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Executive Summary

This report is the final Work Package 1 deliverable D34b_Lot2.1.4.2 of the COPERNICUS
C3S_D34b_Lot2 (PRINCIPLES) project. It outlines a scientific assessment of the usability of the
experimental setup for the choice of forcing scenarios (RCPs), global (GCMs) and regional climate
models (RCMs), which has been followed in C3S_34b_Lot2 (PRINCIPLES). The project has made
considerable progress towards filling a matrix of downscaled CMIP5 global simulations for 3 RCP
emission scenarios, 8 GCMs, and 11 RCMs. For computational reasons, it is not possible to complete
the matrix. Instead, PRINCIPLES has focused on combining RCP-GCM-RCM building blocks in a rational
and efficient way. As the matrix is not completely filled, it is important to evaluate the choice of the
strategy and to investigate to which extent the partly filled matrix resembles a hypothetical full matrix.
This evaluation may be used as guidance for the design of future similar exercises including, for
instance, CMIP6 GCMs.

At the end of the PRINCIPLES project, a considerable expansion of the EURO-CORDEX RCPXxGCMxRCM
matrix has been performed. Following the plan laid out in Deliverable D34b_Lot2.1.4.1, this report
presents an analysis of the robustness of the existing ensemble results through two independent
analyses: 1) a comparison between properties of the current RCP8.5 GCMxRCM matrix with an
emulated complete matrix using the ANOVA-based procedure laid outin D1.4.1 and in Christensen and
Kjellstrom (2021); 2) an investigation of the effect of the many added simulations compared to the
situation before PRINCIPLES on the EUR-11 ensemble median and spread of the climate change signal
under the RCP8.5 scenario.

The first part of this report outlines the feasibility and effect of filling the matrix as described in the
planning deliverable D34b_Lot2.1.4.1. Missing simulations have been emulated with an analysis-of-
variance (ANOVA) based technique in order to obtain 8x11 GCMxRCM matrices of seasonal average
climatological fields and their associated climate change. In this analysis, we study 30-year averages of
seasonal-mean surface air temperature, precipitation amount and average 10m wind speed, and
concentrate on climate change between two such periods and the RCP8.5 scenario. The method works
well in situations where a large part of the total ensemble variability is determined by the GCM and/or
RCM choice; it is not useful in cases where interannual variability dominates, like extremes and other
fields with a large internal variability.

The ANOVA-based technique gives large relative improvements of ensemble averages for all fields
considered, but the improvements are still small compared to the geographical variation of climate
change and can be replaced by direct ensemble averages without large differences in results, due to
the high degree of filling already present in the current matrix. Consequently, for more sparsely filled
matrices the improvement can potentially be larger although we note that there is a lower limit to
which the matrix needs to be filled in order for the technique to work. A quantitative analysis of the
effect of filling on types of ensemble averaging can be found in Christensen and Kjellstrém (2021).
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In the second part of the report, we assess the effect of the additional PRINCIPLES simulations in the
climate change signal projected by the GCM-RCM matrix under the RCP8.5 scenario. We concentrate
on mean values of air temperature at 2 m and precipitation as well as precipitation extremes, and base
our analyses on Rajczak and Schar (2017). Our results show that the additional PRINCIPLES simulations
increase our confidence in mean temperature and mean and extreme precipitation projected by the
current generation of EUR-11 regional climate models. The new simulations make the ensemble
median slightly colder and wetter, especially in summer, than the small EUR-11 ensemble already
available before the start of PRINCIPLES. Most additional simulations tend to also be closer to each
other, which decreases the ensemble interquartile range. However, adding new GCM-RCM simulations
tends to slightly increase the ensemble spread, which varies depending on regions and seasons. The
large EUR-11 ensemble therefore offers a unique opportunity to understand the drivers of the climate
change signals projected by EUR-11 GCM-RCM simulations.

The two studies outlined below are still ongoing. Further analyses will be performed and published
after the end of the present contract.
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1. Completing the GCMXRCM matrix with emulated values

1.1 Introduction
Building on the planning deliverable D34b_Lot2.1.4.1, missing simulations have been emulated with

an analysis-of-variance (ANOVA) based technique in order to obtain 8x11 GCMxRCM matrices of
seasonal average climatological fields and their associated climate change.

The study aims to “fill” the 3-dimensional (RCP x GCM x RCM) matrix of EURO-CORDEX simulations that
existed at the onset of the project as far as possible. The main question, which should be addressed, is
whether the current EURO-CORDEX ensemble after PRINCIPLES is “big enough” to be trustworthy. This
should be put as a quantitative question, and a technique has been devised during the project, where
a full matrix is emulated from the partly filled matrix. In the following study, we evaluate how close
ensemble averages from the partly filled matrix is to an emulated full matrix, and how these two
methods for ensemble averaging compare to a hypothetical full simulation matrix.

The procedure adopted in collaboration with the ECMWF has been to select sub-matrices, or slices, in
the matrix and as far as possible fill those. This decision at the beginning of the project was made
through expert judgement. On the one hand, the existence of filled sub-matrices was a prerequisite
for the development of the ANOVA-based hole-filling algorithm, but on the other hand, the direct
ensemble average, taken over all existing simulations, gives a rather unequal weighting between the
various GCMs and also the various RCMs in the matrix.

During the PRINCIPLES project, the GCMxRCM matrix of EURO-CORDEX regional climate projections
has been extended considerably. A total of 66 simulations have brought the complete EURO-CORDEX
to a total of 137 simulations (Table 1.1), with RCP8.5 accounting for 78 (of which one is still
incomplete), RCP4.5 for 26 and RCP2.6 for 33 simulations.

In this study we aim at investigating the robustness of this matrix; in particular, we will use the ANOVA-
based hole filling technique described in PRINCIPLES deliverable D1.4.1 and in Christensen and
Kjellstrom 2020 and 2021.

Parallel ANOVA analyses of the entire RCPxGCMxRCM matrix are reported in Evin et al. (2021). Some
differences in the method applied lead to somewhat different end results. Most importantly, the
authors analyse all scenarios as one 3-dimensional matrix. This leads to decreased performance for the
very populated RCP8.5 matrix but presumably to correspondingly better results for the other
scenarios, which have not been analysed in the present report.

