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Abstract: Climate modelling output that was provided under the latest Coupled Model Intercomparison
Project (CMIP6) shows significant changes in model-specific Equilibrium Climate Sensitivity (ECS) as
compared to CMIP5. The newer versions of many Global Climate Models (GCMs) report higher ECS
values that result in stronger global warming than previously estimated. At the same time, the multi-GCM
spread of ECS is significantly larger than under CMIP5. Here, we analyse how the differences between
CMIP5 and CMIP6 affect climate projections for Germany. We use the statistical-empirical downscaling
method EPISODES in order to downscale GCM data for the scenario pairs RCP4.5/SSP2-4.5 and
RCP8.5/SSP5-8.5. We use data sets of the GCMs CanESM, EC-Earth, MPI-ESM, and NorESM. The results
show that the GCM-specific changes in the ECS also have an impact at the regional scale. While the
temperature signal under regional climate change remains comparable for both CMIP generations in the
MPI-ESM chain, the temperature signal increases by up to 3 °C for the RCP8.5/SSP5-8.5 scenario pair in
the EC-Earth chain. Changes in precipitation are less pronounced and they only show notable differences
at the seasonal scale. The reported changes in the climate signal will have direct consequences for society.
Climate change impacts previously projected for the high-emission RCP8.5 scenario might occur equally
under the new SSP2-4.5 scenario.
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1. Introduction

Climate change across the globe is driven by changing forcings (e.g., solar irradiance; chemical
compositions of the atmosphere; volcanic outbreaks) and it is shaped by versatile processes in and
interactions between the spheres of the Earth system on various spatial-temporal scales. Global Climate
Models (GCMs, see e.g., [1–5]), which simulate the evolution of climate states under prescribed forcings,
constitute the main tool to analyse potential changes in the climate system. GCMs are capable of picturing
climate states on global to continental scale, but not on regional scales. However, regional scale information
is crucial to develop adaptation measures and protect socio-economic structures and ecosystems.

The latest Coupled Model Intercomparison Project (CMIP6) provides simulations from a new
generation of climate models, which also—in comparison to CMIP5—are based on a new scenario
framework [6]. These changes will be fully documented in the IPCC’s upcoming Sixth Assesment Report
(AR6). The first analyses of the newest GCM output show that the Equilibrium Climate Sensitivity (ECS)
has changed widely within CMIP6-GCMs. According to The CMIP6 landscape [7] and Flynn and Mauritsen
[8], the ECS has considerably increased from CMIP5 to CMIP6 for several GCMs. Many CMIP6 models
exhibit an ECS of 4.7 °C or higher, notably larger than the upper value of the CMIP5 range of 2.1–4.7 °C [9].
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Although the origin and accurateness of this effect are currently debated, the improved representation of
clouds and aerosols has been identified as one possible candidate for the increase (for more details, see [10]).
Others argue that CMIP6 (in contrast to CMIP5) models have tended to be colder than the instrumental
record warming since the 1940s and, thus, require a larger ECS to catch up with the increased warming in
the early 21st century [8]. For a discussion of possible reasons for the differences in ECS between CMIP5
and CMIP6, see also Meehl et al. [11].

While this debate might continue in the years to come, it is of great interest to study how the
global effects of improved CMIP6 models translate to the regional scale. We compare the results of
downscaled GCM simulations from both CMIP generations for the area of Germany. It is known
from other studies that downscaling with Regional Climate Models (RCMs) changes the climate signal.
Boé et al. [12] and Sørland et al. [13], for example, show a significant reduction of the temperature increase
by about 1.5 to 2.0 °C for RCP8.5 over Europe (comparing the regional GCM signal to the RCM signal).
The magnitude of change in precipitation in RCMs is for several regions in Europe much smaller than in
GCMs (less reduction). Therefore, the analysis carried out here for Germany provides an important test of
how the improved global CMIP6 models compare to their downscaled counterparts. Here we apply the
empirical-statistical downscaling (ESD) method EPISODES [14]. The method has the advantage, that it
can downscale a large number of GCM runs with little computational effort, while providing results that
are comparable to other downscaling methods, see Figure 1 and the discussion below for details.

