10

15

20

25

https://doi.org/10.5194/esd-2021-51 Earth System
Preprint. Discussion started: 17 August 2021 Dynamics
(© Author(s) 2021. CC BY 4.0 License.

Discussions

Atmospheric regional climate projections for the Baltic Sea Region

until 2100
Ole B. Christensenl, Erik Kjellstrt')mz, Christian Dieterich3, Matthias Gré')ger4, H.E. Markus Meier*

'Danish Meteorological Institute, Copenhagen, Denmark

Swedish Meteorological and Hydrological Institute, Norrképing, Sweden
$Deceased

“Leibniz Institute for Baltic Sea Research Warnemiinde, Rostock, Germany
Correspondence to: Ole B. Christensen (obc@dmi.dk)

Abstract. The Baltic Sea Region is very sensitive to climate change; it is a region with spatially varying climate and diverse
ecosystems, but also under pressure due to 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 review paper, we will concentrate on a presentation of recent climate projections from both atmosphere-only and
coupled atmosphere-ocean regional climate models. The recent regional climate model projections strengthen the picture
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. The coupled atmosphere-ocean model locally modifies the
climate change signal relative to that in the 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.

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 (CMIPs), that have provided fundamental input to the Working Group | assessment reports
of the Intergovernmental Panel on Climate Change (IPCC; IPCC 2001, 2007, 2013). The fifth IPCC assessment report (AR5;
IPCC 2013) was built on the World Climate Research Programme’s (WCRP) Coupled Model Intercomparison Project phase
5 (CMIP5) multi-model data (Taylor et al., 2012). Many general circulation models (GCMs) participated in simulations
according to several Representative Concentration Pathway (RCP) scenarios (van Vuuren et al., 2011).
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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; Réisdnen and Eklund 2011; Déqué et al. 2012; Kjellstrém et
al. 2013) and more recently in the Euro-CORDEX initiative, which forms part of the Coordinated Regional climate
Downscaling EXperiment (CORDEX, www.cordex.org; e.g. Jacob et al., 2013; Kotlarski et al., 2014; Keuler et al., 2016;
Kjellstrém 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 Euro-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).

Regional climate models have been used not only for downscaling of climate change scenarios. Also, observation-based
reanalysis datasets have been extensively downscaled with RCMs 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 are
useful for comparing RCM results and observational data for recent decades, and thereby for evaluation of RCM models.
The RCMs are found to capture many features of the climate in a realistic way albeit with some systematic errors and biases
(Wibig et al., 2015; Kjellstrém 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 as these show systematic biases in their
representation of the atmospheric circulation at large scales, of temperature, humidity and sea surface conditions. For an area
like the Baltic Sea region, this implies that sea surface temperatures (SSTs) and sea ice from the coarse-scale driving GCM
may not be completely adequate as input to an RCM; this constitutes an additional source of potential uncertainty of 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; Déscher 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;
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Ho-Hagemann et al., 2017; Primo et al., 2019; Groger et al., 2019, 2020). The most recent and largest ensemble of regional
coupled climate change simulations was provided by Dieterich et al. (2019) and Grdger et al. (2019, 2020) and is based on

the regional climate model RCA4 coupled interactively to the ocean model NEMO.

Available RCM literature describes extensive studies 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; Kjellstrém et al. 2011a;
Nikulin et al. 2011; Christensen et al. 2015; Christensen and Kjellstrom 2018; Coppola et al., 2021). Ensembles of climate
projection simulations have been used to obtain probabilistic climate change information, both GCM (Lind and Kjellstrém
2008; Réisanen 2010) and RCM ensembles (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; Kjellstrém et al., 2016 and
2018).

This work aims at presenting climate change in the area around the Baltic Sea, as it is projected by the very large ensemble
of Euro-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.

2. Data and methods

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. 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.

The consequences of extreme weather events impact 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.

Not all simulations have been analysed for extremes; 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.