The existing simulations in the complete matrix in Table 1.1 at the time of this analysis number 77, 26,
and 33 for the three scenarios considered. In this report we will only study the most populated matrix,
the one following RCP8.5. We have furthermore chosen to use only one ensemble member for the
three-member ensembles obtained from EC-EARTH and MPI-ESM-LR. We have skipped four of the
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simulations driven by CNRM-CM5, where a particular boundary file error gave erroneous results
(CNRM 2018). We have also skipped the single downscaling simulation of the GCM IPSL-IPSL-CM5A-LR
for robustness. One planned simulation in the project (CNRM-CM5_RegCM4.6.1) was not complete at
the time of writing. We are therefore in a situation where we can analyse a matrix of 8 GCMs and 11
RCMs (Table 1.2) populated with 58 existing simulations out of the 88 possible combinations (Table
1.3).

Table 1.1 Combination matrix between GCM and RCM choices for each of three RCP scenarios. Dark
grey signifies non-PRINCIPLES simulations, dark green signifies PRINCIPLES simulations, where the
number “1” indicates that the simulation was completed and available at the time of writing. Dark blue
squares contain downscaled simulations from several GCM ensemble members, and are combinations
of PRINCIPLES and non-PRINCIPLES simulations.
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Table 1.2. The GCMs and RCMs participating in C3S_34b_Lot 2, which have been analyzed here.

GCMs Reference

HadGEM2-ES Collins et al., 2011
EC-EARTH Hazeleger et al., 2012
CNRM-CM5 Voldoire et al., 2013
NorESM1-M Bentsen et al., 2013
MPI-ESM-LR Raddatz et al. (2007)
IPSL-CM5A-MR Dufresne et al. (2013)
CanESM2 Chylek et al. (2011)

MIROC5 Watanabe et al. (2010)
RCMs

RCA4 Samuelsson et al., 2011
CCLM4-8-17 Rockel et al., 2008

crCLIM Leutwyler et al., 2017
REMO2015 Jacob et al., 2012
RACMO22E van Meijgaard et al., 2008, 2012
HIRHAMS5 Christensen et al., 2006
WRF361H Skamarock and Klemp, 2008
WRF381P Skamarock and Klemp, 2008
ALADING3 Nabat et al., 2020
RegCM4.6.1 Giorgi et al., 2012
HadREM3-GA7.05 | Walters et al., 2019

Table 1.3 Simulations analysed in the present report (dark green). A few simulations with technical
problems have been excluded; also the RCMs with only one simulation have been excluded to keep

the analysis robust. Finally, only the most frequently downscaled GCM ensemble member has been
selected from the dark blue squares of Tab. 1.1.

RCP8.5 CCLM4-8-17 REMO 09,15 WRF381P |ALADIN63 |RegCM4.6.1 |GA7.05 GCM

CCCma-CanESM2

MIROC-MIROC5

Total by RCM
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Following Christensen and Kjellstrém (2020), an Analysis of Variance (ANOVA) has been performed on
the RCP8.5 driven simulations. In this report we do not include interannual variability and therefore
don’t deal with the ANOVA-based significance calculations studied in Christensen and Kjellstrom
(2020); rather, we concentrate on the practical usefulness of the method to potentially improve
estimates of ensemble averages.

In this approach, we look at the influence from the choice of period (present or future, chosen as 1981-
2010 and 2071-2100, respectively), of GCM and of RCM, where we analyse each field, each spatial
point and each season separately. This is done by writing a simulation value Yjx from period i, GCM j,
RCM k as

Yik =M + S+ Gj + Rk + SGjj + SRik + GRjk + SGRij (1)

i.e., as a sum of a mean (M over both periods and all GCM-RCM combinations), an average climate
change contribution (S; really half the climate change, as it is defined as the deviation of one period,
present-day or future, from the average of both periods), an average contribution from each individual
GCM (G;) relative to the average and a corresponding RCM contribution (Rk), (half the) GCM and RCM
contributions to climate change (SG1; and SRik), a cross term for an individual simulation’s deviation
from the before-mentioned averaged terms (GR), and a corresponding climate change cross term
(SGR). Each term is defined to sum to zero over any index, leading to the expressions in Table 1.4.

The analysis has been performed for each grid point, each season, and for seasonal averages of
temperature, precipitation, mean wind speed and incoming solar radiation.

Table 1.4 Formulae for the various ANOVA terms, under the requirement that all terms sum to zero
over any single index. Dots indicate mean over indices.

Grand ensemble mean M Y.

Scenario effect (climate change) S; Y, =Y _

GCM climate effect Gi | Y =Y.

RCM climate effect Ry |Yi—Y.

GCM climate change effect S$Gi; | Y. —Y Y +Y

RCM climate change effect SRix |Yix—Yi —Yr+Y_

GCM-RCM cross term for mean GRj | Yy —Y; —Y+Y

GCM-RCM cross term for change | SGR;jx | Yijk —Yi; —Yip —Yjp + Y +Y; +Y, =Y.

In the current situation with a matrix not completely filled, i.e., with holes, we will follow Christensen
and Kjellstrom (2021) setting the individual cross terms GR and SGR to zero and use the equation
system of Eq. 1 to solve for the values in the holes. Setting those terms to zero indicates that we cannot
have any knowledge of cross terms characterizing individual simulations, which have actually not been
performed; note that all terms sum to zero over each explicit index. The emulated values in the matrix
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will not contribute to the part of the ensemble variation normally present in these terms, specifically
the internal variability, which will therefore be reduced compared to a matrix completely populated
with actual simulations. We will end up with emulated values for the holes, which are sums of GCM
and RCM contributions for the combination in question.

Taking ensemble averages of fields across the completed matrix, with emulated values in the holes,
will result in values where each participating GCM as well as each participating RCM will have an equal
weight, independent of the actual number of simulations performed with this model. We note that,
the method does not give any information on GCMs and RCMs that have not been included in the
analysis.

1.2 Results for seasonal averages
In the present situations we have 88-58=30 linear equations with 30 unknowns, the field values in the

holes. The linear equation matrix only depends on the configuration of holes and can therefore be
inverted once and then applied to each point and season. The equations are readily solvable due to
the inter-connectedness of the GCMxRCM matrix: it cannot be split into non-overlapping sub-matrices;
there are several existing simulations for all participating models, GCMs as well as RCMs. Below, we
present results for winter (DJF) and summer (JJA) for seasonal-average surface air temperature, total
precipitation, and average 10m wind speed.

