analyses.century as well as the end of the century. The ensemble average, like the driving GCMs, showed-atendency
to-increaseincreased in a beltregion from the British Isles to the Baltic Sea, and a tendency-to-reducedecreased in the
Mediterranean area. Nikulin et al. (2011), based-on-an-ensemble of one RCM-downscaling six different GCMs-under the
AlB-seenario;) found increasing wind speed expressed-as-extremes (20-year return periods of annual maximum 10-metre
wind speed) over the Baltic Sea in five out of six simulations., based on an ensemble of one RCM downscaling six different
GCMs under the A1B scenario,.

In BACC Il (BACC Il Author Team, 2015), an analysis of 13 ENSEMBLES simulations showed a very slight-andsmall
insignificant median increase in the southern part of the Baltic Sea area;; the signal is consistent with the findings by Donat
etal. (2011), but with a large spread between models.

Figure 5 showsshow average changes over the Baltic Sea for the 72 EuroEURO-CORDEX RCP8.5 simulations, the 22
RCP4.5 simulations, and the 30 RCP2.6 simulations, which are used (Tab. 1).1) In Figs S13-S18 we show median and
quartile maps for summer and winter for each of the three RCP scenarios. There is very little agreement between the models
about even the direction of change for winter in the Baltic Sea area unlike the tendency for reduced average wind speed
outside of the study area over the North Atlantic (not shown). Over the northernmost parts of the Baltic Sea basin, the
Bothnian Bay, there is an indication of larger wind speed increase (or less decrease) over the sea than over surrounding land
areas. This feature has previously been pointed out by Kjellstrom et al. (2011a), Meier et al. (2011) and Tobin et al (2016)
and has been related to decreases in sea-ice in the future warmer climate leading to consequent changes in stability
conditions of the lower atmosphere. See also the comparison between regional coupled and uncoupled simulations in Fig.

1512 where the; probably more consistent; treatment of ice-albedo feedback leads to a slightly larger increase in winter. As
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410 seen in Fig. 5 panel 2, the slight increase in mean wind over the southern part of the Baltic Sea in BACC Il is not projected

in the current simulations.

Summer results show consistent but small reductions of wind over land of about 2-6%. Again, in summer, there are
differences between land and ocean areas with generally larger increases, or smaller decreases, over the Baltic Sea than its

‘ surrounding land areas.
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Figure 5 Relative change 1981-2010 to 2071-2100 of 10m wind speed against temperature change for individual models and
all scenarios. Scenario means are indicated by larger black symbols. SquaresBlue squares: RCP2.6; TrianglesPink triangles:
RCP4.5; DiamondsRed diamonds: RCP8.5. Crosses; Green crosses: The ENSEMBLES simulations analysed in BACC I
(BACC Il Author Team, 2015). Purple colourPlus signs in colours corresponding to the scenario: The RCA4-NEMO
atmosphere-ocean coupled simulations. Calculation performed for subsets of the Baltic Catchment: The entire catchment;
sea points; land points north and south of 60 degrees north, respectively. First-four-panels-Panels a-d show winter; the
following-four-panels e-h show summer. The lines, with quoted slope and squared correlation coefficient, are best fits to all
EURO-CORDEX and ENSEMBLES data, but do not include coupled-model results.

The relative change in extreme wind speed is shown in Fig. 6 as the relative change of the 10-year return value of daily
maximum wind speed for 81 of the EuroEURO-CORDEX RCP-based and the BACC 11 SRES-based simulations considered.

Basically nowhere do more than 75% of the models agree on, as well as for the sign of the pointwise change. ltcoupled

RCA4-NEMO simulations. The correlation between temperature and extreme wind is noteworthy that the interquartile

WMMMMMH%H@—K}&MH{Z@}S}—#HSQUKE small, which indicates that themeéel&agre&that

there is no significant signal
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Figure 6 Relative change 1981-2010 to 2071-2100 of the 10-year return value of 10 m daily maximum wind speed against
temperature change for individual models and all scenarios. Scenario means are indicated by larger black symbols.
SquaresBlue squares: RCP2.6; TrianglesPink triangles: RCP4.5; DiamondsRed diamonds: RCP8.5.-Purple-colour; Green
crosses: The ENSEMBLES simulations analysed in BACC Il (2015). Plus signs in colours corresponding to the scenario:

The RCA4-NEMO atmosphere-ocean coupled simulations. Calculation performed for subsets of the Baltic Catchment: The
entire catchment; sea points; land points north and south of 60 degrees north, respectively. First four-panels-Panels a-d show
winter; the-following-four-panels e-h show summer. The lines, with quoted slope and squared correlation coefficient, are best
fits to all EURO-CORDEX and ENSEMBLES data, but do not include coupled-model results.