Figure 1. Comparison of the results of different downscaling methods based on CMIP5 for Germany
depicted as a Thermo-Pluviogram. The symbols compare the Germany-wide mean climate change
signal in annual precipitation (pr) and temperature (tas) under RCP8.5 for 2071–2100 with respect to
1971–2000. Different colours correspond to different Global Climate Models (GCMs), while different
marker styles label different downscaling methods. The ellipses are added for guidance to highlight the
method-specific relation between temperature increase and precipitation change. Based on data from the
EURO-CORDEX [15] and ReKliEs-De project [16].
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Four global climate models were selected for which, CMIP5 as well as CMIP6 data are available as
required for our analysis. The four models represent four levels of ECS (i.e., CMIP6: high—CanESM5
[5.6 K (3.7) [8]], medium high—EC-EARTH3 [4.3 K (3.3) [17]], medium low—MPI-ESM1-2-HR [2.9 K (3.5)
[8]], and low—NorESM2-LM [2.5 K (2.8) [8]]. Please note that the CMIP5 values are shown in round
parantheses and further details can be found in [8,9]). Also note that, according to [18], the MPI-ESM1-2-HR
model is tuned to fix its ECS at about 3 K. For all other GCMs, not all required data sets were available in
CMIP5 and CMIP6. Based on Meehl et al. [11], Table 1 lists possible reasons for the differences in ECS
between the CMIP5 and CMIP6 models used here.

Table 1. Possible reasons for the differences in ECS between the CMIP5 and CMIP6 models studied here
according to [11].

Model Reasons for Change in ECS since CMIP5

MPI-ESM1.2 Tuned with cloud parameters to be the same as CMIP5.
Pretuned version had ECS = 7 caused by a positive
low-cloud feedback in the tropics.

EC-Earth3 Early indications of the role of cloud-aerosol interactions.
CanESM5 Large increase since CMIP5 model (3.7–5.6)—at least half

seems to be related to cloud feedback increase.
NorESM2-LM Small decrease since CMIP5 model (2.9–2.5), which is not

yet understood.

This paper is structured, as follows: Section 2 characterises the empirical-statistical downscaling
method EPISODES. Section 3 describes the data used in this study. The aspects analysed in Section 4 are (a)
the regional vs. global change signal in the CMIP6 chain (Section 4.1), (b) the comparison between CMIP5
and CMIP6 with respect to the global and regional signal (Section 4.2), and (c) the aspect of model-internal
variability between different realizations within a model chain (Section 4.3). Section 5 discusses the results,
while Section 6 summarises the major results and provides an outlook.

2. Method

We use the empirical-statistical downscaling method EPISODES in an updated development stage
(EPISODES2018) in order to downscale the global model output to the EURO-CORDEX grid [15] with a
resolution of 12.5 km. The differences between the version analysed in [14] and the version used here are
marginal. The ESD technique performs at comparably low computational costs and is, therefore, suitable
for producing large numbers of climate change projections. EPISODES is a comparably simple technique,
which can provide multi-variable and multi-site data. One central goal of EPISODES is to supply different
impact research areas with suitable regional-scale climate change projections. The EPISODES downscaling
technique produces time series of meteorological variables, which are consistent in space and among each
other. Thus, the output is suitable for impact models [14].

In a nutshell, EPISODES is a two-step procedure, which starts with a perfect prognosis approach
to downscale the global data for each grid point, day and variable separately. Large-scale circulation
variables like geopotential differences or vorticity are calculated from the GCM for each day and grid
point independently. The data are compared with a historical archive consisting of the National Centers
for Environmental Prediction (NCEP) reanalysis data. The 35 most similar days (analogue days) from the
reanalysis data set enter a linear regression between a large-scale predictor and a regional-scale predictand
from the Hydrometeorological Raster (HYRAS) data ([19,20]). With the obtained linear relationship,
the predictand is calculated while using the GCM value as a predictor. For precipitation, an additional
filtering is needed, separating days without rain. In a second step, a weather generator is applied,
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which takes the regional climatology from observations into account and follows the short-term variations
given by the GCM, resulting in the production of synthetic time series that are spatially and between all
variables consistent. A detailed description of the EPISODES procedure steps can be found in [14].