3
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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
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
ensemble, for the EURO-CORDEX and ENSEMBLES simulations can be seen in Tab. 2. Note that the reference periods for
ENSEMBLES are 1961-1990 and 2071-2100, whereas they are 1981-2010, 2041-2070 and 2071-2100 for EURO-CORDEX.

patterns as the RCP8.5 climate change normalized by global temperature change; maps are available in the Supplementary

Material. The weighted global warming between the relevant periods for the simulations in BACC 1, driven by the SRES

A1B emission scenario, is 3.00 degrees.
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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.

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 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., 2015). 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
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standard deviations can be found for temperature and precipitation, for both periods, all scenarios (including the BACC
II/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.

These results will be compared to the corresponding RCA4 atmosphere-only simulations, 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 temperature in the Baltic Sea area during

the present century. According to this ensemble it is a robust result for all seasons, locations, simulations and scenarios.

For both seasons analysed, 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. Higher warming than the global average is
generally expected for land areas, since land heats more quickly than sea. The strong winter increase is also influenced by
the feedback mechanisms involving retreating snow and sea-ice. There is a general pattern of higher warming in the north
than in the south, but there is a spread in the magnitude of the change. This 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 is lower than what would
have come from an exhaustive downscaling of all CMIP5 global simulations.

Earlier studies have shown that the increase in winter temperatures is strongest for the coldest episodes (Kjellstrém 2004) as
well as for extreme daily maximum and minimum temperatures (Kjellstrom et al. 2007; Nikulin et al. 2011). There is a
significant decrease in the probability of cold temperatures (Benestad 2011). Warm summer extremes are projected to
become more pronounced; for example, Nikulin et al. (2011) an ensemble of six RCM simulations, all downscaling GCMs
under the SRES A1B scenario, and showed that warm extremes with a present-day (1961-1990) return period of 20 years

will be reached four times as often in Scandinavia by 2071-2100, with a frequency around once every five years .
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Summer warming in the Baltic Sea basin is smaller than winter warming, and it is relatively homogeneous across the area. A
tendency is seen for larger warming over land areas in the northernmost parts of the Baltic Sea basin. 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 (Kjellstrom et al., 2018). The most extreme summer warming is comparatively larger than the median
in the south-eastern part of the region. This is related to the large-scale pattern of warming in Europe, where the strongest
summer warming is seen in southern Europe. In the north-eastern part of the region, a large warming may be related to the
ice-albedo feedback mechanism. Similar results for other GCM/RCM combinations have been reached in, e.g., Christensen
and Christensen (2007), Kjellstrém et al. (2011a), and Vautard et al. (2014). These results are consistent with results for
2021-2050 in Déqué et al. (2012). This study finds that there is a significant temperature response, even for the relatively
short-term 2021-2050 time frame, even though the total uncertainty related to the choice of model combination
(GCM/RCM) and sampling (natural variability) is large,. Similarly, Kjellstrém et al. (2013) showed early emergence already
in the first few decades of the 21st century of trends in 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.
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Figure 1. Temperature change between 1981-2010 and 2071-2100 for 72 simulations from Euro-CORDEX according to the

170 RCP8.5 scenario. Panels a-c: winter. Panels d-e: summer. Panels a,d: lowest quartile; Panels b,e: median value; Panels 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
175 ensemble is the same as in Fig 1.
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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 a result of different changes in
the large-scale circulation. For summer there is a clear pattern of more positive change in the north versus less positive
change in the south. As expected, winter increases are projected to be larger in winter 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 Euro-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) almost all land points in the Baltic Sea region showed significantly positive summer precipitation signals.

