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Abstract
The Baltic Sea Region is expected to be very sensitive to climate change; it is a region with a diverse climate and a very rich ecosystem, but also stressed due to high population in 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 climate change and its impacts in recent research. In this review paper, we will concentrate on a presentation of recent results from both atmosphere-only and coupled atmosphere-ocean regional climate models.
Background
For many years, hundreds of global climate change simulations have been produced according to various greenhouse gas emission scenarios. This has been coordinated through the years in model intercomparison projects (CMIPs), often in connection with the work on the Intergovernmental Panel on Climate Change (IPCC) Working Group I assessment reports (IPCC 2001, 2007, 2013). The fifth IPCC assessment report (IPCC 2013; AR5) 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 general circulation models (GCMs) and use of several Representative Concentration Pathway (RCP) scenarios (van Vuuren et al., 2011).
The Baltic Sea Region is very diverse with considerable changes happening over rather small distances compared to typical GCM resolutions. At the European level, efforts have therefore been done to downscale GCM simulations to a higher horizontal resolution allowing for detailed analysis of climate change on a local to regional scale. The history of coordinated Regional climate model (RCM) simulations started in the PRUDENCE project (Christensen and Christensen 2007), continued with the ENSEMBLES project (van der Linden and Mitchell 2009;. Hanel and Buishand 2011; Kyselý et al. 2011; Räisänen and Eklund 2011; Déqué et al. 2012; Kjellström et al. 2013) and now continued in the unfunded Euro-CORDEX initiative, which forms part of CORDEX (www.cordex.org; e.g. Kjellström et al., 2016; Jacob et al., 2013; Kotlarski et al., 2014; Keuler et al., 2016; Kjellström et al., 2017). Most recently, the EU-funded COPERNICUS project PRINCIPLES has provided funding for an extension of the available CMIP5-driven RCM downscalings in the Euro-CORDEX setup with around 12km spatial resolution. This has led to the availability of almost 100 different simulations following RCP scenarions RCP2.6, RCP4.5, and RCP8.5. All these data are publicly available and can be downloaded by any interested party.
During the past decade a number of coupled atmosphere ocean sea ice models with focus on the Baltic Sea and adjacent marginal seas have been developed for climate studies (e.g. 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 (sea ice, SST) were replaced by online coupled ocean GCMs allowing for a realistic representation of air sea thermal feedbacks (see review by Gröger et al., this thematic issue). These models exhibit a different model solution for many climate variables especially over the coupled region (Gröger et al., 2015; Ho-Hagemann et al., 2017; Primo et al., 2019; Gröger et al., 2019; Gröger et al., 2020). The first ensemble of regional coupled climate change simuations was recently provided by Dieterich et al. (2019) and Gröger et al. (2019, 2020) and are based on the regional moel RCA4 coupled interactively to the ocean GCM NEMO. 
Available RCM studies have resulted in extensive analyses of possible climatic futures for areas including the Baltic Sea basin (e.g. Lind and Kjellström 2008; Kjellström and Lind 2009; Benestad 2011; Kjellström et al. 2011a; Nikulin et al. 2011). Probabilistic climate change information has been derived from the GCM scenarios (Räisänen 2010) and RCM scenarios (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 Kjellström 2008; Kjellström et al., 2016 and 2017).
Recently, several institutions 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. 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, for the summer precipitation diurnal cycle, and for snow in mountains.
Most RCMs do not include a dynamic ocean model, implying that the surface properties for the Baltic Sea (sea-surface temperatures – SSTs – and sea ice) are taken directly from the driving GCM. As the GCMs have only a very crude representation of the Baltic Sea, this constitutes an additional source of uncertainty for the regional scenarios. In this paper we will show uncoupled RCM results regarding projected climate change according to Euro-CORDEX 12km for the very large multi-GCM/multi-RCM ensemble. These will be compared to an existing ensemble with the atmospheric regional model RCA4 coupled to the NEMO ocean model. The latter has a dynamic ocean, but the resolution is lower, and the ensemble is smaller.
In order to estimate model uncertainties, this work will concentrate on the large Euro-CORDEX ensemble in spite of the imperfections of atmosphere-only convection-parameterizing models. 
Downscaling of GCM results to the regional scale has been pursued for a number of years. Systematic collaboration among modelling institutes has taken places in the context of EU-financed projects (e.g. PRUDENCE, ENSEMBLES), other international projects (Climate and Energy Systems in the Nordic region; Kjellström et al. 2011b. CORDEX; Giorgi et al. 2006, http://cordex.org/)) and national efforts (e.g. Iversen 2008; Kjellström et al. 2011a). Through the years, spatial resolution has increased from 50km grid distance to a currently common 12km.
In addition to downscaling of climate change scenarios, observation-based reanalysis datasets have also been extensively downscaled, 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 of RCM results and observational data for the most recent decades and thereby an evaluation of the RCMs. The RCMs are found to capture many features of the climate in a realistic way but despite this there are systematic errors and biases. As a remedy to this, bias-correction is sometimes applied to the results (e.g. Dosio et al., 2016).
Data and methods
The main results of this study build on seasonal means from the publicly available EURO-CORDEX data, which at present consist of the simulations listed in Tab. 1.
For the median changes (mid panels in the figures) we only show results if at least 75% of the models show a coherent sign of change, elsewhere we indicate by white color that the changes are not robust. The plots below show climate change according to the three emission scenario and for the periods 2041-2070 and 2071-2100 compared to 1981-2010. All simulations, where data were available through the ESGF network at the time of writing (Sep. 2020) were used. 
For RCP8.5, the global temperature change averaged over the simulations is 3.49 degrees. The corresponding global change for RCP4.5 is 1.92 degrees, and for RCP2.6 it is 0.96 degrees; to a high extent maps of climate change in the Baltic area for the weaker emission scenarios correspond to the same patterns as the RCP8.5 climate change normalized by global temperature change; maps are available in supplement.
	Scenario
	GCM ensemble member
	RCM
	Missing