3.5 Solar irradiation

In Fig. 7 we study the change in incoming solar radiation in the ensemble, where the pointwise two quartiles and the median
are shown.. In winter, most of the area shows a considerable relative reduction of the order of 10%. This is attributedhas

been proposed to be linked to the more extensive cloud cover (not shown)in northern Europe in most modelsEURO-
CORDEX RCMs for the future. (Coppola et al., 2021). It should be noted (Bartok et al., 2017) that global and regional
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models frequently disagree considerably about the change in incoming radiation in a changing climate, with global models
having a more positive trend; this discrepancy is connected to different projections of cloud cover, with GCMs frequently
projecting a decrease, while RCMs frequently showsshow no significant change. AlsoWe repeat here that the different
treatment of aerosols in GCMs and RCMs play a role as many of the RCMs do not include time-varying anthropogenic
aerosols leading to-weaker future- warming-compared-to GCMs (Boé et al., 2020as in GCMs (Boé et al., 2020). It has also

been suggested that reduced snow cover (see Ch. 3.6 below) could contribute to attenuate gross downward solar radiation
flux as the reduced surface albedo reduces multiple reflection between the surface and the clouds (Ruosteenoja and
Réisénen, 2013).
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Figure 7. Average incoming surface solar radiation relative change between 1981-2010 and 2071-2100 for 70 simulations
460| from EuroEURO-CORDEX according to the RCP8.5 scenario. Top-rowPanels a-c: Winter; bettom-rowpanels d-f: Summer.

Left-columnPanels a,d: lowest quartile; mid-columnpanels b,e: median value; right-columnpanels c,f: higher quartile. For the

medians, only points where 75% of models agree on the sign are shown. The Baltic Sea catchment is indicated in white.

| 27



465

470

475

480

485

490

3.6 Snow and sea ice

Rising-temperatures-are-Future snow cover is expected to lead-to-decreased-snow-cover,-asdecrease with climate warming,
both because more precipitation is projected to fall as rain, and because snow melt accelerates. As an indicator of less cold
conditions, Coppola et al. (2021) show that the number of frost days decrease by more than two months in large parts of the
Baltic Sea basin comparing a set of EURO-CORDEX RCMs under RCP8.5 for 2071-2100 with 1981-2010. Simultaneously,
there is an increase in winter precipitation in Scandinavia, which may partly compensate for these effects. Data

Raéisdnen and Eklund (2011) analysed data from RCM simulations from the ENSEMBLES project-were-analysed-by
Raisanen-and-Eklund-(2011)-who-concluded-that-. The study found a decrease of snow volume will-decrease-across all of
Europe in the future, even though with the only exception that the Scandinavian mountain areas may experience a slight and
statistically insignificant increase. Such-anRaisanen (2021) found a widespread future decrease in northern Europe for snow
water equivalents also for a set of EURO-CORDEX RCMs. It was shown that a smaller snowfall fraction together with
larger reduction of snow on ground more than compensated for increasing precipitation as seen in several of the RCMs. In
relative numbers the decrease was found to be larger in southern warmer parts of Scandinavia while changes in absolute
numbers are larger in the north. Similarly, the results were ambiguous for the most high-altitude parts of the Scandinavian
mountains where some models indicate increasing snow water and others a decrease. A potential increase in the latter region
was also proposed by Schuler et al. (2006) in a detailed study for Norway based on two RCM scenarios-forcedsimulations
with different GEMsGCM drivers. The authors-also-pointed-outstudy concluded that in-extreme-years;-the maximum amount
of snow in extreme years could be greater than in extreme years of the recent past,-even-if-the in spite of decreasing average

snow amount is reduced-on-average.

Winter snow cover is one of the most drastically changed climatological quantities (Fig. 8). There is agreement between
models about a reduction of average winter-time snow amount of around 50% on average for land grid points north of 60°N
for the RCP8.5 scenario, and almost 80% reduction for land grid points south of this latitude. Northern grid points probably
have a lower reduction due to the generally colder climate and smaller amount of solar radiation. In addition, there is a

significant amount of mountain grid points, where the warming temperature does not reach the freezing point as frequently
as in lower-lying regions even if the frequency is increasing in a warmer climate (Nilsen et al. 2021). The reduction in snow
amount is slightly larger than in BACC Il (BACC Il Author Team, 2015). This is), consistent both with the fact that the
RCP8.5 scenario on average projects larger warming than the SRES A1B scenario used in BACC Il and that the precipitation

increase is smaller in the RCP8.5 scenario than in SRES A1B, at least north of 60°N (cf. Fig. =3c).