As usual for ESD methods, the bias of EPISODES is small (<0.1 °C for temperature and <10% for
precipitation), see [14] for examples.

The standard EPISODES configuration routinely downscales nine variables (daily values of mean
temperature (tas), maximum temperature (tasmax), minimum temperature (tasmin)], precipitation (pr),
relative humidity (hurs), cloudiness (clt)], incoming shortwave radiation (rsds), sea level pressure (psl),
and wind speed (sfcWind)) for all grid points located in Germany. For the present study, we focus on the
variables temperature (tas) and precipitation (pr) only. Figure 2 provides a downscaling example for the
CanESM5 model for the historical period that shows the regional structure of mean annual temperature
and precipitation between 1971 and 2000. The relative change between the historical period and future
projections (2071–2100) is exemplarily shown for the same GCM, but for summer values and the SSP5-8.5
scenario in Figure 3.

(a) pr (b) tas

Figure 2. Downscaled results for the modeling chain historical—CanESM5 run1—EPISODES2018. Shown are
the yearly mean values over the period 1971–2000 for (a) precipitation (pr) and (b) temperature (tas).

The project ReKliEs-De [16] compared the RCM and ESD data sets. The results, as shown as
thermo-pluviograms in Figure 1, are based on data from the EURO-CORDEX downscaling initiative [15]
and the German research project ReKliEs-De [16], extended with results downscaled by EPISODES.
The results indicate that climate trends that are based on the downscaling with EPISODES are comparable
to other dynamical (RCM) and statistical (ESD) downscaling methods.



Atmosphere 2020, 11, 1245 5 of 19

(a) pr (b) tas

Figure 3. Downscaled results for the modeling chain SSP5-8.5—CanESM5 run1—EPISODES2018. Shown is
the change between 2071–2100 and 1971–2000 (future minus past) for northern hemisphere summer (JJA)
for (a) precipitation (pr) and (b) temperature (tas).

3. Data

Our analysis is based on GCM results that were extracted from CMIP5 [5] and CMIP6 [21]. We rely
on the four GCMs (CanESM, EC-EARTH, MPI-ESM, and NorESM, see Table 2) as they are the only ones
that provide runs in both CMIP generations as required by out study. All of the data were downloaded
from the EGSF [22]. For all four GCMs, we analyse two different scenario pairs (RCP4.5/SSP2-4.5 and
RCP8.5/SSP5-8.5). We assume that the radiative forcing according to the RCP (CMIP5) and SSP-RCP
(CMIP6) scenarios are directly comparable, as has been suggested for the global scale [9]. The GCM
output for the different RCP/SSPs scenarios is processed by the same EPISODES version in order to obtain
consistent regional-scale scenarios. In order to capture and analyse GCM-internal variability wherever
possible, we consider all provided runs. We use the recently updated runs (r6, r9, r11, r13, r15) from
EC-EARTH3, which were withdrawn earlier due to an offset of the geographical information by half
a grid point.

The CMIP5 based EPISODES data are available via ESGF (https://esgf.dwd.de/search/episodes/
?project=CORDEX-ESD). The provision of CMIP6-based data via ESGF is in preparation and it will be
made available in the same section.

Due to the very coarse resolution of the CanESM5 data (T42), EPISODES is hardly able to generate days
with convective events. Therefore, the reliability of the CanESM5 results should be treated with caution.

https://esgf.dwd.de/search/episodes/?project=CORDEX-ESD
https://esgf.dwd.de/search/episodes/?project=CORDEX-ESD
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Table 2. Overview of the GCMs analysed for the two scenario pairs RCP4.5 + SSP2-4.5 and RCP8.5
+ SSP5-8.5, respectively. Note that the second model run for MPI-ESM1-2-HR under SSP2-4.5 is
currently unavailable.