This general picture of change is not surprising. Climate models generally project the global hydrological cycle to become
more intense (e.g. Held and Soden 2006). For Europe this corresponds to increasing precipitation in northern Europe and
decreasing precipitation in southern Europe, both in winter and summer (Christensen et al. 2007). Between these areas of
projected increase and projected decrease, only small changes or changes in different directions are projected (see e.g.
Kjellstrom et al. 2011a). The location of the transition zone depends on the season and is located farther to the south in
winter than in summer. In summer, this zone shifts into the Baltic Basin: winter precipitation is projected to increase over the
entire Baltic Sea catchment, while summer precipitation is mostly projected to only increase in the northern half of the basin.
In the south, precipitation change is small for the ensemble mean, and there is a large spread between different models with
both increases and decreases. Basically, both increases and decreases are possible in the future.
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Figure 2. Precipitation relative change (%) between 1981-2010 and 2071-2100 for 72 simulations from Euro-CORDEX

200 according to the RCP8.5 scenario. a-c: winter; d-e: summer. a,d: lowest quartile; b,e: median value; c,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
205 indicated by the three larger symbols. This calculation has been performed for various subsets of the Baltic Sea catchment

10
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(see Fig. 1): The entire catchment; 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 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 the 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 Il. It is noteworthy that this difference is not seen in Fig. 3, where we have plotted
temperature and precipitation change for the BACC Il simulations (BACC Il Author Team, 2015)) 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.

11
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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 symbols. Squares: RCP2.6; Triangles: RCP4.5; Diamonds: RCP8.5;
Crosses: The ENSEMBLES simulations analysed in BACC 1l (2015). Purple colour: 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. Panels a-d show winter; 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.

3.3 Extreme precipitation

The water-holding capacity of the atmosphere increases with increasing temperature. Therefore precipitation extremes are
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.

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

Nikulin et al. (2011) investigated an ensemble of RCM simulations following the SRES A1B scenario with the RCA model;

they showed that the 20-year return value of precipitation extremes in Scandinavia in the period 1961-1990 was projected to

13
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decrease to 6-10 years in 2071-2100 for summer over northern Europe and to 2-4 years in winter. Similarly, Larsen et al.
(2009) analysed a high-resolution RCM integration and reported that the return period for 20-year rainfall events at hourly

duration decreased to about 4 years for Sweden..

Collected results from 90 of the models from the Euro-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. We will here use the 10-year return value as representative of extreme precipitation. This is the
daily precipitation amount so large that it is only exceeded every 10 years for a long-term average. The model-median signal
has a consistently positive sign across the domain for the areas where more than 75% of the model results have the same
sign. The temperature dependence of the increases in the Baltic Sea basin (slopes in Fig. 4) aregenerally larger in summer
than in winter with the southern land points as an exception, the same area where the average precipitation (Figs 2-3)
decreases. The inter-model spread is considerably larger in summer 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

Kjellstrém (2018) from 19 to 90 results in a considerably more robust positive signal in the summer 10-year return value.

The relative change of extreme precipitation in winter (Fig. 4 upper panels) are quite similar to the relative change in average
precipitation (Fig. 2), indicating no change in the shape of the intensity distribution function. For summer, however, 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 Euro-CORDEX results than in the PRUDENCE results of BACC
(BACC Author Team, 2008) and the ENSEMBLES results described in BACC Il (BACC Il 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 of 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. 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.
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Based on convection-permitting models it has been argued that changes in precipitation extremes of a shorter duration may
be 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 moisture conditions with the HCLIM
model, Lenderink et al (2019) showed that there is a strong dependence on moisture availability to the increase in the

precipitation extremes.

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
between BACC Il and the current simulations are a slightly reduced winter warming per unit of global warming; 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 1| ENSEMBLES results relative to RCP8.5.
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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 symbols. Squares: RCP2.6; Triangles:
RCP4.5; Diamonds: RCP8.5. Purple colour: 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. Panels a-d show winter; panels e-h show summer. The lines, with quoted slope and squared correlation
coefficient are best fits to all EURO-CORDEX data.

3.4 Wind speed

Changes in the climatology of 10-metre wind speed 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. Kjellstrom et al. 2011a; Kjellstrom et al.
2018; Nikulin et al. 2011).