1.2.1 Temperature
In Fig. 1.1 we show winter and summer temperature change between the periods investigated,

12/1980-11/2010 and 12/2070-11/2100 (chosen to each contain 30 whole seasons of each kind). The
ensemble mean is taken as: i) a direct average over all 58 RCP8.5 simulations in Table 1.3 or ii) as an
average over the complete 88 combinations including the 30 emulated values. We see the well-known
patterns: strongest winter warming in the north-east, and strongest summer warming in the south of
Europe.

The robustness of the results is illustrated through the comparison between the direct mean and the
mean of the complete matrix, filled out with emulated values in all holes. Fig. 1.2 shows the difference
between the emulated and the direct ensemble means in Fig. 1.1. These differences are at most 10%
of the climate change, and there is only very small visible differences between the maps Fig. 1.1 and
corresponding maps with the alternative averaging method (not shown).

Still, we want to understand where the slightly increased warming in the emulated mean comes from.
In Figs 1.3 and 1.4 we show temperature change for summer and winter, respectively, averaged over
the entire domain for each individual simulation, including emulated values. The ensemble mean value
has been subtracted. It is clear that the GCM is the dominant parameter for the degree of warming
(see the consistency in patterns for the GCM rows in Fig. 1.3).

C3S_D34b_Lot2.1.4.2_ A scientific assessment of the usability of the RCP-GCM-RCM setup Page 10 of 45
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A comparison of the two panels of Fig. 1.3 indicates that two GCMs with several holes, IPSL-CM5A-MR
and CanESM2, are quite warm and at the same time have several holes; the coldest GCMs, NorESM1-
M and MPI-ESM-LR are well populated with actual simulations and therefore do not gain weighting
from as many added emulated values. The more “democratic” weighting of the full, emulated matrix
gives more weight to these simulations. Exactly the same arguments apply to the summer situation
(Fig. 1.2) where we see roughly the same distribution of warming between GCMs as for winter, with
the two above-mentioned GCMs being warmer than the GCM ensemble average (Fig 1.4).

Direct (K) dT DJF Emulated (K) dT DJF

e
2

: »,:QL-
g

i
fﬁgﬁ 3
,;

e L‘ < 0 S
e
T

ensemble or from the full 88-member emulated matrix (right column). Top panels: Winter (DJF);
bottom panels: Summer (JJA).
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Figure 1.2 Temperature change difference (K) between ensemble means calculated directly from the

existing ensemble and from the full emulated ensemble. Left panel: Winter (DJF); right panel: Summer

(JJA). Note the much smaller level intervals compared to Fig. 1.1.
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Figure 1.3 Winter domain-averaged temperature change relative to the ensemble average (K). Top
panel: Existing simulations only. Bottom panel: With emulated values for holes. Note that white colour
in the top panel indicates a missing simulation, as opposed to the grey colour for numerically small
temperature changes.
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Figure 1.4 Summer domain-averaged temperature change relative to the ensemble average (K). With
holes filled. Positions with emulated values are framed (cf. Fig. 1.3).

1.2.2 Precipitation
In the case of precipitation, we study the relative change from control to future periods, measured in

per cent. In Fig. 1.5 we show the relative precipitation change for both methods of obtaining an
ensemble average. In Fig. 1.6 we show the differences between the two averaging methods for this
guantity, i.e., measuring this difference in percentage points. The large regions with large differences
in relative change between the two methods in Fig. 1.6 are regions with very little precipitation, like
northern Africa and the Iberian Peninsula in summer, which means that the relative climate change
does not correspond to a large difference in absolute precipitation amount. Also, the method
differences are hardly noticeable in Fig. 1.5, as they are much smaller than the geographical variation.

Fig. 1.7 shows the relative change in area-averaged precipitation for each simulation compared to the
ensemble average.

As for temperature, GCMs seem to play a larger role for the climate change signal than RCMs, with
WRF361H being a notable exception (see the RCM column of WRF361H in Fig. 1.7). For winter, the
three GCMs with the fewest existing simulations (IPSL-CM5A-MR, CanESM2, and MIROCS) are all
outliers, but in different directions (IPSL-CM5A-MR and CanESM2 are wetter and MIROCS is drier).
Also, the WRF361H RCM, which has several holes, shows an anomalously negative signal for most
drivers compared to the ensemble mean change. Looking at the GCMs with few actual simulations,
i.e., the GCMs whose signal will have the largest contribution to the difference between the two
methods, there are opposing contributions: the GCMs IPSL-CM5A and CanESM?2 show relatively large
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precipitation increase, whereas MIROCS shows a decrease in precipitation between the two time slices

studied (not shown).

In summer, the relative importance of the RCM is visibly larger than in winter. This is expected, as

summer precipitation is determined by local processes to a higher extent than the predominantly

cyclone-determined winter precipitation. There is a much higher inter-model variability. There are still

some models with systematic deviations from the average. On the RCM side, WRF381P is particularly
wet, whereas CCLM4-8-17 is dry. For GCMs, MIROC is systematically wet, while NorESM is rather dry.

Direct (%) dpr DJF

Emulated (%) dpr DJF

18
14

Emulated (%) dpr JJA

~

inidin Vs, SN

i

<t e

Figure 1.5 Precipitation change (%) calculated directly (left column) from the existing ensemble or from

the full emulated matrix (right column). Top panels: Winter (DJF); bottom panels: Summer (JJA).
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Figure 1.7 Winter domain-averaged precipitation relative change minus the ensemble average (%-

points). With holes filled. Top panel: Existing simulations only. Bottom panel: With emulated values for
holes. Note that white colour in the top panel indicates a missing simulation, as opposed to the grey

colour for numerically small precipitation changes.
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Figure 1.8 Summer precipitation relative change minus the ensemble average (%-points). Full
emulated ensemble. Positions with emulated values are framed (cf. Fig. 1.3).

1.2.3 Wind speed
The daily average wind speed at 10 m has been analysed in the same way as precipitation (considering

changes in percentage). In Figs 1.9-1.12 we show the results in similar way as Figs 1.5-1.8. There are
generally more negative changes for the emulated ensemble, but these differences are hardly visible.

In Figs 1.11-1.12 we see mostly horizontal stripes for winter and both horizontal and vertical striping
for summer, indicating that the GCM-generated large-scale weather is more important in winter vs.
local effects being more important in summer.