	rcp85
	NCC-NorESM1-M r1i1p1
	SMHI-RCA4
	

	rcp85
	NCC-NorESM1-M r1i1p1
	KNMI-RACMO22E
	

	rcp85
	NCC-NorESM1-M r1i1p1
	GERICS-REMO2015
	

	rcp85
	NCC-NorESM1-M r1i1p1
	DMI-HIRHAM5
	

	rcp85
	NCC-NorESM1-M r1i1p1
	ETH-COSMO-crCLIM
	sic

	rcp85
	MPI-M-MPI-ESM-LR r1i1p1
	UHOH-WRF361H
	

	rcp85
	MPI-M-MPI-ESM-LR r1i1p1
	KNMI-RACMO22E
	

	rcp85
	MPI-M-MPI-ESM-LR r1i1p1
	DMI-HIRHAM5
	

	rcp85
	MPI-M-MPI-ESM-LR r1i1p1
	MOHC-HadREM3-GA7-05 
	sic,snw,pr,rsds

	rcp85
	MPI-M-MPI-ESM-LR r3i1p1
	SMHI-RCA4
	

	rcp85
	MPI-M-MPI-ESM-LR r3i1p1
	GERICS-REMO2015
	

	rcp85
	MPI-M-MPI-ESM-LR r3i1p1
	ETH-COSMO-crCLIM
	

	rcp85
	MPI-M-MPI-ESM-LR r2i1p1
	SMHI-RCA4
	

	rcp85
	MPI-M-MPI-ESM-LR r2i1p1
	MPI-CSC-REMO2009
	

	rcp85
	MPI-M-MPI-ESM-LR r2i1p1
	ETH-COSMO-crCLIM
	sic

	rcp85
	MPI-M-MPI-ESM-LR r1i1p1
	SMHI-RCA4
	snw

	rcp85
	MPI-M-MPI-ESM-LR r1i1p1
	MPI-CSC-REMO2009
	

	rcp85
	MPI-M-MPI-ESM-LR r1i1p1
	ETH-COSMO-crCLIM
	sic

	rcp85
	MPI-M-MPI-ESM-LR r1i1p1
	CLMcom-CCLM4-8-17
	sic

	rcp85
	MOHC-HadGEM2-ES r1i1p1
	UHOH-WRF361H
	

	rcp85
	MOHC-HadGEM2-ES r1i1p1
	SMHI-RCA4
	snw

	rcp85
	MOHC-HadGEM2-ES r1i1p1
	MOHC-HadREM3-GA7-05
	

	rcp85
	MOHC-HadGEM2-ES r1i1p1
	KNMI-RACMO22E
	

	rcp85
	MOHC-HadGEM2-ES r1i1p1
	GERICS-REMO2015
	

	rcp85
	MOHC-HadGEM2-ES r1i1p1
	DMI-HIRHAM5
	

	rcp85
	MOHC-HadGEM2-ES r1i1p1
	CLMcom-CCLM4-8-17
	sic

	rcp85
	MOHC-HadGEM2-ES r1i1p1
	ETH-COSMO-crCLIM
	sic,snw,pr,rsds

	rcp85
	MIROC-MIROC5 r1i1p1
	UHOH-WRF361H
	

	rcp85
	MIROC-MIROC5 r1i1p1
	GERICS-REMO2015
	

	rcp85
	MIROC-MIROC5 r1i1p1
	CLMcom-CCLM4-8-17
	sic

	rcp85
	IPSL-IPSL-CM5A-MR r1i1p1
	SMHI-RCA4
	snw

	rcp85
	IPSL-IPSL-CM5A-MR r1i1p1
	KNMI-RACMO22E
	

	rcp85
	IPSL-IPSL-CM5A-MR r1i1p1
	GERICS-REMO2015
	

	rcp85
	ICHEC-EC-EARTH r12i1p1
	UHOH-WRF361H
	

	rcp85
	ICHEC-EC-EARTH r12i1p1
	GERICS-REMO2015
	

	rcp85
	ICHEC-EC-EARTH r12i1p1
	ETH-COSMO-crCLIM
	sic

	rcp85
	ICHEC-EC-EARTH r12i1p1
	MOHC-HadREM3-GA7-05
	

	rcp85
	ICHEC-EC-EARTH r12i1p1
	CLMcom-CCLM4-8-17
	sic

	rcp85
	ICHEC-EC-EARTH r3i1p1
	SMHI-RCA4
	

	rcp85
	ICHEC-EC-EARTH r3i1p1
	KNMI-RACMO22E
	

	rcp85
	ICHEC-EC-EARTH r3i1p1
	DMI-HIRHAM5
	

	rcp85
	ICHEC-EC-EARTH r1i1p1
	SMHI-RCA4
	

	rcp85
	ICHEC-EC-EARTH r1i1p1
	KNMI-RACMO22E
	

	rcp85
	ICHEC-EC-EARTH r1i1p1
	DMI-HIRHAM5
	

	rcp85
	ICHEC-EC-EARTH r12i1p1
	SMHI-RCA4
	snw

	rcp85
	ICHEC-EC-EARTH r12i1p1
	KNMI-RACMO22E
	

	rcp85
	ICHEC-EC-EARTH r12i1p1
	DMI-HIRHAM5
	

	rcp85
	CNRM-CERFACS-CNRM-CM5 r1i1p1
	SMHI-RCA4
	snw

	rcp85
	CNRM-CERFACS-CNRM-CM5 r1i1p1
	KNMI-RACMO22E
	

	rcp85
	CNRM-CERFACS-CNRM-CM5 r1i1p1
	GERICS-REMO2015
	

	rcp85
	CNRM-CERFACS-CNRM-CM5 r1i1p1
	DMI-HIRHAM5
	

	rcp85
	CNRM-CERFACS-CNRM-CM5 r1i1p1
	CLMcom-CCLM4-8-17
	sic

	rcp85
	CCCma-CanESM2 r1i1p1
	GERICS-REMO2015
	

	rcp85
	CCCma-CanESM2 r1i1p1
	CLMcom-CCLM4-8-17
	sic

	rcp45
	NCC-NorESM1-M r1i1p1
	SMHI-RCA4
	

	rcp45
	NCC-NorESM1-M r1i1p1
	GERICS-REMO2015
	

	rcp45
	NCC-NorESM1-M r1i1p1
	DMI-HIRHAM5
	

	rcp45
	MPI-M-MPI-ESM-LR r2i1p1
	MPI-CSC-REMO2009
	

	rcp45
	MPI-M-MPI-ESM-LR r1i1p1
	SMHI-RCA4
	snw

	rcp45
	MPI-M-MPI-ESM-LR r1i1p1
	MPI-CSC-REMO2009
	

	rcp45
	MPI-M-MPI-ESM-LR r1i1p1
	CLMcom-CCLM4-8-17
	sic

	rcp45
	MOHC-HadGEM2-ES r1i1p1
	SMHI-RCA4
	snw

	rcp45
	MOHC-HadGEM2-ES r1i1p1
	KNMI-RACMO22E
	

	rcp45
	MOHC-HadGEM2-ES r1i1p1
	GERICS-REMO2015
	

	rcp45