CMIP5 CMIP6

CanESM CanESM2 (r1 to r5) CanESM5 [23–25] (r1 to r10)

EC-EARTH EC-EARTH [26] (r2, r9, r12) EC-EARTH3-veg [27–30] (r1, r4, r6, r9, r11, r13, r15)

MPI-ESM MPI-ESM-LR (r1 to r3) MPI-ESM1-2-HR [31–33] (r1 and r2)

NorESM NCC-NorESM1-M (r1) NorESM2-LM [34–36] (r1 to r3)

4. Results

We evaluate Germany-wide mean changes in temperature and precipitation for the periods 2041–2070
(mid-century) and 2071–2100 (end-century) with respect to the 1971–2000 reference period (historical
run). The end-century evaluation is discussed below, while the mid-century results can be found in the
Appendix A.

4.1. Comparing Global and Regional Change Signals

Differences between direct model results of the GCM and those downscaled with EPISODES are
analysed in the following. For the analysis of GCM results, the Climate Data Operator (cdo) [37] was
used in order to calculate a mean over a given area. (cdo fldmean -sellonlatbox,6,15,47.5,55 == area average
over 6-15E/47.5-55N). The EPISODES downscaling method is applied, as detailed above. Please note that,
unlike the GCM data, EPISODES produces missing values in the grid boxes outside of Germany that are
ignored when calculating the area averages.

Figures 4 and 5 show the change signal between 1971–2000 and 2071–2100 as a thermo-pluviogram
for both scenarios (RCP8.5—CMIP5 and SSP5-8.5—CMIP6), respectively. It becomes apparent that the
difference between the direct GCM output and EPISODES downscaled data is significantly larger in the
case of SSP5-8.5 than under RCP8.5.

For temperature, there is a reduction of the change signal under EPISODES, which causes the
downscaled values to be nearly up to 1 °C colder for both CMIP generations compared to the direct model
output of the GCMs (RCP8.5 (Figure 4 and Table 3) and SSP5-8.5 (Figure 5 and Table 3)). This finding
agrees with the results of [12,13].

The EPISODES downscaled precipitation fields are somewhat drier than the GCM results, in particular
for the CMIP5 generation. This result agrees with the findings [16] for other ESD methods. In particular,
the downscaled results of the CanESM runs have a climate change trend to drier conditions.
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Table 3. Mean (annual and seasonal) difference of the EPISODES downscaling results and the direct GCM
output (EPISODES trend minus GCM trend) for temperature (tas) and precipitation (pr), as observed in
Figures 4 and 5. Seasons are defined as follows: spring (MAM), summer (JJA), autumn (SON), winter (DJF).

CMIP6 SSP5-8.5 tas (Change in °C) pr (Change in %)

2071–2100 MAM JJA SON DJF year MAM JJA SON DJF year

CanESM −0.6 −0.2 −0.8 −0.6 −0.6 −28 −30 −19 −18 −24

EC-EARTH −0.5 −0.1 −0.8 −0.7 −0.5 −11 −10 10 10 −2

MPI-ESM −0.4 −0.3 −0.5 −0.1 −0.3 3 −4 −3 −3 −3

NorESM −0.3 −0.3 −0.7 −0.4 −0.4 −3 6 −17 9 −7

CMIP5 RCP8.5 tas (Change in °C) pr (Change in %)

2071–2100 MAM JJA SON DJF year MAM JJA SON DJF year

CanESM −0.4 −0.1 −0.4 −0.4 −0.3 −11 −13 −7 −8 −12

EC-EARTH −0.5 −0.2 −0.6 −0.1 −0.4 0 −4 15 6 −3

MPI-ESM −0.4 −0.6 −0.8 −0.2 −0.6 12 9 −2 0 4

NorESM 0.4 0.1 0.5 0.3 0.4 10 19 20 9 15

(a) MAM (b) JJA

Figure 4. Cont.
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(c) SON (d) DJF

(e) year

Figure 4. Comparison of the direct GCM output (crossed circles) and EPISODES downscaling results
(filled circles) based on RCP8.5 (CMIP5) for Germany. The symbols show the Germany-wide mean climate
change signal in annual/seasonal precipitation and temperature for 2071–2100 with respect to 1971–2000.
Different colours correspond to different GCMs. (Seasons: (a) spring (MAM), (b) summer (JJA), (c) autumn
(SON), (d) winter (DFJ), and (e) year).
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(a) MAM (b) JJA