Even though Figs 1.11-1.12 only show results for the entire integration domain, it seems plausible that
the MIROC5 GCM and the WRF381P RCM, which both have several holes and also have anomalously
negative results, would be the reason for the negative winter differences in Fig. 1.10, left panel.

C3S_D34b_Lot2.1.4.2_ A scientific assessment of the usability of the RCP-GCM-RCM setup Page 18 of 45



Copernicus Climate Change Service

Emulated (%) dwind DJF

Emulated (%) dwind JJA

Direct (%) dwind DJF

) Direct (%) dwind JJA

Figure 1.9 Wind speed change (%) calculated directly (left column) from the existing ensemble or from

the full emulated matrix (right column). Top panels: Winter (DJF); bottom panels: Summer (JJA).
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Figure 1.10 Relative 10m wind speed change (%-points) difference between ensemble means
calculated directly from the existing ensemble and from the full emulated ensemble. Left panel: Winter
(DJF); right panel: Summer (JJA).
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Figure 1.11 Winter domain-averaged wind relative change minus the ensemble average (%-points).
With holes filled. Positions with emulated values are framed (cf. Fig. 1.3).
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Figure 1.12 Summer domain-averaged wind relative change minus the ensemble average (%-points).
With holes filled. Positions with emulated values are framed (cf. Fig. 1.3).

1.2.4 Ensemble means
A central question is to determine how large the effect of the missing simulations is on the climate

change signal. We cannot answer this question directly, as these simulations are missing, but we can
apply the equations that were set up in Christensen and Kjellstrém (2021) to obtain an estimate. These
equations describe the expected root-mean-square deviation between a true full-ensemble average
and averages of synthetically filled matrices, including emulated numbers, as well as direct averages
of existing simulations in the incomplete matrix. The estimates from this study were obtained by
successively degrading a 5x4 fully populated sub-matrix of the EURO-CORDEX RCP8.5 matrix, analysing
all possible configurations of matrices with specific numbers of holes; the equation will not necessarily
apply exactly to a specific individual matrix; in the current study we apply it to the specific existing
EURO-CORDEX RCP8.5 matrix. Furthermore, the ANOVA terms used in the estimates are the perfect
full-matrix terms, whereas we, in the present situation, only have our best estimate from the emulation
process. However, in spite of these caveats, we do get estimates of this deviation for each point and
season. We show these RMS deviations for climate change as calculated for the three fields
(temperature, precipitation, and 10 m wind speed) and two seasons (winter and summer) in Figs 1.13-
1.15.

Due to the formulation of the ANOVA method, the climate change signal is measured in absolute units,
and not in percent as above.

The estimate is expressed for climate change in Eq. 2 (Christensen and Kjellstrom, 2021; note the factor
of 2 since we calculate climate change, while Christensen and Kjellstrom (2021) calculate the scenario
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minus the period mean), where N; = 8 isthe number of GCMs, N, = 11 is the corresponding number
of RCMs, N = N; * Ny = 88 and m=30 is the number of holes in the matrix. (SGR?) in Christensen and
Kjellstrom (2021) is the average over many different configuration matrices with m holes of the
squared SGR term, here replaced by the SGR term resulting from the solution of the hole-filling Eq. 1.
In Eg. 3 we show the corresponding estimate of the simple, direct average’s RMS deviation (denoted
by D). For details, see Christensen and Kjellstrom (2021).

2J(SGR?) Vm (N -1)
Demutatea(m) = (N, —D(Ng—1) N-m (2)

J{(SG? + SR? + SGR?) |m (N — 1)
(N-1) N-—-m

Ddirect(m) = (3)
It should be noted that the corresponding equation for the direct mean indicates that emulation is
guite advantageous in the current situation, since the ratio between the two methods is proportional

SGR? . . “ ” . . L
to ¢wh|ch is generally quite small for “well behaved” average fields without dominating
(SG2+SR2+SGR?)

internal variability like the fields studied here; for extremes and other noisy fields, the ratio approaches
unity, meaning that the emulation is actually worse than a direct average, due to the prefactor when
dividing Eq. 2 with Eq. 3. This is equivalent to a statement that the linear splitting in the ANOVA
procedure is working very well for the matrix and fields under investigation, describing a large fraction
of the total variability. The estimated RMS deviation from the full matrix for the direct average is at
least twice the deviation of the emulated average for temperature; the deviations are closer to each
other but still better for the emulated average for precipitation and wind; hence, the method does add
value to determination of ensemble averages for these fields. These relations between the two
averaging methods are directly related to the ANOVA ratio mentioned above.

Without putting too much emphasis on the details of Figs 1.13-1.15, we do conclude that a full matrix
would probably deviate less than 0.1 K for seasonal temperature change, less than 0.02 mm/day for
seasonal precipitation change though up to 0.04 mm/day for coasts and mountain ranges, and below
0.01 m/s for seasonal mean wind speed change. In sea-ice covered regions like the Barents Sea, both
winter temperature and winter wind speed deviations are relatively large, as observed in Christensen
and Kjellstrom (2020) with a smaller ensemble. Sea ice represents a climate phenomenon where both
the GCM calculating sea ice cover and the RCM formulating the boundary layer description play roles,
which are not easily split into linear contribution from each type of models.

The comparison of absolute and not of relative change has important effects for wind. Two of the
RCMs (RegCM3 and WRF381P) have large positive anomalies in wind speed, more than 15% in area
average and much larger for mountainous areas, whereas two other RCMs (CCLM4-8-17 and crCLIM)
have rather low wind speeds, though not quite as strong a deviation from the ensemble mean. This
means that the absolute change in wind speed is very much determined by the RCM. A consequence
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of this is that the emulated mean, which gives equal weight to each RCM, performs more than five
times better than the direct ensemble mean.

D T cc direct DJF D T cc emulated DJF
o 1

i 9 — \s&
Figure 1.13 Estimated RMS deviation of temperature (K) direct (left column) and emulated (right
column) ensemble mean from hypothetical full ensemble mean. Top row: Winter; bottom row:
Summer. Note the different colour code definitions!
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Figure 1.14 Estimated RMS deviation of precipitation (mm/day) direct (left column) and emulated

(right column) ensemble mean from hypothetical full ensemble mean. Top row: Winter; bottom row:

Summer. Note the different level definitions in the two columns!
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D wind cc direct DJF D wind cc emulated DJF

Figure 1.15 Estimated RMS deviation of wind speed (m/s) direct (left column) and emulated (right
column) ensemble mean from hypothetical full ensemble mean. Top row: Winter; bottom row:
Summer. Note the different level definitions in the two columns!