	MOHC-HadGEM2-ES r1i1p1
	DMI-HIRHAM5
	

	rcp45
	MOHC-HadGEM2-ES r1i1p1
	CLMcom-CCLM4-8-17
	sic

	rcp45
	IPSL-IPSL-CM5A-MR r1i1p1
	SMHI-RCA4
	snw

	rcp45
	ICHEC-EC-EARTH r3i1p1
	DMI-HIRHAM5
	

	rcp45
	ICHEC-EC-EARTH r1i1p1
	KNMI-RACMO22E
	

	rcp45
	ICHEC-EC-EARTH r12i1p1
	SMHI-RCA4
	snw

	rcp45
	ICHEC-EC-EARTH r12i1p1
	KNMI-RACMO22E
	

	rcp45
	ICHEC-EC-EARTH r12i1p1
	CLMcom-CCLM4-8-17
	sic

	rcp45
	CNRM-CERFACS-CNRM-CM5 r1i1p1
	SMHI-RCA4
	snw

	rcp45
	CNRM-CERFACS-CNRM-CM5 r1i1p1
	KNMI-RACMO22E
	

	rcp45
	CNRM-CERFACS-CNRM-CM5 r1i1p1
	CLMcom-CCLM4-8-17
	sic

	rcp26
	NOAA-GFDL-GFDL-ESM2G r1i1p1
	GERICS-REMO2015
	

	rcp26
	NCC-NorESM1-M r1i1p1
	SMHI-RCA4
	

	rcp26
	NCC-NorESM1-M r1i1p1
	KNMI-RACMO22E
	

	rcp26
	NCC-NorESM1-M r1i1p1
	GERICS-REMO2015
	

	rcp26
	MPI-M-MPI-ESM-LR r2i1p1
	MPI-CSC-REMO2009
	

	rcp26
	MPI-M-MPI-ESM-LR r1i1p1
	UHOH-WRF361H
	

	rcp26
	MPI-M-MPI-ESM-LR r1i1p1
	SMHI-RCA4
	snw

	rcp26
	MPI-M-MPI-ESM-LR r1i1p1
	MPI-CSC-REMO2009
	

	rcp26
	MPI-M-MPI-ESM-LR r1i1p1
	KNMI-RACMO22E
	

	rcp26
	MOHC-HadGEM2-ES r1i1p1
	SMHI-RCA4
	snw

	rcp26
	MOHC-HadGEM2-ES r1i1p1
	KNMI-RACMO22E
	

	rcp26
	MOHC-HadGEM2-ES r1i1p1
	GERICS-REMO2015
	

	rcp26
	MOHC-HadGEM2-ES r1i1p1
	DMI-HIRHAM5
	

	rcp26
	MIROC-MIROC5 r1i1p1
	GERICS-REMO2015
	

	rcp26
	MIROC-MIROC5 r1i1p1
	CLMcom-CCLM4-8-17
	sic

	rcp26
	IPSL-IPSL-CM5A-LR r1i1p1
	GERICS-REMO2015
	

	rcp26
	ICHEC-EC-EARTH r3i1p1
	DMI-HIRHAM5
	

	rcp26
	ICHEC-EC-EARTH r12i1p1
	SMHI-RCA4
	snw

	rcp26
	ICHEC-EC-EARTH r12i1p1
	KNMI-RACMO22E
	

	rcp26
	ICHEC-EC-EARTH r12i1p1
	GERICS-REMO2015
	

	rcp26
	ICHEC-EC-EARTH r12i1p1
	CLMcom-CCLM4-8-17
	sic

	rcp26
	CNRM-CERFACS-CNRM-CM5 r1i1p1
	KNMI-RACMO22E
	


Table 1. Model simulations used. These constitute the entire set of seasonal-average fields available from the ESGF archive in September 2020. There are 54 ensemble members following RCP8.5, 21 following RCP4.5, and 22 following RCP2.6. In the rightmost column missing fields are indicated. Some simulations are missing DJF 2005-2006 due to 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; here we have included 2070 in the analysed period.
In this study we will concentrate on the warmer RCP8.5 scenario. The figures below show results based on 54 regional climate change simulations from the RCP8.5 EURO-CORDEX simulations listed in Table 1. Corresponding plots for other scenarios and periods can be found in Supplementary Material. For each point, the two quartiles and the median among ensemble members of the change is shown. In the plot of the median we only show points where 75% of models agree on the sign, i.e., where both quartile plots show the same sign. We will discuss only winter (DJF) and summer (JJA) in this study.
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 ~24 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 (Gröger et al., 2015, Dieterich et al., 2019). Air-sea fluxes are exchanged every 3 hours between the ocean and the atmosphere GCM. The ensemble consists of 33 downscaled global model climate simulations based on 9 different global models as well as a reanalysis for the historical period and the RCP26, RCP45, and RCP85 scenarios. 
These results will be compared to the corresponding RCA4 atmosphere-only simulations, which can be found in the EURO-CORDEX archive.