It is only in high-altitude parts of central and northern Scandinavia that changes are limited with relatively large amounts of
snow also in the future. At high altitude, the increase of winter precipitation may be compensating for the increase in melting

with higher temperature. Also the fact that increasing temperatures may not reach the melting point is significant-; see, e.g.,
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Groger et al. (2021a) Fig. 12b. However, also in these high-altitude regions, the warmer future climate results in a shorter
snow season with accumulation starting later and spring melt starting earlier that acts to reduce the total amount of snow
(Réisénen, 2021).

Sea ice cover is not a product of the RCM, but rather an input originating from the driving GCM. We will show the changes
in interpolated sea ice field for the RCP8.5 scenario in Fig. 9, as these changes are large, and are decisive for the change in
climate between the periods. In order to compare to a more consistent description of sea ice we also show in Fig. 10 the
corresponding figures for the 8-member RCA4-NEMO coupled regional simulations. The main difference is that the present-
day simulations with the coupled model have some extent of coastal sea ice in the southern Baltic Sea, which is disappearing
in the future.
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Figure 8 Relative change 1981-2010 to 2071-2100 of average winter (DJF) snow amount (kg/m?) against temperature
change for 84 individual model simulations from all scenarios. Scenario means are indicated by larger symbols. Squares:
RCP2.6; Triangles: RCP4.5; Diamonds: RCP8.5. Purple colour: The RCA4-NEMO atmosphere-ocean coupled simulations.
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Calculation performed for subsets of land points in the Baltic Catchment: The entire catchment; land points north and south
of 60 degrees north, respectively. The lines, with quoted slope and squared correlation coefficient are best fits to all EURO-
510 CORDEX data, but do not include coupled-model results.
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Figure 9. Panels a-c: Average winter sea ice cover relative change between 1981-2010 and 2071-2100 for the -simulations

from EuroEURO-CORDEX according to the RCP8.5 scenario driven by the GCMs where RCA4-NEMO simulations exist.

These values have been interpolated before the RCM simulations from the driving coupled GCM; note that several

simulations have sea ice in the Baltic Sea in the present-day period, but not in the Bothnian Bay-of Bothnia. For comparison,

in the lower rowpanels d-f we also show the corresponding fields from the corresponding five coupled RCA4-NEMO
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simulations where sea ice cover is calculated inside the regional model. Left column: lowest quartile; mid column: median
value; right column: higher quartile. For the medians, only points where 75% of models agree on the sign are shown.

4. Effects of model coupling

Here, we take a more detailed look at RCM simulations driven by the five-driving GCMs, which have been downscaled both
by the standalone atmosphere RCA4-in-the-12-km-EURO-CORDEX ensemble and by the 24 km RCA4-NEMO coupled
model version: (all coloured squares in Tab. 1 for the RCM RCA4)..

For near-surface air temperature (Fig. 10) the large-scale anomaly pattern is fairly coherent in the two ensembles but
differences are found over the northern Baltic Sea where the coupled model shows a systematically stronger winter warming
than the uncoupled model. Over land the coupled model displays systematically lower warming. By contrast, during summer
the coupled model shows a weaker warming over the entire Baltic Sea than-thewhile land temperatures increase more than in
RCA standalone.

Due to its higher effective heat capacity, the Baltic Sea acts as a thermal buffer, which dampens the seasonal amplitude
compared to the surrounding land areas. As a result, the Baltic Sea is warmer than the overlying atmosphere during winter
and releases heat to the atmosphere. Hence, in regions not covered by sea ice, the SST significantly influences the sea to air
heat flux. Consequently, in the uncoupled model the prescribed SSTs from the driving AOGCM serve as a restoring term for
the air temperature. By contrast, in the coupled model SSTs are simultaneously modelled by the ocean model and so the air
to sea heat transfer acts to cool SSTs until a new equilibrium would be reached. Despite these different dynamics in thermal
coupling, over the southern Baltic Sea the solution of the two models is quite similar compared to the northern Baltic (Fig.

