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1. Executive Summary 
 
This deliverable captures progress and outputs from the probabilistic projection methodologies, 
developed or assessed in EUCP.  It includes links to the dissemination of WP2 climate projections 
and assessment of their various strengths and limitations.   Here we outline some of the new top 
level science messages from this work: 
 

¶ The availability of new CMIP6 climate simulations appear to change the European Climate 

Projection picture, pointing towards warmer summer conditions across Europe without the wetter 

Northern and Central European summer projections seen in earlier climate models. 

¶ All the constraint methods delivering local probabilistic projections, mainly applied to the CMIP6 

models, agree on a common picture of the mean climate over the 2041-2060 period, both in 

summer and winter. This is a remarkable result, particularly because the application of the 

methods here did not benefit from the same common frameworks (as used in deliverable D2.2). 

¶ The constraint methodologies applied to the new CMIP6 simulations tend to down weight the 

warmer end of the climate projection ranges. 

¶ The diversity of the proposed probabilistic methods allows us to respond to a large spectrum of 

user needs (who would require, for example, a comprehensive estimate of climate uncertainty, or 

spatial consistency over large regions etc.). 

¶ A new out-of-ǎŀƳǇƭŜ άǇŜǊŦŜŎǘ ƳƻŘŜƭέ ŀƴŀƭȅǎƛǎ ǇǊƻǾƛŘŜǎ ǘƘŜ ŦƛǊǎǘ ŜǾŜǊ ƻōƧŜŎǘƛǾŜ ŀǎǎŜǎǎƳŜƴǘ ŀƴŘ 

comparison of skill in available probabilistic climate projection methodologies. This approach 

demonstrates that using observational constraints provides a clear benefit for temperature (for all 

methodologies) over using just raw climate model ensemble data. It also exposes limitations of a 

couple of individual methods, with two showing degradation of skill in either Mediterranean 

temperature or central European and Mediterranean rainfall projections. 

¶ There is insufficient climate change signal in the rainfall to provide a reliable constraint on future 

rainfall changes based on the observations to date.  The out-of-sample analysis is the first to show 

that there are no consistent improvements over taking the raw climate model spread - though 

those methods that provide weights for individual models may still have value in excluding 

particularly poor simulations, even where doing so does not reduce the overall projection range. 

¶ The out-of-sample analysis indicates that a multi-method constraint performs better than each 

individual constraint. 

¶ Insights from the out-of-sample analysis provide useful context for potential users, by highlighting 

particular methodologies with potential issues in the Mediterranean and by identifying which 

variables are likely to benefit most from such constraints (temperature, and variables closely linked 

to temperature change). 
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2. Project Objectives 
WITH THIS DELIVERABLE, EUCP HAS CONTRIBUTED TO THE ACHIEVEMENT OF THE FOLLOWING OBJECTIVES (DESCRIPTION 

OF ACTION, SECTION 1.1): 
 

No. Objective Yes No 

1 
Develop an ensembles climate prediction system based on 
high-resolution climate models for the European region 
for the near-term (~1-40 years) 

  no 

2 
Use the climate prediction system to produce consistent, 
authoritative and actionable climate information 

yes   

3 
Demonstrate the value of this climate prediction system 
through high impact extreme weather events in the near 
past and near future 

  no 

4 
Develop, and publish, methodologies, good practice and 
ƎǳƛŘŀƴŎŜ ŦƻǊ ǇǊƻŘǳŎƛƴƎ ŀƴŘ ǳǎƛƴƎ 9¦/tΩǎ ŀǳǘƘƻǊƛǘŀǘƛǾŜ 
climate predictions for 1-40 year timescales yes   
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3. Overview  
 

3.1 Motivation 
 

¶ Not all current climate simulations are equally likely, and yet measures of more 

skillful projections are not routinely used in current climate projections. 

¶ There is, therefore, interest in exploring the range of current methods that use 

evaluation of simulated historical skill vs observations to assess the more likely 

future response 

¶ These methods are often effective at ruling out poor simulations. The impact of 

doing so, however, may not necessarily have a large impact of the future range. It is 

useful to identify where it does, as this points to more confident information for 

future projected changes. 