Temperature
According to the EURO-CORDEX ensemble, air temperatures in the Baltic Sea area will increase with time during the present century. This happens everywhere according to models and is a robust result for this ensemble and area for all seasons, locations, simulations and scenarios.
We will discuss RCP8.5 results in the following. For weaker scenarios and closer periods we generally see the same patterns with correspondingly lower amplitude (see Sup. Mat.).
For both seasons analysed, the temperature change shows spatial gradients with the highest positive values in the north-east. Winter warming is larger than summer warming, and larger than the global average warming of about 3.5 degrees; in the north-east it approaches twice the global average warming. Higher warming than the global average is generally expected for land areas, which warm more quickly than sea areas. The strong winter increase is also influenced by the snow-ice albedo feedback. The north-south gradient of greatest warming in the north in winter is general, but there is a spread in the magnitude of the change. This spread is illustrated in the columns of the figures below. As only 9 GCMs have been used for these RCM experiments the spread between quartiles will be lower than what would have come from an exhaustive downscaling of all CMIP5 global simulations.
The warming in the Baltic Sea region is above the global average, largely due to the strong winter increase (Fig. 1). This increase in winter mean temperature is most pronounced for the coldest episodes (Kjellström 2004). This is also the case for the most extreme daily maximum and minimum temperatures (Kjellström et al. 2007; Nikulin et al. 2011) with a significant decrease in probabilities of cold temperatures (Benestad 2011). In summer, warm extremes are projected to become more pronounced. For example, Nikulin et al. (2011) showed that warm extremes in today’s climate (1961–1990) with a 20-yr return value (defined as the temperature that will be exceeded once every 20 years as a statistical average) will occur 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 the winter warming and is relatively homogeneous across the area. A tendency for larger warming over land areas in the most northern 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 in parts of southernmost Europe (Kjellström et al., 2018). The above-average warming over the Baltic Sea basin may be due to a poor representation of the sea-surface temperatures in the coarse-scale GCMs that only crudely resolve the Baltic Sea. Coupled atmosphere-ocean RCMs may give different, possibly more physically consistent, results here (e.g. Kjellström and Ruosteenoja, 2007).The highest-percentile summer warming is comparatively larger than the median in the southeast of the region. This can be related to the large-scale pattern of warming in Europe with the strongest summer warming in southern Europe. In the very northeast of the region there is a large warming, probably connected to ice-albedo feedback. Similar results also exist for other GCM/RCM combinations (Christensen and Christensen 2007; Kjellström et al. 2011a; Vautard et al. 2014). The results are consistent with the results for an earlier period (2021–2050) based on a larger ensemble of RCM-GCMs as presented by Déqué et al. (2012). They found that 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.