(c) SON (d) DJF

(e) year

Figure 5. Comparison of the direct GCM output (crossed circles) and EPISODES downscaling results (filled
circles) based on SSP5-8.5 (CMIP6) for Germany. The symbols show the Germany-wide mean climate
change signal in annual/seasonal precipitation and temperature for 2071–2100 with respect to 1971–2000.
Different colours correspond to different GCMs. (Seasons: (a) spring (MAM), (b) summer (JJA), (c) autumn
(SON), (d) winter (DFJ), and (e) year).
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4.2. Comparing Regional CMIP5 and CMIP6 Signals

The change signals between CMIP5 and CMIP6 downscaled with EPISODES differ markedly in some
cases, depending on GCM and season. In addition, the variability across different downscaled model runs for
a given GCM is much larger for CMIP6 output, in particular for the CanESM and the EC-EARTH model.

The MPI-ESM and NorESM model display the smallest difference between the two CMIP generations.
While there are hardly any differences with respect to temperature, the CMIP6 MPI-ESM model for the
SSP5-8.5 scenario shows a tendency of less change in precipitation by the end of this century in comparison
to CMIP5. For the same scenario, the CMIP6 NorESM model projects an increased seasonal variability in
precipitation when compared to CMIP5, see Table 4.

The EC-EARTH model, which, under CMIP5, showed changes for Germany that are comparable
to the results from the MPI-ESM model (compare Figures 6 and 7), displays clear differences under
CMIP6. The annual mean temperature signal increases by up to 3 °C at the end-century from RCP8.5 to
SSP5-8.5. Under CMIP5, the yearly mean of the projected temperature increases by approximately +3 °C
in the EC-EARTH model, whereas, under CMIP6, the projected changes are 4 to 6 °C—depending on
the model realization. Seasonal changes for summer and autumn are even larger. The difference in the
temperature change signal for EC-EARTH based on the scenario pair RCP4.5/SSP2-4.5 is generally lower
when compared to RCP8.5/SSP5-8.5. With respect to precipitation, the change signal is very similar for the
two CMIP generations and it varies for different scenarios.

Large differences between the two CMIP generations are also visible for CanESM. Changes in annual
mean temperature for the scenario pair RCP8.5/SSP5-8.5 at the end of the century are approximately
1.7 °C higher under CMIP6. The signal varies across seasons: spring and summer are about 1.4 °C
warmer, autumn and winter are almost 2 °C warmer (see Table 4). In absolute terms and with respect to
1971–2000, the new CanESM simulations project summer temperatures to increase by more than 9 °C until
the end of this century (see Figure 6b). The annual change in precipitation for CanESM remains almost
unchanged. On the seasonal scale, CMIP6 projections show a slight increase of precipitation in winter
that is balanced by a decrease in the summer. For the scenario pair RCP4.5/SSP2-4.5 and the mid-century
period, the signals are weaker, but point in the same direction (see Figure 7).

4.3. Internal Model-Chain Variability

The associated model-specific variability due to the spread projected by the different realizations also
shows differences between CMIP5 and CMIP6. The analysis that is presented here is rather qualitative
as the number of available realizations per GCM varies between the two CMIP generations (Table 2).
Also note that only one CMIP5 realization for NorESM is available, such that NorESM is disregarded in this
subsection. For the remaining GCMs, the difference in the internal model-chain variability between the two
CMIP generations is the smallest for the MPI-ESM model (yearly values), both with respect to temperature
and precipitation, compare Figures 6 and 7. The remaining two GCMs (CanESM and EC-EARTH) show no
to little increase in internal model variability for precipitation (yearly values), despite the fact that a larger
number of realizations is available for CMIP6. However, with respect to temperature, EC-EARTH shows
significant increases in internal model variability under CMIP6: the seven available SSP5-8.5 and SSP2-4.5
realizations both cover a range of about 2 °C (yearly values), as compared to less than 0.5 °C for the three
available realizations under CMIP5. For CanESM there is no significant increase in temperature variability
on the annual scale (given the larger number of CanESM realizations for CMIP6) and only slightly more
variability on the seasonal scale.
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Table 4. Multi-realization-mean annual and seasonal difference in the GCM-specific climate change signal
for temperature (tas) and precipitation (pr) between CMIP5 and CMIP6 (mean CMIP6 climate signal minus
mean CMIP5 climate signal). Seasons are defined, as follows: spring (MAM), summer (JJA), autumn (SON),
and winter (DJF).