1.3 Conclusion and Perspective
The currently analysed GCMxRCM matrix for the RCP8.5 scenario is 66% full, with 58 out of 88 possible

combinations done — 39 of which have been performed in this project. As the ANOVA-based matrix
filling requires a minimum degree of filling in the matrix, which was not reached before PRINCIPLES for
any sub-ensemble of comparable magnitude, such an assessment would not have been possible before
the many simulations added in the PRINCIPLES project.

The investigation indicates that the ensemble averages, which can be obtained from the existing
simulations, would be extremely close to the values of a filled matrix for seasonal-average 2m
temperature, precipitation and 10m wind speed. With fewer simulations, down to the minimum
ANOVA requirement of N;+ Np — 1 = 18 simulations (see Christensen and Kjellstrom (2021)), the
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deviation of an emulated matrix from a filled matrix would be considerably larger and less trustworthy.
In the near future, artificial degradation of the full RCP8.5 matrix will be performed in order to study if
the formulae obtained from degradation of a smaller but complete sub-matrix in Christensen and
Kjellstrom (2021) are applicable here.

The ANOVA-based technique gives large relative improvements over direct averaging for all fields
considered but these improvements are still small compared to the geographical variation of climate
change and can be replaced by direct ensemble averages without large differences in results, due to
the high degree of filling already present in the current matrix. We also note that, even if
improvements are large in relative terms they are not necessarily large in absolute numbers as there
is already quite good agreement already for the direct averaging, at least for this relatively densely
filled matrix.

Ensemble averages are expected to be within 0.05 degrees of a hypothetical full-matrix seasonal-mean
temperature for each point, except for slightly larger expected deviations in winter in the Barents Sea.
For precipitation, the corresponding order of magnitude is 0.05 mm/day, mostly below 0.02 mm/day;
for wind speed mostly below 0.01 m/s over land but with higher values over the Barents Sea in winter.
The reason for the break-down of the method over sea ice filled regions is probably related to the
direct interaction between GCM and RCM detailed description of physical mechanisms: the coupled
GCM determines the sea ice cover, and the RCM calculates temperatures and other local fields based
on this; we therefore see larger GCM-RCM cross terms for mean (GR) and change (SGR) in these areas
than we generally do for the rest of the European domain.

The more sparsely populated RCP4.5 and RCP2.6 matrices would probably have larger expected
deviations. This will be studied in the future.

This study has limitations. It is not expected that the ANOVA-based filling technique will work for
variables with very large internal variability, as it is the case for extremes of precipitation and wind,
since noise will make GR and SGR the dominant terms with most of the variability (Christensen and
Kjellstrom, 2021). It is, however, important to study how well ensemble-averaged return values would
compare to a more completely filled matrix.
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2. Added value of PRINCIPLES simulations on European climate change
signals in temperature and precipitation

2.1 Introduction

PRINCIPLES has contributed to the EURO-CORDEX ensemble extensively by providing a total of 66
Regional Climate Model (RCM) simulations under various Representative Concentration Pathways
(RCP2.6, RCP4.5 and RCP8.5). The EUR-11 subset — at a horizontal resolution of 12 km — currently
represents the largest available RCM ensemble, with a systematically and densely filled RCP-GCM-RCM
matrix for a total of 136 simulations (see Table 1.1). In the past, the assessment of climate change was
largely based on RCM ensembles of opportunity, which made it hard to assess the uncertainty of the
respective climate projections. The PRINCIPLES simulation matrix is based on a common set of 8 pre-
selected Global Climate Models (GCMs). As it was not possible to fill the 3-dimensional RCP-GCM-RCM
matrix entirely due to the high computational cost, the strategy followed by PRINCIPLES was to select
and fill sub-matrices to allow an assessment of how the choice of RCM and GCM models contributes
to the spread in the resulting ensemble (Christensen and Kjellstrom 2020, Vautard et al. 2020). Focus
has been put on the RCP8.5 scenario for which 78 simulations are available in total (including
simulations run outside of PRINCIPLES). The large PRINCIPLES RCM matrix now offers an exciting
opportunity to assess European climate change projections, to evaluate the spread of the results, and
to estimate the uncertainty and reliability of the projections.

In a previous study, Rajczak and Schar (2017) considered a large dataset of 100 European climate
change simulations from several ensembles of opportunity (ENSEMBLES, EURO-CORDEX EUR-44 and a
small available EUR-11) to investigate changes in precipitation mean, frequency, intensity and
extremes under various climate scenarios. The authors found an overall increase in precipitation
extremes in most parts of Europe throughout the year, an intensification of extremes in northern
Europe in winter, and a decrease in mean precipitation but an increase in intense precipitation in
southern Europe in summer, although the ensemble spread is large in summer. These climate change
signals, based on somewhat old simulations, are similar to the recent study published through
PRINCIPLES (Coppola et al. 2021), which increases our confidence in projections over Europe using the
current generation of RCMs at 12 km resolution.

The current study takes advantage of the latest EUR-11 simulation ensemble, and provides a
comparison against the smaller EUR-11 ensemble, which was already available before the start of
PRINCIPLES. Through this study, we aim to quantify the additional information gained by filling the
GCM-RCM matrix under the RCP8.5 scenario. Here, we present projected changes in mean
temperature and mean and extreme daily precipitation and focus on a possible shift in the ensemble
median and spread before and after PRINCIPLES. We do not address the biases of the simulations in
the historical period, which was already assessed by Vautard et al. (2020). However, it is worth noting
that previous studies found that GCM-RCM model chains generally have smaller biases than the raw
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GCM simulations (Sgrland et al. 2018 based on EURO-CORDEX simulations before PRINCIPLES, and
Christensen and Kjellstrom 2020 based on PRINCIPLES simulations). The following results are
preliminary and not published yet.