[bookmark: _GoBack]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.
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Figure 1. Temperature change between 1981-2010 and 2071-2100 for 51 simulations from Euro-CORDEX according to the RCP8.5 scenario. Top row: winter; bottom row: summer. Left column: lowest quartile; mid column: median value; right column: 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.
Precipitation
Climate models project a general intensification of the global hydrological cycle (e.g. Held and Soden 2006). On a European scale, this implies more precipitation in northern Europe and less 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. Kjellström et al. 2011a). This transition zone shifts with the seasons and is located farther to the south in winter and to the north in summer. In summer, this zone shifts into the Baltic Basin. This picture is also seen for the large ensemble of global simulations entering the AR5 Climate Atlas. As a consequence, precipitation is projected to increase over the entire Baltic Sea catchment in winter, while in summer increased precipitation is mostly projected for the northern half of the basin only. In the south, precipitation is projected to change very little, although with a large spread between different models including both increases and decreases. Basically, both increases and decreases are possible in the future.
The AR5 Climate Change Atlas depicts global model results for the RCP4.5 emission scenario for the half-year seasons October-March and April-September. The GCM results show general increases in the winter half-year, between 0 and 20% for the 2-3 degrees’ global warming of the RCP4.5 simulations between 1985-2005 and 2085-2100. For the summer half-year only the northern half of the catchment exhibits significant change, which is positive but smaller than winter.
As for temperature, the regional climate simulations here confirm the large-scale picture painted in AR5. Figure 2 shows relative precipitation change for winter and summer for the same EURO-CORDEX models as in Fig 1. During winter, the relative increases are quite homogeneous, although there are large differences between the lower and upper quartile in what changes are seen just to the west of the Baltic Sea catchment (Norway) as a result of different changes in the large-scale circulation. For summer there is a clear north-south gradient: the further north, the more positive the change. As expected, there are greater projected increases in winter than in summer. Roughly, the winter increase is 25-35% over most of the area in the median, and the summer increase 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 Euro-CORDEX results correspond to a global warming of 3.8 degrees. For the summer season 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 4 of the 16 models disagree on the sign with the majority. Since the period mapped here consists of the 3 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) found significantly positive summer precipitation signals for almost all land points in the Baltic Sea catchment.
	[image: ]
	[image: ]
	[image: ]