SSP5-8.5/RCP8.5 tas (Change in °C) pr (Change in %)

2041–2070 MAM JJA SON DJF year MAM JJA SON DJF year

CanESM 0.9 0.9 1.1 0.9 1.0 −7 −2 2 0 −1

EC-EARTH 0.8 1.5 1.7 1.1 1.3 −1 −3 0 −2 −1

MPI-ESM −0.3 −0.1 0.0 −0.2 −0.1 2 −1 0 −5 −1

NorESM −0.7 0.7 0.0 0.1 0.1 −7 5 −18 9 −4

SSP5-8.5/RCP8.5 tas (Change in °C) pr (Change in %)

2071–2100 MAM JJA SON DJF year MAM JJA SON DJF year

CanESM 1.5 1.4 1.9 1.9 1.7 −10 −1 0 7 0

EC-EARTH 1.3 2.5 2.6 2.2 2.1 −5 −2 −2 3 −1

MPI-ESM 0.3 0.3 0.4 −0.1 0.3 −6 −7 −3 −8 −5

NorESM −0.9 1.0 0.5 −0.1 0.1 11 −12 −10 13 −1

SSP2-4.5/RCP4.5 tas (Change in °C) pr (Change in %)

2041–2070 MAM JJA SON DJF year MAM JJA SON DJF year

CanESM 0.6 0.4 1.1 0.8 0.8 −4 3 −2 0 0

EC-EARTH 0.9 1.0 1.2 1.1 1.1 3 5 4 −2 3

MPI-ESM 0.4 0.6 0.3 −0.2 0.3 8 −9 −6 −9 −4

NorESM −0.8 0.2 −0.2 −0.2 −0.2 0 −1 −4 8 0

SSP2-4.5/RCP4.5 tas (Change in °C) pr (Change in %)

2071–2100 MAM JJA SON DJF year MAM JJA SON DJF year

CanESM 1.0 0.8 1.4 1.2 1.1 −3 1 9 0 4

EC-EARTH 1.0 1.6 2.0 1.4 1.6 −3 −2 0 −2 0

MPI-ESM 0.1 0.3 0.6 -0.1 0.3 7 −2 −18 −9 −3

NorESM −0.7 0.6 0.0 −0.3 −0.1 0 −9 5 8 0
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(a) MAM (b) JJA

(c) SON (d) DJF

(e) year

Figure 6. Comparison of EPISODES downscaling results based on RCP8.5 (CMIP5) and SSP5-8.5 (CMIP6)
for Germany. The symbols (open: CMIP5; filled: CMIP6) show the Germany-wide mean climate change
signal in annual/seasonal precipitation and temperature for 2071–2100 with respect to 1971–2000. Different
colours correspond to different GCMs. (Seasons: (a) spring (MAM), (b) summer (JJA), (c) autumn (SON),
(d) winter (DFJ), and (e) year).
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(a) MAM (b) JJA

(c) SON (d) DJF

(e) year

Figure 7. Comparison of EPISODES downscaling results based on RCP4.5 (CMIP5) and SSP2-4.5 (CMIP6)
for Germany. The symbols (open: CMIP5; filled: CMIP6) show the Germany-wide mean climate change
signal in annual/seasonal precipitation and temperature for 2071–2100 with respect to 1971–2000. Different
colours correspond to different GCMs. (Seasons: (a) spring (MAM), (b) summer (JJA), (c) autumn (SON),
(d) winter (DFJ), and (e) year).
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5. Discussion

The four GCMs used in this study only represent a small part of the existing data. Therefore, it cannot
be assumed that the results from these four GCMs provide a representative and comprehensive assessment
of the climate change signal for Germany. However, they do provide a first indication of what is to be
expected from the new generation of GCMs. Table 1 in [8] and Figure 4 in [9] show that our four models
do not significantly differ from the other models in terms of ECS. According to both references, the four
models used here cover a large part of the bandwidth of ECS variability.