 
¢Ƙƛǎ ŘŜƭƛǾŜǊŀōƭŜ ŀƛƳǎ ǘƻ ŎŀǇǘǳǊŜ ǘƘŜ ǿƻǊƪ ŎŀǊǊƛŜŘ ƻǳǘ ǳƴŘŜǊ ²tнΩǎ ¢ŀǎƪ нΦн όtǊƻŘǳŎǘƛƻƴ ƻŦ 
Uncertainty Quantifications (UQs)/Probability Density Functions (PDFs)).  There have been three 
previous deliverables that have informed the reporting here. D2.1 was a report on the evaluation 
and combination of potential observational/emergent constraints relevant to European climate 
and D2.2 was an evaluation report on different methods to produce UQs/PDFs. Due to the inter-
linking nature of the work that informed both of these, they were submitted as merged reports. 
The previous deliverables explored the impact of using observations to down weight poor climate 
projections in 6 different potential methodologies (that have either been used in European 
projections previously or developed under EUCP). Furthermore, the use of observational 
constraints across the prediction/projection timeline has been explored in Deliverable 5.1, 
published in Hegerl et al., 2021. 
 
The work in these deliverables represented the first systematic intercomparison of probabilistic 
methods, which exposed both where there was common agreement on the inferences (which 
might imply a more robust result) and where the inferences disagreed across methodologies 
(highlighting lack of consensus). The current deliverable (D2.3) extends this work in a number of 
important ways: 
 

¶ To bring the climate projections up to date, in light of CMIP6: 

¶ Make observationally constrained projection data available: There are a number of ways 

that WP2 has worked to do this, beyond the publication of papers. This includes an Atlas of 

European Climate Projections and (downloadable) access to this underlying data for all 

WP2 methodologies. We have also strongly encouraged groups to release source code and 

public implementations (e.g. ESMValTools). 

¶ To provide clearer information on adopting an observationally calibrated approach: This 

work package looked at climate projections from 6 different methodological approaches, 

with the aim to provide an assessment of the added value and shed light on potential 

differences in outcomes. The expectation was to use the outcome as a basis of selecting a 
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targeted, reliable methodology that could underpin European climate projection advice. 

However, the outcomes of this assessment left it as an open question to the reader what 

method to adopt, which for almost all potential users of this data falls beyond their 

expertise. The challenge is that these methodologies have each been developed against 

different use cases and each has distinct strengths. This deliverable aims to address the 

challenge of selecting and applying methodologies to observational constraint climate 

projections in a number of ways: We discuss a number of hypothetical user cases which 

explore how different users can make use of the methods presented here, considering 

their expertise and need. Secondly, we expand and explore ways in which these 

methodologies are different (which informs the former). Lastly, we present a new perfect 

model analysis that provides objective assessment of the skill of individual methodologies. 

 
Framing of the deliverable in this way, has been influenced by the feedback we have received 
from our External EUCP reviewers. 
 
 

3.3 Deliverable Outline 
 

¢Ƙƛǎ ŘŜƭƛǾŜǊŀōƭŜ ŀƛƳǎ ǘƻ ŎŀǇǘǳǊŜ ǘƘŜ ǿƻǊƪ ŎŀǊǊƛŜŘ ƻǳǘ ǳƴŘŜǊ ²tнΩǎ ¢ŀǎƪ нΦн (Production of 

Uncertainty Quantifications (UQs)/Probability Density Functions (PDFs)).  It is not intended to 

be read linearly, from cover to cover, but instead as a reference to particular analysis and work 

strands. This brief description here is intended to provide a plain language guide.   

This task has either produced or is the final stages of producing a number of key outputs. These 

outputs are described in the following section (Section 4).   

One of the key new developments that this deliverable captures is the arrival of new CMIP6 

simulations (that have come online, in sufficient number to now be used as a basis for updated 

climate projections).  CMIP6 offers a different picture of how Europe will change, compared to 

previous generations of climate model projections.  We discuss these differences and what 

they may or may not mean in practice, in Section 5.   

Section 6 documents the application of several our WP2 methodologies to the new CMIP6 data.  

This section is fairly technical and intended for those who wish to understand the details of the 

underlying WP2 methodologies.   

One of the key outputs from the Task 2.2 activity has been the production of new climate 

projection maps of Europe (that will be made publicly available).  Section 7 presents an 

overview of these new projections.   