10).Fh orobablyv-due to-the fact that air temperature-anomalies-aenerated-locallv-over the-onen-sea disperse rapidiv.in

In the northern Baltic Sea, the reduction of sea ice has to be considered. In the future climate, areas which today are
isolatedcovered by sea ice will get more tightly thermally coupled to the water body of the Baltic Sea- (Dutheil et al., 2022).
As shown by Groger et al. (2015, 2020a, 2021b) the ocean--to—-atmosphere heat transfer is largely affected by small-scale
vertical mixing in the layered ocean because wind induced mixing transports warm waters from deeper water layers to the
surface. These small--scale processes are most likely not well represented in the prescribed SST from the driving global
ocean GCM. Furthermore, changes in the mean and turbulent wind stress due to local climate change in RCA have no impact
on wind induced mixing in the ocean in the RCA standalone simulations. This further influences the local sea ice cover and
thus may explain the stronger warming over the northern Baltic Sea in the coupled model compared to the uncoupled version

of RCA:-, which according to Fig. 9 generally starts out with less sea ice in the present-day period and therefore experiences

less sea ice loss. In the atmosphere, a stronger thermal coupling to the water body changes not only near-surface
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temperatures but also modifies atmospheric stability and thereby mixing of heat, moisture and momentum with potential
impacts on temperature, precipitation and winds.

During summer when the Baltic Sea takes up heat from the atmosphere, the air - sea heat exchange is greatly influenced by
the water bodies’ thermocline layer which is in the order between 10 to 30 meter thicknessthick (e.g. Groger et al., 2019).
Thermocline dynamics is likely much more realistically represented when explicitly modelled by a coupled high--resolution
ocean RCM rather than reflected in prescribed SST taken from a global GCM of coarse resolution. and only few vertical
layers (Groger et al., 2015). precipitation (Fig. 11) displays a fairly coherent change signal for the coupled and uncoupled
RCA projections. The only noteworthy exception is the topographically elevated area along the Norwegian coast which in
RCA standalone exhibits slight increases of up to 5% for the 25th for the lower quartile. In contrast to this, for the RCA
coupled version the change is in the opposite direction and shows locally up to 15 % less precipitation. However, since in

this area precipitation is strongly affected by orography the differences are likely related to the differences in resolution (12

coherent signals for the median precipitation which points to a larger spread among ensemble members far into North
Scandinavia (Fig-11, middle).

Winter precipitation (Fig. 11) displays a fairly coherent spatial pattern of change for the coupled and uncoupled RCA
projections. However, the coupled model simulates systematically lower increases in precipitation than the uncoupled
model. This is seen for both winter and summer. The differences are most prominent over western Scandinavia and the

Bothnian Sea especially during summer.

A prominent feature of winter wind speed changes (Figure 12) is the strong decreasesdecrease along the Norwegian coast
seen in all-three-quartiles-in-the coupled RCA model. This is also notable but less pronounced in the uncoupled runs.
However, in those regions with steep topographic gradients the differencedifferences can be likely attributed to the differing
grid resolutions though coupling effects cannot be excluded. For most other land regions winds are slightly weakened in the
lower and slightly strengthened in the higher quartile and a consequently high uncertainty is seen for median winds. (not

shown). This is probably an effect of the different resolution of the two ensembles.

_A noteworthy difference between coupled and uncoupled simulations during winter is the stronger intensification for all
three quartileincrease in wind speeds over the northern Baltic Sea region, especially over theBothnian Bay of Bothnia. This
points to local coupled feedback processes probably related to the vanishing sea ice, higher sea-surface temperatures and
altered atmospheric static stability. A larger decrease in sea-ice and a stronger coupling between the atmosphere and the
water body leads to a stronger heat flux to the atmosphere and thereby reduced vertical stability. This, in turn, leads to a

33



580

585

590

595

600

more efficient downward mixing of momentum in the lower atmosphere and consequently higher wind speed close to the sea
surface.

Summer changes in wind speed are highly coherent between the coupled and uncoupled simulations. Moderate differences,
however, occur over the Baltic Sea where the lower quartile decrease is more pronounced in the coupled model. The higher
quartile shows wide areas of wind speed increases in the uncoupled version while in - the coupled model changes are very
low (< 2m/s). The latter differences might be explained by the smaller SST increase in the coupled compared to the
uncoupled simulations indicating less destabilization of the near surface PBL. This difference in stratification would act to
reduce wind speed changes, contrary to the winter situation.