2.2 Methods

The study considers daily mean precipitation (pr) and seasonal mean temperature at 2m (tas) in EUR-
11 regional climate simulations forced with the RCP8.5 scenario available at ESGF. These include EUR-
11 simulations run before PRINCIPLES (24 simulations), as well as EUR-11 PRINCIPLES simulations (46
simulations), bringing a total of 70 simulations (Table 1.1). In total, there are 78 EUR-11 simulations,
but we have notincluded in our analyses the PRINCIPLES simulations not published yet, or only recently
published, on ESGF (the 3 green crosses in Table 2.1). Regarding the CNRM-CM5-forced RCM
simulations, we have only included the simulations forced by CNRM-CM5 pressure level fields (5
RCP8.5 simulations, highlighted in grey in Table 2.1, are therefore excluded; see CNRM (2018) for more
details).

For these analyses, the last 30 years of the simulations have been considered: 1981-2010 for the
historical forcing, and 2070-2099 for the RCP8.5 forcing. The analyses have been performed over the
PRUDENCE regions (Fig. 2.1; Christensen and Christensen 2007), and averaged over land points only.
In terms of temperature, we focus on changes in mean temperature for now. In terms of precipitation,
we consider changes in mean precipitation and changes in precipitation extremes, computed as the
99t percentile of all-day precipitation, following Rajczak and Schar (2017).

Table 2.1: All available EUR-11 simulations for the RCP8.5 scenario. Black crosses show simulations run
before the start of PRINCIPLES. Grey crosses are CNRM-CM5-forced simulations not considered in this
study (see details in the text). Red crosses show simulations run within PRINCIPLES. The green cross
shows the PRINCIPLES simulation that is not available at ESGF yet and therefore not included in this
study.
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ICHEC-EC-EARTH r1 X X X X X
ICHEC-EC-EARTH r3 x x x x
s CCCma-CanESM2 X X
3 MIROC-MIROC5 x x x
MPI-M-MPI-ESM-LR r1 X X X X X X x X X X
MPI-M-MPI-ESM-LR r2 X x x
MPI-M-MPI-ESM-LR r3 x X X
NCC-NorESM1-M X X X X X X x X X
IPSL-IPSL-CM5A-LR X
IPSL-IPSL-CM5A-MR X X X x X

C3S_D34b_Lot2.1.4.2_ A scientific assessment of the usability of the RCP-GCM-RCM setup Page 28 of 45



Copernicus Climate Change Service

{2400
2200
2000
1800
1600
1500
1400
1300
1200
1100
1000
900
800
700
600
500
400
300
200
100

Figure 2.1 Fig. 1 of Kotlarski et al. (2014) showing the EUR-11 computational domain and the
PRUDENCE sub-domains, as defined by Christensen and Christensen (2007): British Isles (Bl), Iberian
Peninsula (IP), France (FR), Mid-Europe (ME), Scandinavia (SC), Alps (AL), Mediterranean (MD), Eastern
Europe (EA). The colour represents the orography (m).

2.3 Results
2.3.1 Spatial patterns of the ensemble-median seasonal climate change signals

Figure 2.2 shows the ensemble-median seasonal mean temperature change at 2 m for the full EUR-11
ensemble (including PRINCIPLES) and the previous EUR-11 ensemble (without PRINCIPLES). All
simulations agree on a warming in all seasons with the RCP8.5 scenario. The warming is more
pronounced in northern Europe in winter and the intermediate seasons, while it is stronger in southern
Europe in summer. These results are in agreement with previous studies based on EURO-CORDEX
simulations (e.g. Coppola et al. 2021, Evin et al. 2021).

Combining PRINCIPLES simulations with the previous simulations therefore strengthens the conclusion
of the EUR-11 ensemble and increases the reliability of the EUR-11 projections, although the full
ensemble median is slightly colder than the older ensemble (Fig. 2.3), which dampens the climate
change signal. At the northern boundary of the domain, the full ensemble shows a weaker warming.
This is particularly strong in winter in the Greenland and Barents Seas (top left panel of Fig. 2.3). This
signal, located at the boundary of sea ice cover where the warming signal is strongest, needs to be
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investigated to identify whether it is common to all simulations or due to a few RCMs or a particular
GCM forcing.

Seasonal tas mean change (deg C) - Full EUR-11 ensemble Seasonal tas mean change (deg C) - no PRINCIPLES

CL T T T T T T CIT T T T T

05 0 05 1 15 2 25 3 35 4 45 5 55 6 05 0 05 1 15 2 25 3 8385 4 45 5 55 6

Figure 2.2 Ensemble-median seasonal mean temperature at 2 m change (in degree Celsius) over the
EUR-11 domain for the full EUR-11 ensemble including PRINCIPLES (70 members; left panel) and the
previous EUR-11 ensemble without PRINCIPLES (24 members; right panel). The change is computed as
the difference between the RCP8.5 period (2070-2099) and the historical period (1981-2010). All
simulations agree on the sign of changes.
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Seasonal tas mean change (deg C) - Full ensemble minus no PRINCIPLES

Figure 2.3 Differences in mean temperature at 2 m change (in degree Celsius) between the full EUR-
11 ensemble (left panel of Fig. 2.2) and the previous ensemble without PRINCIPLES (right panel of Fig.
2.2).

In terms of changes in mean precipitation (Fig. 2.4) and the 99th percentile of daily precipitation (Fig.
2.5), the spatial patterns between the two ensemble medians are also very similar. Whether the new
PRINCIPLES simulations are included or not, the EUR-11 ensemble projects an increase in precipitation
mean and extremes in northern Europe and a decrease in southern Europe. These results are in line
with previous studies (e.g. Rajczak and Schar 2017, Coppola et al. 2021). However, the large PRINCIPLES
ensemble is slightly wetter over southern Europe, which makes the climate change signal in mean and
extreme daily precipitation slightly less pronounced compared to the previous EUR-11 ensemble
median (Fig. 2.6).
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Seasonal pr mean change (%) - Full EUR-11 ensemble
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Figure 2.4 Same as Fig. 2.2 for mean precipitation change (in per cent). The change is computed as the
relative difference of the RCP8.5 period (2070-2099) with respect to the historical period (1981-2010).
The hatching represents areas where 90% of the simulations agree on the sign of changes.

Seasonal q99 pr change (%) - Full EUR-11 ensemble Seasonal q99 pr change (%) - no PRINCIPLES
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Figure 2.5 Same as Fig. 2.4 for the 99th all-day percentile of daily precipitation changes (in per cent).
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Seasonal pr mean change (%) - Full ensemble minus no PRINCIPLES

Figure 2.6 Same as Fig. 2.3 for mean precipitation change (in per cent; left panel) and the 99th
percentile of daily precipitation change (in per cent; right panel).