In a study by Donat et al. (2011) of annual 98th percentile daily maximum wind speed change in RCM simulations from the
ENSEMBLES project, for the middle of the century as well as the end of the century. The ensemble average, like the
driving GCMs, increased in a region from the British Isles to the Baltic Sea, and a decreased in the Mediterranean area.
Nikulin et al. (2011) found increasing wind speed 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 small insignificant
median increase in the southern part of the Baltic Sea area; the signal is consistent with the findings by Donat et al. (2011),

but with a large spread between models.
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Figure 5 shows average changes over the Baltic Sea for the 72 Euro-CORDEX RCP8.5 simulations, the 22 RCP4.5
simulations, and the 30 RCP2.6 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 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. 15
where the, probably more consistent, treatment of ice-albedo feedback leads to a slightly larger increase in winter. As 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 symbols. Squares: RCP2.6; Triangles: RCP4.5; Diamonds: RCP8.5.
Crosses: The ENSEMBLES simulations analysed in BACC Il (BACC Il Author Team, 2015). Purple colour: 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. Panels a-d show winter; 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 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 Kjellstrém (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 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 symbols. Squares:
RCP2.6; Triangles: RCP4.5; Diamonds: RCP8.5. Purple colour: 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. Panels a-d show winter; panels e-h show summer. The lines, with quoted slope and squared
correlation coefficient are best fits to all EURO-CORDEX data.

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 attributed to the
more extensive cloud cover (not shown) in most models for the future. It should be noted (Bartdk et al., 2017) that global
and regional 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 shows no significant change. Also 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., 2020).
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Figure 7. Average incoming surface solar radiation relative change between 1981-2010 and 2071-2100 for 70 simulations
from Euro-CORDEX according to the RCP8.5 scenario. Panels a-c: Winter; panels d-f: Summer. Panels a,d: lowest quartile;
panels b,e: median value; panels 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.
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3.6 Snow and sea ice

Future snow cover is expected to decrease with climate warming, both because more precipitation is projected to fall as rain,
and becausesnow melt accelerates. Simultaneously, there is an increase in winter precipitation in Scandinavia, which may

partly compensate for these effects.

Raisanen and Eklund (2011) analysed data from RCM simulations from the ENSEMBLES project. The study found a
decrease of snow volume across all of Europe in the future with the only exception that the Scandinavian mountain areas
may experience a slight and statistically insignificant increase. An increase in the latter region was also proposed by Schuler
et al. (2006) in a detailed study for Norway based on two RCM simulations with different GCM drivers. The study
concluded that the maximum amount of snow in extreme years could be greater than in extreme years of the recent past in

spite of decreasing average snow amount.

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 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), consistent with
the fact that the RCP8.5 scenario on average projects larger warming than the SRES A1B scenario used in BACC II.

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.

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, which is disappearing in the future.
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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 Euro-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 Bay of Bothnia. For comparison, in panels d-f we also
show the corresponding fields from the corresponding five coupled RCA4-NEMO 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.

26



420

425

430

435

440

445

450

https://doi.org/10.5194/esd-2021-51 Earth System
Preprint. Discussion started: 17 August 2021 Dynamics
(© Author(s) 2021. CC BY 4.0 License.

Discussions

4  Effects of model coupling

Here, we take a more detailed look at the five driving GCMs, which have been downscaled both by the standalone
atmosphere EURO-CORDEX ensemble and by the 24 km RCA4-NEMO coupled model version.

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. By contrast, during summer the coupled model shows a weaker warming over the entire Baltic
Sea than the 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). This is probably due to the fact that air temperature anomalies generated locally over the open sea disperse rapidly in the
atmosphere.

In the northern Baltic Sea, the reduction of sea ice has to be considered. In the future climate, areas which today are isolated
by sea ice will get more tightly thermally coupled to the water body of the Baltic Sea. 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
RCA standalone. 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. In the atmosphere, a stronger thermal coupling
to the water body changes not only near-surface 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 thickness (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. Winter precipitation (Fig.

11) displays a fairly coherent change signal for the coupled and uncoupled RCA projections. The only noteworthy exception
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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 km vs. 24 km). During summer, the coupled model
exhibits a more intense decrease of lower quantile precipitation in the south and the increase in the north is less well
pronounced compared to RCA standalone. This pattern translates into less coherent signals for the median precipitation

which points to a larger spread among ensemble members far into North Scandinavia (Fig. 11, middle).