There are differences evident between European climate projections produced by our 6 WP2 

methodologies. Some of the more influential differences are discussed in Section 8 alongside 

some of their implications.   
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Section 9 presents explorations of a number further application of these methods.  The first of 

this is the output from a systematic out-of-sample blind test of each of our methodologies (in 

Section 9.1).  This provides an objective assessment of whether calibrating available climate 

simulations using observations adds value or not ς implications of which influence potential 

user applications (discussed in Section 10).  Section 9.2 introduces the application of the first 

observational constraints on the range of extreme precipitation change (using one of our WP2 

methodologies).   The new European climate projection maps produced in the new Atlas 

(sections 4 and 7) are based on 20-year climate mean changes.  In Section 9.3 we illustrate how 

internal variability can change this projection picture at small spatial or temporal scales.  

Finally, we explore in Section 9.4 how some of the new constrained ranges can provide a wider 

context for the new Convective Permitting Regional Climate Models produced in EUCP (in work 

package 3). 

The last section (Section 10) focuses on the adoption of WP2 observationally calibrated climate 

projection methodologies by potential users and aims to draw out the various strengths and 

limitations of availability methodologies. Firstly, in Section 10.1 we provide a precis of the out-

of-sample analysis, pointing to the relative strengths of available methods and where 

calibration with observations does or does not add value.  There are different barriers to apply 

WP2 methodologies to new applications.  In Section 10.2, we provide an indication of the 

challenge involved in doing so, for those methods which have made their code available.  In 

Section 10.3 we discuss spatial and physical coherence, which is a feature of a subset of 

projections and we briefly summarise the available outputs and added strengths of the 

available methods in Section 10.4.  In the final sub-section, Section 10.5, we use four 

hypothetical users, and their climate information needs, to provide some signposting to how 

available data from WP2 might be used.   

 

 3.4 Observationally constrained ranges and the IPCC 
During the course of EUCP, methods that constrain climate projections based on their ability 

to capture observed changes have gained greater acceptance. The recent adoption of such 

methods in the latest IPCC report, is perhaps the best illustration of this. Quoting from the 

Summary for Policy Makers (SPM): 

For the first time in an IPCC report, assessed future changes in global surface 
temperature, ocean warming and sea level are constructed by combining multi-

model projections with observational constraints based on past simulated 
warming, as well as the AR6 assessment of climate sensitivity.  

Summary for Policy Makers, AR6, IPCC 
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Two of the WP2 methods that constrained the future projection range, based on observations 

of past changes contributed are featured in the AR6 assessment. Accounting for model 

dependence and performance was also discussed as an important consideration in the latest 

IPCC report (AR6, CH4, Box4.1). The Climate model Weighting by Independence and 

Performance (ClimWIP) method (Knutti et al. 2017, Brunner et al. 2019, 2020a, b), that was 

partly developed within the framework of EUCP, was, among other approaches, highlighted by 

the IPCC for taking into account model independence. As the method and source code of 

ClimWIP are freely available they can also be used for other studies, such as the one by Liang 

et al. (2020), which was used to constrain future projections in IPCC (AR6, CH4, Fig. 4.11). 

 
Figure 4.11 (reproduced from Chapter 4, AR6, IPCC assessment): Multiple lines of evidence for 

GSAT changes for the long-term period, 2081ς2100, relative to the average over 1995ς2014, 

for all five priority scenarios. The unconstrained CMIP6 5ς95% ranges (coloured bars) in (a) 

differ slightly because different authors used different subsamples of the CMIP6 archive. The 

constrained CMIP6 5ς95% ranges (coloured bars) in (b) are smaller than the unconstrained 

ranges in (a) and differ because of different samples from the CMIP6 archive and because 

different observations and methods are used. In (c), the average of the ranges in (b) is formed 
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(grey bars). Green bars in (c) show the emulator ranges, defined such that the best estimate, 

lower bound of the very likely range, and upper bound of the very likely range of climate 

feedback parameter and ocean heat uptake coefficient take the values that map onto the 

corresponding values of ECS and TCR of Section 7.5 (see BOX 4.1). The time series in (d) are 

constructed by taking the average of the constrained CMIP6 ranges and the emulator ranges. 

The y-axes on the right-hand side are shifted upward by 0.85°C, the central estimate of the 

observed warming for 1995ς2014, relative to 1850ς1900 (Cross-Chapter Box 2.3, Table 1). 