The changes between future and present climate conditions in solar irradiation (Figs. 15 and 16Fig. 13) are closely linked to
changes in cloud cover. Both RCA versions simulate a generally less pronounced reduction in solar radiation during winter
than the average reduction seen in the entire EURO-CORDEX ensemble (Fig. 7). Strongest reductions are found over the
Bothnian SeaBay in winter where vanishing sea ice exposes open water to the atmosphere formerly isolated by sea ice. In

quartile generally reflects more low-cloud or even cloud free conditions already during the historical climate. Compared to
the coupled version, the uncoupled RCA reveals a stronger reduction, in particular over the Bothnian Bay for days with an

irradiance lower than the median while the opposite is found for the higher quartile Sea (Fig. 1513).

To fully understand the different responses, detailed process analysis including the respective ocean dynamics would be
necessary to draw general conclusions. In addition, the here described systematic coupled vs. uncoupled differences may be
specific with regard to the employed RCA regional atmosphere model and the coupled NEMO ocean RCM. Also, the
atmospheric part of the model, RCA, is run with different resolution in the coupled and uncoupled simulations, which may
have an impact on the results. Hence, the here found systematic differences should be tested in coordinated experiments
including also with other coupled and uncoupled systems.

Finally, we note that the coupling area comprising the North Sea and Baltic Sea only is relatively small compared to entire
Euro-CordexEURO-CORDEX domain and there is indication that coupling effects may be more important if other seas,
such as the Mediterranean or the NE Atlantic, are included (e.g. Kelemen et al., 2019, Primo et al., 2019; Akhtar et al., 2019;
Groger et al., 2021b). The potential of different coupling techniques to influence the response of atmospheric large-scale

circulation to climate change has been found to be most important during the winter season.
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Figure 10. Temperature change between 1981-2010 and 2071-2100 for 5 atmosphere-only RCA4 simulations from
EuroEURO-CORDEX according to the RCP8.5 scenario (left column) and for the coupled single-model RCA4-NEMO
ensemble with the same driving GCMs. By row: Euro-CORDEX winter; RCA4-NEMO winter; Euro-CORDEX summer;
RCA4-NEMO summer. Left column: lowest quartile; mid column: median value; right column: higher quartile. The (middle
column depicting); pointwise median values is, only coloured when 75% of simulations agree on the sign of the change.

Difference between the two (right column; coupled minus uncoupled; degrees). Top row: Winter; bottom row: Summer.

37



Precip DIF RCPES end-¢ Upper quaniee

1ecp DUF RCPB S end-¢ Lo Precp DIF ROPES end-c Median

B 4

38



Precip JJA RCPE S end-¢ Upper quanie

Precip JUA IRCPB.S ¢na G Up

39



615

620

Figure 11. Precipitation relative change (%) between 1981-2010 and 2071-2100 for 5 atmosphere-only RCA4 simulations
from EuroEURO-CORDEX according to the RCP8.5 scenario (left column) and for the coupled single-model RCA4-NEMO
ensemble with the same driving GCMs. By row: Euro-CORDEX winter; RCA4-NEMO winter; Euro-CORDEX summer;
RCA4-NEMO summer. Left column: lowest quartile; mid column: median value; right column: higher quartile. The mid
column depicting (right column); pointwise median values is, only coloured when 75% of simulations agree on the sign of
the change. Difference between the two (right column; coupled minus uncoupled; percentage points). Top row: Winter;

bottom row: Summer.
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uncoupled higher-resolution simulations exist. Model pairs are connected with lines. Scenario means are indicated by larger
symbols. Squares: RCP2.6; Triangles: RCP4.5; Diamonds: RCP8.5. Pale colours: The RCA4-NEMO atmosphere-ocean
coupled simulations. Calculation performed for subsets of the Baltic Catchment: The entire catchment; sea points; land

points north and south of 60 degrees north, respectively. First 4 panels show winter; the following 4 panels show summer.
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Fiqure 12. Average wind speed relative change (%) between 1981-2010 and 20712100 for Satmospher-only RCA4
simulations from EuroEURO-CORDEX according to the RCP8.5 scenario (left column) and for the coupled single-model
RCA4-NEMO ensemble with the same driving GCMs. By row: Euro-CORDEX winter; RCA4-NEMO winter; Euro-
CORDEX summer; RCA4-NEMO summer. Left column: lowest quartile; mid column: median value; right column: higher
quartile. The mid column depicting (right column); pointwise median values is, only coloured when 75% of simulations
agree on the sign of the change. Difference between the two (right column; coupled minus uncoupled; percentage points).