A prominent feature of winter wind speed changes is the strong decreases along the Norwegian coast seen in all three
quartiles in the coupled RCA model. This is less pronounced in the uncoupled runs. However, in those regions with steep
topographic gradients the difference 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. 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 quartile wind speeds over the northern Baltic Sea region, especially over the 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 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 16) 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 Sea where vanishing sea ice exposes open water to the atmosphere formerly isolated by sea ice. In both models, the
reduction in solar radiation is more obvious in the lower quartile and median irradiance as the higher quartile generally

reflects more low-cloud or even cloud free conditions already during the historical climate. Compared to the coupled

28



485

490

495

https://doi.org/10.5194/esd-2021-51 Earth System
Preprint. Discussion started: 17 August 2021 Dynamics
(© Author(s) 2021. CC BY 4.0 License.

Discussions
oY

version, the uncoupled RCA reveals a stronger reduction over the Bothnian Bay for days with an irradiance lower than the
median while the opposite is found for the higher quartile (Fig. 15).

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-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 Euro-
CORDEX according to the RCP8.5 scenario and for the coupled single-model RCA4-NEMO ensemble with the same

driving GCMs. Left column (panels a,d,g,j): lowest quartile; mid column (panels b,eh,k): median value; right column
500 (panels c,f,i,l); higher quartile. 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 5 atmosphere-only RCA4 simulations
from Euro-CORDEX according to the RCP8.5 scenario and for the coupled single-model RCA4-NEMO ensemble with the

505 same driving GCMs. Left column (panels a,d,qg,j): lowest quartile; mid column (panels b,e,h,k): median value; right column
(panels c,f,i,l): higher quartile. 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 Relative change 1981-2010 to 2071-2100 of precipitation against temperature change for the models where both
coupled and 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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520 Figure 13. Average wind speed relative change (%) between 1981-2010 and 2071-2100 for 5 atmosphere-only RCA4
simulations from Euro-CORDEX according to the RCP8.5 scenario 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 (panels a,d,g,j): lowest quartile; mid column (panels b,e,h,k): median value; right
column (panels c,f,i,l): higher quartile. The mid column depicting pointwise median values is only coloured when 75% of

525 simulations agree on the sign of the change.
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Figure 14 Relative change 1981-2010 to 2071-2100 of the average 10m wind speed against temperature change for the
models where both coupled and 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. Panels a-d show winter; panels e-

h show summer.
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Figure 15. Average incoming solar radiation relative change (%) between 1981-2010 and 2071-2100 for 5 atmosphere-only
RCA4 simulations from Euro-CORDEX according to the RCP8.5 scenario and for the coupled single-model RCA4-NEMO
540 ensemble with the same driving GCMs. Panels a-c: Euro-CORDEX winter; panels d-f: RCA4-NEMO winter; panels g-i:

Euro-CORDEX summer; panels j-I: RCA4-NEMO summer. Left column (panels a,d,g,j): lowest quartile; mid column
(panels b,e,h,k): median value; right column (panels c,f,i,l): higher quartile. 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 16 Relative change 1981-2010 to 2071-2100 of the incoming solar radiation against temperature change for the
models where both coupled and 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. Panels a-d show winter; panels e-

h show summer.

5 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 11 (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.

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 II. 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 to 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.
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The local temperature increases of current RCP8.5 simulations are close to the A1B results of BACC Il, in spite of the
stronger average global warming in the underlying RCP8.5 GCM ensemble compared to that in the A1B GCM ensemble.
The difference in global mean by the end of the century is 0.7K, i.e. about 25%. The regional sensitivity to global climate

change is therefore somewhat smaller than it was in BACC II.

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 significant change in wind speed. However, individual model
simulations show strong differences. Consequently, there is a strong 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 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 Catchment, where the relative decrease is close to 80%.

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 of Groger et al. (2021b) who found coupling effects for
most climate indices changes most important 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 to
model resolution.
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