Further details on data sources and processing are available in the chapter data table (Table 

4.SM.1) 

The second WP2 methodology, KCC (Ribes et al, 2020, Qasmi et al, 2021), was one of three 

methods used in the IPCC figure 4.11 illustration (see figure above). KCC was formally known 

as HistC in the previous EUCP deliverables D2.1 and D2.2 (and referred to in the figurŜ ōȅ άwƛōŜǎ 

Ŝǘ ŀƭέύΦ 

This AR6 quote is not quite accurate. In fact, another WP2 probabilistic methodology, ASK 

(Allen et al., 2000; Stott and Kettleborough, 2002), was used in the IPCC AR4 to constrain 

temperature projections together with the model range (Knutti et al., 2008) and hence was the 

first methodology used in this context.  However, it is now gratifying to see these methods hold 

a higher profile place.  

One of the factors that prompted the IPCC lead authors to adopt these methods has been the 

differences between what the AR6 report deems the likely range to be for global climate 

sensitivity, and the new CMIP6 ensemble that appears to sample a large number of realisations 

in the upper end of this likely range. Weighting these new CMIP6 simulations by observations 

helps to reconcile these apparent contradictory lines of evidence. The new CMIP6 simulations, 

and the methods to constrain these new projections ranges, both have implication for the 

European climate outlook. We cover both of these aspects in the following sections. 

 

  



 

 13 

4.  Work package outputs and impact 
 
This deliverable documents climate projections from 6 methodologies (which are referred to in 
this deliverable by their institutional acronym). The Methodology names are also referred to here, 
in the links to the source code and public implementations. The acronyms for both institutes and 
methodologies are documented in Tables 1 and 2  
 
Four of these methods have been applied to the new CMIP6 simulations and are documented in 
Table 1. The first three of these use observations to constrain the simulation range. The fourth 
methodology (ASK) adopts an independent and complementary approach. It uses information 
from a formal Detection and Attribution of the human fingerprint in observed climate change 
(using a CMIP6 based estimate) to constrain the range of future change that is consistent with this. 
 
 
Table 1: List of the contributing groups and their methods for constraining climate projections, 
updated to use CMIP6 as the basis. 

Contributing Institute Institute Acronym  Method name 

International Centre for Theoretical Physics ICTP REA 

Centre National de Recherches Météorologiques/ 
Le Centre National de la Recherche Scientifique, 

CNRM/CNRS 
KCC (formerly 
HistC) 

Eidgenössische Technische Hochschule (ETH) 
Zürich 

ETH Zurich (ETHZ) ClimWIP 

University of Edinburgh UEdin ASK 

 
This deliverable also present climate projections from two other methodologies, in Table 2. These 
draw on different, bespoke, climate model ensembles that are considered state-of-the-art even 
though they are not tied to the CMIP cycles. 
 
Table 2: List of the contributing groups and their methods for constraining climate projections, that 
provide updated projections for the new regions (e.g. Atlas). 

Contributing group Institute Acronym Method name 

University of Oxford UOxf CALL 

UK Met Office Met Office UKCP 

 

Terminology 
 
In this deliverable, all the methods described make use of the observational record to identify 
future projections that are most consistent with the observed climate. Methodologies will 
ǾŀǊƛƻǳǎƭȅ ŘŜǎŎǊƛōŜ ǘƘƛǎ ŀǎ άǿŜƛƎƘǘƛƴƎέ ό/ƭƛƳ²LtΣ w9!Σ ¦Y/tύ ƻǊ ƳƻǊŜ ƎŜƴŜǊŀƭƭȅ ŀǎ ŀ άƻōǎŜǊǾŀǘƛƻƴŀƭ 
constrainǘέ ό/ƭƛƳ²LtΣ w9!Σ ¦Y/tΣ Y//ύ ǿƘŜǊŜ ǘƘŜ ƻōǎŜǊǾŀǘƛƻƴǎ ƘŜƭǇ ƴŀǊǊƻǿ Řƻǿƴ ǘƘŜ ǊŀƴƎŜΦ ¢ƘŜ 
climate projections from the detection and attribution approach (ASK) and from CALL are able to 
shift distributions of projected change in light of the observational comparison, so are not strictly 
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ǎǇŜŀƪƛƴƎ ǿƛǘƘ ŀ άǿŜƛƎƘǘƛƴƎέ ƻǊ ŀ άŎƻƴǎǘǊŀƛƴǘέΦ !ƭƭ ƳŜǘƘƻŘǎ ŀǊŜ ŀ ǿŀȅ ƻŦ άŎŀƭƛōǊŀǘƛƴƎέ ǘƘŜ 
projections against observations. In this deliverable, we do not dwell on these differences and use 
άŎƻƴǎǘǊŀƛƴǘέ ƛƴ ŀ ƳƻǊŜ ƎŜƴŜǊŀƭ ǎŜƴǎŜΣ ǿƘŜƴ ǿŜ ŀǊŜ ŀŎǘǳŀƭƭȅ ŘƛǎŎǳǎǎƛƴƎ άŎŀƭƛōǊŀǘƛƻƴǎέΦ 
 