2.3.2 Spread of climate change signals

Figure 2.7 shows the seasonal mean precipitation change versus mean change in temperature at 2 m
averaged over the PRUDENCE regions for each EUR-11 simulation. Over some regions there is a rather
clear relationship between precipitation and temperature. In summer and particularly over southern
Europe, the warmer the projection, the drier. This relationship may be explained by the fact that
summer warming and drying are not driven by large-scale changes in circulation but mostly by changes
in tropospheric lapse-rate caused by thermodynamic processes, which are well represented in most
GCMs (Brogli et al. 2019). In other seasons, the results show larger spread. Changes in winter
precipitation are not directly linked to local warming, but mostly to changes in large-scale circulation.
This is the case for example over the MD region where there is little agreement in projections of winter
precipitation, possibly because GCMs tend to not agree on circulation changes (Zappa and Shepherd
2017, Brogli et al. 2019). However, there is some correlation between changes in temperature and
changes in precipitation over Scandinavia (SC) and the lberian Peninsula (IP), likely related to
differences in the North Atlantic Oscillation between GCM projections.
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Figure 2.7 Seasonal mean precipitation change (%) versus change in mean temperature at 2 m (degrees
Celsius) averaged over the PRUDENCE regions (land points only) for each EUR-11 simulation. Each
member is shown with a grey symbol. PRINCIPLES simulations are shown with an additional red
symbol. The markers indicate simulations driven by the same GCM (only if there are more than 5 RCMs
driven by that GCM; in some cases, this includes several realizations, see Table 2.1): MPI-GCM (square),
CNRM-CM5 (diamond), MOHC-HadGEM (upward triangle), NorESM (downward triangle), EC-EARTH
(circle). Other points with no boundary are simulations forced with GCMs that were not used by a large
number of RCMs. Note that the X- and Y-axis scales are fixed across regions for each season.
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Figure 2.8 Same as Fig. 2.7 for seasonal mean precipitation change (%) versus the 99th percentile of
all-day precipitation change (%) averaged over the PRUDENCE regions (land points only) for each EUR-
11 simulation.
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The relationship between mean precipitation and extreme precipitation (represented by the 99th
percentile of daily precipitation) is shown in Fig. 2.8. As expected, all GCM-RCM simulations that
project a smaller (larger) change in mean precipitation also project a smaller (larger) change in extreme
precipitation over all regions and in all seasons. The spread of the relationship is larger in some regions
(e.g. AL, BI, FR, ME, SC) and mostly in DJF and SON, while the relationship is particularly clear in JJA in
all regions.

Figures 2.7 and 2.8 also give an indication of the impact of including the large PRINCIPLES ensemble on
the spread of the projected changes. Inclusion of PRINCIPLES tends to increase the spread of the signal
although not systematically in all seasons and regions. Most PRINCIPLES simulations (red symbols in
Fig. 2.7) stand among the previous EUR-11 simulations (grey symbols). There are, however, some clear
signals depending on the GCM forcings. For example, RCMs forced with the HadGEM2-ES GCM (shown
with the upward triangle) commonly stand on the warmer side of the distribution. This result is
consistent with Evin et al. (2021).

Similarly, including PRINCIPLES simulations into the EUR-11 ensemble tends to slightly increase the
spread of extreme daily precipitation change in most seasons and over most regions, particularly in
topographically diverse and coastal regions (AL, BI, IP, MD, ME; Fig. 2.8). Again, some signals appear to
depend on the GCM forcings. The RCMs forced with the NorESM GCM tend to simulate smaller changes
or stronger decrease in mean and extreme precipitation (downward triangle in Fig. 2.8). This is the
case in almost all regions in winter and in the Alps (AL) in all seasons but summer. We can also identify
an outlier in the older ensemble in almost all regions in JJA and SON: CLMcom-CCLM4-8-17_CCCma-
CanESM2_rlilpl (bottom right grey circle in Fig. 2.7 and bottom left grey circle in Fig. 2.8). This
simulation also stands out as being a lot warmer and drier than the ensemble in the ANOVA analyses
(Fig. 1.4 and 1.9). The CanESM2 GCM was only used to force two RCMs so it is difficult to determine
the robustness of this response. Such outliers, however, may not be wrong. They offer an opportunity
to better understand the effect of driving conditions on the European climate change signal. The RCM
projections driven by the MPlI GCM show larger spread (Fig. 2.8). MPI includes more realizations (as
does EC-EARTH; Table 2.1). Preliminary analyses show that the results tend to group around the GCM
realization or around the RCM depending on regions and seasons (not shown). Internal variability could
therefore play a role in the spread of the projections (more analyses will be performed later).

To quantify the ensembles spread more clearly, box-and-whisker plots are drawn for each region and
season for mean temperature (Fig. 2.9), mean precipitation (left panel of Fig. 2.10) and the 99th
percentile of daily precipitation (right panel of Fig. 2.10). We see that median changes in mean
temperature are generally smaller in the full ensemble (when adding PRINCIPLES; thick black lines in
Fig. 2.9) than in the previous ensemble with no PRINCIPLES simulations (thick blue lines in Fig. 2.9).
This is common for all regions and seasons, and confirms the results shown in Fig. 2.2 and 2.3. The
interquartile ranges (black boxes), as well as the spread (black whiskers) tend to be slightly larger in
the full ensemble in DJF in all regions, particularly on the lower and hence colder side of the
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distribution. In summer and autumn, the interquartile range is smaller in the full ensemble in all regions
(except in the Scandinavian region SC in SON), which indicates that projections are closer to the full
ensemble median. The spread of the full ensemble is either larger or similar to the previous ensemble
spread. In SON, there are also more outliers, so more extreme projections, in the full ensemble. The
results are mixed in spring.

In terms of mean precipitation (left panels of Fig. 2.10), the two ensemble medians tend to be similar
in most seasons and regions, although the full ensemble tends to be slightly wetter (Fig. 2.6). The
interquartile range also tends to be similar between the two ensembles, although slightly smaller in
the full ensemble in most regions but in the Alps (AL) in spring. However, the spread is larger in the full
ensemble in almost all regions and seasons but in France (FR) in spring (black whiskers in left panel of
Fig. 2.10). These results imply that adding PRINCIPLES simulations to the previous ensemble does not
change the main conclusions of the EUR-11 ensemble, as most of the simulations are concentrated
within the interquartile range, but tends to increase the spread in projections of mean precipitation.
This could be related to the choice of the GCM (e.g. HadGEM2-ES or CNRM-CM5) that forces the RCMs
towards one side of the distribution (Fig. 2.7).