Top row: Winter; bottom row: Summer.
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Relative change 1981-2010 to 2071-2100 of the average 10m wind speed against temperature change for the models where

sea points; land points north and south of 60 degrees north, respectively. First four panels show winter; the following four

panels show summer.
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Figure 13. Average incoming solar radiation relative change (%) between 1981-2010 and 2071-2100 for 5 atmosphere-only
RCA4 simulations from EuroEURO-CORDEX according to the RCP8.5 scenario (left column) and for the coupled single-
model RCA4-NEMO ensemble with the same driving GCMs. By row:-Euro-CORDEX winter; RCA4-NEMO-winter; Euro-

ieting (right column); pointwise median values-is, only coloured when 75% of simulations
agree on the sign of the change. Difference between the two (right column; coupled minus uncoupled; percentage points).
Top row: Winter; bottom row: Summer.
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3 Conclusions

Since the previous BACC reports from 2008 and 2015, a very large amount of high-resolution regional climate model
simulations have been performed over Europe, mostly downscaling global simulations from CMIP5. We have presented
ensemble model results here, and we have compared the climate change results to those of BACC Il (BACC Il Author Team,
2015). The regional climate model simulations of BACC Il were using a different emission scenario (SRES A1B) and a
different set of GCMs than the currently used RCP scenarios from CMIP5. We have therefore chosen to compare the results

as a function of local temperature change.
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The results, illustrated for seasonal-mean precipitation (Fig. 3) and wind speed (Fig. 5), do not indicate any significant
change in the relation of these fields to local temperature change since BACC Il. However, the much larger ensemble of
scenario simulations allows for a more reliable assessment of future climate change compared to earlier studies. This is
illustrated in the figures showing how the increase in the number of simulations, particularly the many more global models
considered, has given much more credibility-torobust estimates of robustness-and-uncertainty. This is the case both for local

climate sensitivity, as illustrated by the different temperature change values for downscaling of each individual emission
scenario, and for the inter-variable relations as illustrated with the general scatter of the points. Also, the addition of several
emission scenarios enables a better foundation for estimating effects of e.g. emission mitigation.

The local winter temperature increases of current RCP8.5 simulations are close to the A1B results of BACC I1, in spite of the
stronger average global warming in the underlying RCP8.5 GCM ensemble compared to that in the ALB GCM ensemble.
TheAccording to the two suites of GCMs, the difference in global mean by the end of the century is 0.7K, i.e. about 25%.
TFheFor summer, the differences are larger and it cannot be generally concluded whether or not the regional sensitivity to
global climate change is therefore-somewhat-smaller-thandifferent from what it was in BACC I, or whether this is just

caused by the concrete selections of models included in the two model suites

The expected anthropogenic climate change for the Baltic Sea area is corroborated by the present results: Temperature will
increase, in step with global warming, and with a north-south gradient. In the northern part of the area in winter, the warming

approaches twice the average global warming.

Precipitation increases over the entire area in winter, somewhat less in summer in the northern part of the domain, and it
does not change significantly in summer in the southern part. Extreme precipitation, here the 10-year return value, increases
systematically, particularly in summer, in the entire domain, with some simulations showing more than 50% increase.

The large ensemble of simulations does not indicate a significant change in wind speed. However, individual model
simulations show strongdistinct differences. Consequently, there is a stronglarge uncertainty related to future wind speed

change in the area.

Solar irradiation at the surface is not projected to change in summer, but the RCM simulations show some decrease in winter
connected to more extensive cloud cover and potentially also less snow in the future. There is, however, a large uncertainty

related to this, since many GCMs show the opposite sign of the trend.

Snow cover, measured as the average amount of snow on the ground in winter (DJF), is reduced drastically, particularly in

the south of the Baltic Sea Catchmentcatchment area, where the relative decrease is close to 80%.
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With respect to coupled vs. uncoupled models, we find a stronger warming in the coupled model during winter which is most
pronounced in areas that today are seasonally affected by sea ice. During summer the coupled model shows weaker warming
compared to the uncoupled model. The comparison between coupled and uncoupled versions of a small subset of projections
with the RCA4 and RCA4-NEMO models generally confirms results ofby Groger et al. (2021b) who found coupling effects
for changes in most climate indices-changes, most importantclearly over the interactively coupled-flat open sea area. Notable
differences outside the coupled region occur over regions of topographically elevated terrain suggesting further significant
uncertainty due tolikely as an artefact of different model resolution.
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