 

4.1. Task 2.2 outputs 

    Atlas 
        We have been developed a Climate Projection Atlas to provide public access to seasonal mean 
European climate projection maps and underlying data, from WP2 methodologies.  This provides 
complimentary information to the IPCC Atlas.   The recent IPCC WG1 report concludes that 
(globally) the range of projected global climate changes are broadly inline with earlier 
assessments, whereas the new CMIP6 simulations include a large number of projections which are 
warmer than earlier assessments.  This is because the WG1 report synthesizes multiple lines of 
evidence, including output from methodologies to constrain climate projection based on historical 
observations (such as those presented here) that suggest these new warmer projections are 
samples of less likely (but still plausible) changes.  However, this synthesis analysis is not reflected 
in the IPCC Atlas which just present the raw CMIP6 range.    The EUCP Climate Projection Atlas 
presents both raw and constrained climate model ranges.  This provides the first publicly available 
data portal for observationally constrained climate projections, in this case for the European 
domain. 
 
Top level messages from this Atlas are analysed in Section 7. This presents readers with maps of 
projected changes in mid-century European temperature and precipitation, for both summer and 
winter.   This Atlas has been developed in conjunction with Peter Kalverla and Yang Lui at the e-
Science Centre (WP6) 
 

    Data 
      Data the underpins the Climate Projection Atlas is available for public download (via the 
download link on the Atas).  This download is not yet live, as we are still in the process of 
standardizing the outputs from our different Methods.  
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Rostron, J.W., Thornton, H.E., Tucker, S., Yamazaki, K. (2018) UKCP18 Land Projections: Science 
Report, Met Office Hadley Centre, Exeter, U.K., 
https://www.metoffice.gov.uk/pub/data/weather/uk/ukcp18/science-reports/UKCP18-Land-
report.pdf 
            Lowe J.A., D. Bernie, P. Bett, L. Bricheno, S. Brown, D. Calvert, R. Clark, K. Eagle, T. Edwards, 
G. Fosser, F. Fung, L. Gohar, P. Good, J. Gregory, G. Harris,T. Howard, N. Kaye, E. Kendon, J. Krijnen, 
P. Maisey, R. McDonald, R. McInnes, C. McSweeney, J.F.B. Mitchell, J. Murphy, M. Palmer, C. 
Roberts, J. Rostron, D. Sexton, H. Thornton, J. Tinker, S. Tucker, K. Yamazaki, S. Belcher (2018) 
UKCP18 Science Overview Report, Met Office Hadley Centre, Exeter, U.K., 
https://www.metoffice.gov.uk/pub/data/weather/uk/ukcp18/science-reports/UKCP18-Overview-
report.pdf 
    *NOTE, NEITHER OF THE ABOVE TWO PUBLICATIONS WERE DEVELOPED UNDER EUCP FUNDING, BUT BOTH ARE INCLUDED HERE AS REFERENCES TO THE 

UNDERLYING SCIENCE THAT CONTRIBUTES TO THIS METHODOLOGY, AND (IN THE CASE OF THE 2ND LINK) AS AN EXAMPLE OF USING AND APPLYING OUTPUTS FROM 

THE PROBABILISTIC PROJECTIONS.  ALL OTHER REFRENCES REFER TO WORK WHERE EUCP FUNDING HAS CONTRIBUTED TO THE PUBLISHED RESULTS. 