	[image: ]
	[image: ]
	[image: ]


Figure 2. Precipitation relative change (%) between 1981-2010 and 2071-2100 for 54 simulations from Euro-CORDEX according to the RCP8.5 scenario. Top row: winter; bottom row: summer. Left column: lowest quartile; mid column: median value; right column: 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.
Extreme weather events are very important for many aspects of society. Extreme precipitation is responsible for flooding and this aspect of anthropogenic climate change has received considerable attention. As the water-holding capacity of the atmosphere increases under a warmer climate, precipitation extremes are also projected to increase (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 SREX report (Seneviratne et al., 2012) where it was shown that higher extremes of precipitation consistently show larger increases than lower, and than averages.
Building on 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 showed an increased likelihood of very extreme precipitation in that area as well as in the north where average precipitation was not projected to decrease. More intense precipitation can be expected on time scales ranging from single rain showers to long-lasting synoptic scale precipitation.
It has been argued that changes in precipitation extremes of a shorter duration may exceed those for longer time scales, as indicated by 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.
As an example of changes in daily precipitation, Nikulin et al. (2011) investigated an ensemble of RCM simulations with the RCA model and showed that the 20-yr return value of precipitation extremes in the 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) reported that the return period for 20-yr rainfall events on a 1-hour basis decreased to 4 years over Sweden based on a high-resolution RCM integration.
For the Rhine catchment, Hanel and Buishand (2011) investigated annual maxima of daily precipitation in 15 RCM simulations from the ENSEMBLES project and found an overestimation of the amount of these extremes, particularly in summer, when compared to a gridded observation set; this was partly attributed to a low density of observations used in constructing the gridded data set. The RCM models all projected increases of extreme precipitation with long return periods.
Collected results from 54 of the models from the Euro-CORDEX project are illustrated in Fig. 3. The change in extreme precipitation is shown calculated as 10-yr return values (the daily precipitation amount so large that it will be exceeded only once every 10 years on average). The median signal is consistently positive across the domain for the areas where more than 75% of the model results have the same sign. The increase in the Baltic Sea basin is roughly similar for both summer and winter, but the inter-model spread is larger in summer, corresponding to 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 Kjellström (2018) from 19 to 54 results in a considerably more robust positive signal in the summer 10-year return value.
It is apparent that the relative change of the extreme precipitation in winter (Fig. 3 upper panel) looks very much like the relative change in average precipitation (Fig. 2), indicating no change in the shape of the intensity distribution function. The situation is different for summer, where the projected change in extreme precipitation is consistently more positive than the change in average precipitation. This feature is, however, less apparent in the Euro-CORDEX results than in the PRUDENCE results of BACC (2008) and the ENSEMBLES results described in BACC2 (2013). 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) or if it is a consequence of different model formulations or on the large-scale climate change signal as imposed by the underlying GCMs that also differs between the experiments.
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Figure 3. Change in 10-year return value of daily precipitation change between 1971-2000 and 2071-2100 for 54 simulations from Euro-CORDEX according to the RCP8.5 scenario. Top row: Winter; bottom row: Summer. 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.
Wind speed
Changes in the wind climate are even more uncertain than is the case for the precipitation climate, both for seasonal mean conditions and for extremes on shorter time scales (e.g. Kjellström et al. 2011a; Nikulin et al. 2011). 
Donat et al. (2011) investigated mid-century as well as end-of-century changes in the annual 98th percentile daily maximum wind in 14 ENSEMBLES RCM simulations for 2021–2050 and 11 models for 2070–2099 of which nine are part of the 13-member ensemble employed for the present analyses. The ensemble average, like the driving GCMs, showed a tendency to increase in a belt from the British Isles to the Baltic Sea, and a tendency to reduce in the Mediterranean area. Nikulin et al. (2011), based on an ensemble of one RCM downscaling six different GCMs under the A1B scenario, found increasing wind speed expressed as 20-year return periods of annual maximum wind speed over the Baltic Sea in five out of six simulations.