Currently, an intensive discussion on the new CMIP6 model generation is underway. Several models
have an ECS greater than five, as for the case of the CanESM5 model considered here, and some authors
(e.g., [38]) argue for these values to be considered unrealistic. Others argue that while the probability
of occurrence for such high ECS is low, it should still be considered within multi-model ensembles [39].
No assessment of the plausibility of the model runs used here is made within this article. From the authors’
point of view, we should wait for a final assessment by the IPCC within the framework of AR6.

The modified ECS is not the only reason for modified signals. According to Wyser et al. [17] ’ ...
50% or more of the temperature increase from CMIP5 to CMIP6 at the end of the century is due to changes in
the prescribed GHG concentrations. The implication is that CMIP5 and CMIP6 projections for the 21st century
are difficult to compare with each other not only as models differ, but also as the forcing conditions are not equal.
Therefore, the communication of CMIP6 results to the impact, mitigation, and adaptation communities has to be
carefully formulated, while taking into account the role of the updated GHG concentrations when interpreting the
warmer climate projections for the 21st century.’

In this light, the data sets downscaled with EPISODES only represent a first step. In the course of the
next years, a multitude of further downscaling activities are expected. Figure 1 shows that the different
RCM and ESD techniques transform the underlying GCM signals slightly differently. Thus, we are curious
to see how future studies compare to the results that are presented here.

However, in terms of climate change impacts, the new generation of climate models under CMIP6 as
well as our analysis for Germany provide an alarming signal for society. An additional warming of about
2 °C (corresponding to the median warming observed here) would cause previously projected climate
change impacts for the high-emission RCP8.5 scenario to occur already under the middle-of-the-road
SSP2-4.5 scenario. According to the latest assessment (AR5) by the IPCC [40] and the current global
warming target in 2100, in line with the Nationally Determined Contributions (NDCs), this would shift all
of the impact categories considered by the IPCC’s burning ember diagram to high or very high risks.

6. Conclusions

The increases in ECS and corresponding stronger warming signal for some of the updated climate
models contributing to CMIP6 are confirmed for the area of Germany. We observe clear increases in
temperature signals for two out of four GCMs considered in our analysis. While almost no change in the
temperature signal is found for the MPI-ESM and NorESM models across all scenarios considered, we find
an additional temperature increase for the RCP 8.5/SSP5-8.5 scenario pair of about 1.7 °C and 3 °C for the
CanESM and EC-EARTH model, respectively. Changes in the precipitation signals are less homogenous
and show GCM-specific and season-specific trends. While we detect and quantify the effect of larger
ECS for Germany, further research is required in order to identify the causal drivers behind this effect.
In particular, the very large spread of internal variability between individual model implementations
when compared to CMIP5 (about 2 °C for the EC-EARTH model analysed here) is striking and needs to
be addressed. It is expected that the upcoming sixth assessment report (AR6) by the IPCC will provide
more answers.
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Appendix A. Additional Figures
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Figure A1. Comparison of EPISODES downscaling results based on RCP8.5 (CMIP5) and SSP5-8.5 (CMIP6)
for Germany. The symbols (open: CMIP5; filled: CMIP6) show the Germany-wide mean climate change
signal in annual/seasonal precipitation and temperature for 2041–2070 with respect to 1971–2000. Different
colours correspond to different GCMs. (Seasons: (a) spring (MAM), (b) summer (JJA), (c) autumn (SON),
(d) winter (DFJ), (e) year).

(a) MAM (b) JJA

(c) SON (d) DJF

Figure A2. Cont.
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(e) year

Figure A2. Comparison of EPISODES downscaling results based on RCP4.5 (CMIP5) and SSP2-4.5 (CMIP6)
for Germany. The symbols (open: CMIP5; filled: CMIP6) show the Germany-wide mean climate change
signal in annual/seasonal precipitation and temperature for 2041–2070 with respect to 1971–2000. Different
colours correspond to different GCMs. (Seasons: (a) spring (MAM), (b) summer (JJA), (c) autumn (SON),
(d) winter (DFJ), (e) year)).
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