In terms of extreme precipitation (right panels of Fig. 2.10), the results are similar to mean
precipitation. However, there are more outliers in the previous ensemble (blue points outside the
whiskers) in summer. The most extreme one is identified as CLMcom-CCLM4-8-17_CCCma-
CanESM2_rlilpl with extreme precipitation changes up to -80% (blue circle in JJA right panel of Fig.
2.10).
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Figure 2.9 Box-and-whisker plots of changes in mean temperature (in degree Celsius) over each

European sub-region as defined in Fig. 2.1. Each box represents the interquartile range (IQR) with the
25th percentile at the lower boundary and the 75th percentile at the upper boundary. Within each
box, the thick horizontal line represents the ensemble median. From above the upper (below the
lower) boundary of the box, a distance of 1.5 times the interquartile range is computed and a whisker
is drawn up to the largest (lowest) value that falls within this distance (drawn at the 75th percentile +
1.5 x IQR and at the 25th percentile - 1.5 x IQR). Values outside the whiskers are considered outliers
(indicated by dots). The black colour represents the full ensemble; the blue colour represents the
previous ensemble with no PRINCIPLES simulations.
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Figure 2.10 Same as Fig. 2.9 for changes in mean precipitation (in per cent; left panel) and the 99th
percentile of all-day precipitation (in per cent; right panel).

2.4 Conclusion and future work

This study makes use of the full EUR-11 ensemble now available at ESGF and evaluates the impact of
the additional PRINCIPLES simulations (bringing a total of 70 EUR-11 simulations so far) compared to
the simulations performed before PRINCIPLES (24 simulations).

The PRINCIPLES simulations give confidence to the previous results of the EUR-11 ensemble. Our
results show that adding PRINCIPLES to the previous EUR-11 ensemble does not impact the ensemble-
median largely, although PRINCIPLES projections tend to be somewhat colder and wetter, particularly
in southern Europe, which slightly mitigates the climate change signal. For some regions, the
differences between the previous EUR-11 ensemble and the full ensemble including PRINCIPLES clearly
depend on the GCM forcings. The ensemble interquartile range is generally similar or even smaller in
the full ensemble than the previous ensemble (but slightly larger for winter mean temperature), which
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indicates that most additional projections tend to group around others and therefore are closer to the
ensemble median. However, the spread of the full ensemble tends to be slightly larger, mainly due to
the addition of one or two GCM forcings: the MOHC-HadGEM?2-ES GCM, which tends to force the RCMs
on a warmer side in most regions and seasons, and the CNRM-CERFACS-CNRM-CM5 GCM, which tends
to be colder and wetter in summer. There are also some intermodel variabilities for each GCM forcing
due to differences in RCMs. This is particularly true in summer (Fig. 2.7). These GCM-RCM outliers that
project more extreme changes give potentials to better understand the drivers of such signals, whether
they are due to GCM driving conditions or to RCM features. This opportunity would not be possible
without such a large ensemble.

According to these preliminary results, we agree with Vautard et al. (2020) and Coppola et al. (2021)
that the large EUR-11 GCM-RCM matrix strengthens our confidence in the climate change signal
projected by the current model generation of 12 km resolution RCMs. Additional EUR-11 simulations
may not change the main results of the current ensemble largely regarding mean changes in the fields
studied here (temperature at 2 m and precipitation). Instead, our results show that the choice of the
GCM is essential. It may therefore be necessary to choose a few supplementary GCMs that cover a
wide range of climate sensitivity, for example low, medium and high climate sensitivity, as well as
GCMs that cover a wide range of climate change response over Europe.

This study is currently ongoing and only one scenario has been used. More analyses, including more
complex analyses such as extreme value analyses, will be performed to make full use of the complete
EUR-11 RCP-GCM-RCM matrix.
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3. Conclusion

The EUR-11 ensemble analysed in this report, and publicly available at ESGF and the Copernicus
Climate Data Store (CDS), is the largest ensemble of regional climate model projections ever produced
for Europe. It offers an unprecedented opportunity for studying the accuracy and trustworthiness of
climate change projections. Through two independent studies, we find that the EUR-11 ensemble
projections are similar to previous studies based on smaller ensembles (Rajczak and Schar 2017,
Coppola et al. 2021) or emulated ones (Christensen and Kjellstrom 2021). These findings give
confidence to the EUR-11 projections of climate change over Europe, at least for the temperature,
precipitation and wind fields studied here.

The two above studies also show that GCMs play a large role for the RCM projections, particularly in
winter for temperature and precipitation, resulting in an increase in the spread of the projections when
more GCMs are included into an ensemble. This strong sensitivity to the GCMs and their representation
of the large-scale circulation has strong implications for GCM-RCM matrix design and we note that
future ensembles could be built with a larger range of GCMs, without the need to fill the GCMxRCM
matrix with the RCMs entirely. However, keeping a minimum degree of filling is still required, as shown
by the ANOVA analyses. In summer particularly, the projections are less sensitive to the GCMs’ forcings
and in this case keeping a diversity of RCMs is necessary. The same argumentation applies to fields
with a large internal variability and to extreme events.

The general strategy in the PRINCIPLES project has been to establish filled sub-matrices of the 3-
dimensional RCPXxGCMxRCM matrix. Such sub-matrices like the one studied in Christensen and
Kjellstrom (2020, 2021) are prerequisites for the ANOVA-based matrix completion and for estimates
of the associated errors in it calculated from successive degradation of a full matrix (Christensen and
Kjellstrom, 2021). As such, this strategy has proven very useful. Future matrix-filling strategies should
probably be changed as mentioned above towards more GCMs being downscaled by several, but not
necessarily all, available RCMs.

There is still a need for a thorough analysis of the RCP aspect, i.e., how much added value an almost
filled matrix for one emission scenario gives to more sparsely filled matrices for other emission
scenarios. This is an obvious extension of the research described presently and is planned to be
pursued in the near future. Another natural extension would be around expanding the analysis to other
variables and modes of variability including extremes on different scales. This would be especially
important for some impact studies and as guidance for users of the PRINCIPLES climate projections
provided by the C3S.
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