In BACC2 (2013) an analysis of 13 ENSEMBLES simulations showed a very slight and insignificant median increase in the southern part of the Baltic area, consistent with the findings by Donat et al. (2011), but with a large spread between models. 
Figure 4 shows average changes over the Baltic Sea for the 51 Euro-CORDEX RCP8.5 simulations, which are used (Tab. 1). 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 area over the North Atlantic (northwest corner in Figure 4 panels). 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 Kjellström 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. 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. See also the comparison between regional coupled and uncoupled simulations in Fig. 12 where probably the more consistent treatment of ice-albedo feedback leads to a larger increase.
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Figure 4. Average wind speed relative change (%) between 1981-2010 and 2071-2100 for 50 simulations from Euro-CORDEX according to the RCP8.5 scenario. Top row: winter; bottom row: summer. Left column: lowest quartile; mid column: median value; right column: 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 relative change in extreme wind speed is shown in Fig. 5 as the relative change of the 10-year return value of daily maximum wind speed for the 46 of the Euro-CORDEX simulations considered. Basically nowhere do more than 75% of the models agree on the sign of the pointwise change. It is noteworthy that the interquartile spread is much smaller than in Christensen and Kjellström (2018); this indicates that the models agree that there is no signal, and not just that there are too few models present to overcome natural variability.
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Figure 5 Change in 10-year return value of daily maximum wind speed relative change between 1971-2000 and 2071-2100 for 46 simulations from Euro-CORDEX according to the RCP8.5 scenario. Top row: Winter; bottom row: Summer. 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.
Solar irradiation
In Fig. 6 we study the change in incoming solar radiation from 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 attributed to the higher modelled cloud cover (not shown) of most models in the future. This is frequently due to more zonal flow and goes alongside the increase in winter precipitation shown in Fig. 2.
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Figure 6. Average incoming surface solar radiation relative change between 1981-2010 and 2071-2100 for 48 simulations from Euro-CORDEX according to the RCP8.5 scenario. Top row: Winter; bottom row: Summer. 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.
Snow and Ice
Rising temperatures are expected to lead to decreased snow cover, as more precipitation falls as rain and snow melt accelerates. There is an increase in winter precipitation in Scandinavia, which may partly compensate for these effects. Data from the ENSEMBLES project were analysed by Räisänen and Eklund (2011) who concluded that snow volume will decrease across Europe in the future, even though the Scandinavian mountain areas may experience a slight and statistically insignificant increase. Such an increase was also proposed by Schuler et al. (2006) in a detailed study for Norway based on two RCM scenarios forced with different GCMs. The authors also pointed out that in extreme years, the maximum amount of snow could be greater than in extreme years of the recent past, even if snow amount is reduced on average.
Winter snow cover is one of the most drastically changed climatological quantities (Fig. 7). There is agreement between models about a reduction of average winter-time snow amount of more 70% for most areas, with the exception of the high Scandinavian mountains, where the warming temperature does not reach the freezing point as frequently as in lower-lying regions. This reduction in snow amount is slightly larger than for maps shown in BACC2 (2013), consistent with the fact that the RCP8.5 scenario on average projects larger warming than the SRES A1B scenario used in BACC2.
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. In high altitude the increase of winter precipitation may be an effect compensating the increase in melting with higher temperature. Also the fact that increasing temperatures may not reach the melting point is significant.
Sea ice cover is not a product of the RCM, but rather an input originating from the driving coupled GCM. We will show the changes in interpolated sea ice field for the RCP8.5 scenario in Fig. 8, as these changes are large, and are decisive for the change in climate between the periods. To put the changes in context, we show in Fig. 9 the model-median mean sea ice cover in per cent for winter in the present-day period 1981-2010 as well as for the far-future period 2071-2100 according to the RCP8.5 scenario. It is seen that sea ice in the Baltic Sea is virtually absent in the future, while most models have up to 20% ice cover in seasonal mean for the Bothnic Bay.
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Figure 7. Average winter snow depth relative change between 1981-2010 and 2071-2100 for 45 simulations from Euro-CORDEX according to the RCP8.5 scenario. 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.
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Figure 8. Average winter sea ice cover relative change between 1981-2010 and 2071-2100 for 40 simulations from Euro-CORDEX according to the RCP8.5 scenario; these values have been interpolated before the RCM simulations from the driving coupled GCM. 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.
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Figure 9. Average winter sea ice cover in per cent for 1981-2010 (left panel) and for 2071-2100 for 40 simulations from Euro-CORDEX according to the RCP8.5 scenario; these values have been interpolated before the RCM simulations from the driving coupled GCM.Note the non-linear scale.
Effects of model coupling
This text has not been completed yet, as the figures have just been made. Sorry!
At the moment we only look at the 6 boundary forcing GCMs, which have been applied both to the 12 km EURO-CORDEX ensemble and to theRCA-NEMO ensemble.
The single-model ocean-atmosphere regional ensemble RCA-NEMO shows a 0.5-1 degree larger warming, and as expected a much smaller spread than the EURO-CORDEX multi-GCM multi-RCM ensemble.
The coupled single-model ensemble has a smaller precipitation spread than the multi-model EURO-CORDEX ensemble, but the difference is considerably less than in the case of mean temperature, due to the larger interannual variability of precipitation. The signal for RCA4_NEMO is drier than for the entire EURO-CORDEX ensemble for both seasons depicted, leading to a smaller area of significant positive summer signal.
Wind reduction in summer (Fig. 12, rows 3 and 4) is a little bit smaller in the coupled ensemble than in the atmosphere-only ensemble. A notable exception is the increase in winter wind speed in the Bothnian Bay in the coupled model. This could be related to differences in sea ice changes between coupled and uncoupled models.
The incoming solar radiation is not reduced as much in the coupled ensemble, particularly during summer. This is most probably an effect of the coupling, and more realistic. In Bartók et al. (2016) it is shown that coupled GCMs tend to have increasing radiation in contrast to downscaled RCM results.
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Figure 10. Temperature change between 1981-2010 and 2071-2100 for 6 atmosphere-only RCA4 simulations from Euro-CORDEX according to the RCP8.5 scenario and for the coupled single-model RCA-NEMO ensemble with the same driving GCMs. By row: Euro-CORDEX winter; RCA-NEMO winter; Euro-CORDEX summer; RCA-NEMO summer. Left column: lowest quartile; mid column: median value; right column: 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.
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Figure 11. Precipitation relative change (%) between 1981-2010 and 2071-2100 for 6 atmosphere-only RCA4 simulations from Euro-CORDEX according to the RCP8.5 scenario and for the coupled single-model RCA-NEMO ensemble with the same driving GCMs. By row: Euro-CORDEX winter; RCA-NEMO winter; Euro-CORDEX summer; RCA-NEMO summer. Left column: lowest quartile; mid column: median value; right column: 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.
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Figure 12. Average wind speed relative change (%) between 1981-2010 and 2071-2100 for 9 atmosphere-only RCA4 simulations from Euro-CORDEX according to the RCP8.5 scenario and for the coupled single-model RCA-NEMO ensemble with the same driving GCMs. By row: Euro-CORDEX winter; RCA-NEMO winter; Euro-CORDEX summer; RCA-NEMO summer. Left column: lowest quartile; mid column: median value; right column: 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.
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Figure 13. Average incoming solar radiation relative change (%) between 1981-2010 and 2071-2100 for 9 atmosphere-only RCA4 simulations from Euro-CORDEX according to the RCP8.5 scenario and for the coupled single-model RCA-NEMO ensemble with the same driving GCMs. By row: Euro-CORDEX winter; RCA-NEMO winter; Euro-CORDEX summer; RCA-NEMO summer. Left column: lowest quartile; mid column: median value; right column: 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.
Conclusion
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