 

    Method code 
CNRM/CNRS 
            KCC R package: https://doi.org/10.5281/zenodo.5233947  
            Jupyter Notebook: https://gitlab.com/saidqasmi/kcc_notebook  
            Shiny application: https://saidqasmi.shinyapps.io/KCC-shinyapp/  

https://doi.org/10.5281/zenodo.5233947
https://gitlab.com/saidqasmi/kcc_notebook
https://saidqasmi.shinyapps.io/KCC-shinyapp/
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ETHZ 
            ClimWIP development version: https://github.com/lukasbrunner/ClimWIP/  
            ClimWIP used for Brunner et al. (2020): https://doi.org/10.5281/zenodo.4073039 

Documentation of the ESMValTool implementation of ClimWIP:    
https://docs.esmvaltool.org/en/latest/recipes/recipe_climwip.html  
ICTP 
            REA method: http://doi.org/10.5281/zenodo.3890966  
 

5. How does CMIP6 change the European Projection picture? 
 
Climate projections are based on currently available climate model simulations. New global 
climate model simulations from the Coupled Model Intercomparison Project 6 (CMIP6) first 
became available within the lifetime of the EUCP projection. Whilst timescales mean that much of 
our regional projection are based on previous generation global modelling (such as the new 
convective permitting simulations in WP3), the new CMIP6 simulations provide an opportunity to 
reassess current climate projections in light of any changes in the large-scale European climate 
drivers that they represent. Each climate model generation captures the impact of advances in the 
underlying climate modelling capabilities (for example, CMIP6 includes more comprehensive 
inclusion of prognostic cloud properties and their interactions with aerosols (Meehl et al, 2020) 
and includes higher resolution modelling). New simulations, with their potential to shed new 
insights in how climate change may manifest itself in our regions, prompts us to re-evaluate our 
existing climate projections. For example, as has been done in Australia (Grose et at, 2020). 
 
The impact of new CMIP6 data for European Climate Projections was analysed as a core part of 
this work package, and published earlier this year. Unlike differences in previous climate model 
generations (such as differences between CMIP3 and CMIP5) CMIP6 appears to offer a different 
outlook for future European Summer climate changes. 

https://github.com/lukasbrunner/ClimWIP/
https://doi.org/10.5281/zenodo.4073039
https://docs.esmvaltool.org/en/latest/recipes/recipe_climwip.html
http://doi.org/10.5281/zenodo.3890966
https://iopscience.iop.org/article/10.1088/1748-9326/ac1ed9
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Figure 1 (reproduced from Palmer et al, 2021). Projections of average summer (JJA) and winter 
(DJF) temperature change for CMIP5 and CMIP6 ensembles in their respective RCP8.5 scenarios. 
Baseline: 1995ς2014. Mid-century: 2041ς2060. End of century: 2081ς2100. Boxes show the 
interquartile range and whiskers are at 10th and 90th percentiles. Hatching is shown where the 
MIPs were found to be significantly different. 
 
As can be seen from Figure 1, CMIP6 projects stronger summer warming compared to CMIP5. 
Many of these changes are linked to greater warming in the CMIP6 global projections. The AR6 
report (Lee et al, 2021) attributes this greater warming to: 

ά!ōƻǳǘ ƘŀƭŦ ƻŦ ǘƘŜ ƛƴŎǊŜŀǎŜ ƛƴ ǎƛƳǳƭŀǘŜŘ ǿŀǊƳƛƴƎ Ƙŀǎ ƻŎŎǳǊǊŜŘ ōŜŎŀǳǎŜ ƘƛƎƘŜǊ 
climate sensitivity is more prevalent in CMIP6 than in CMIP5; the other half arises 
from higher ERF in nominally comparable scenarios (e.g., RCP8.5 and SSP5-8.5; 
ƳŜŘƛǳƳ ŎƻƴŦƛŘŜƴŎŜύΦ Χ CƻǊ {{tр-8.5, higher climate sensitivity is the primary 

reason behind the upper end of the warming being higher ǘƘŀƴ ƛƴ /aLtрέ 

The increased sampling of larger climate sensitivities in CMIP6 simulations is the largest factor, 
and for Northern Europe and the Mediterranean explains the largest difference in the European 
temperature projections (Figure 1). However, this does not suggest that our current projection 
advice for these European regions should necessarily change. This is because the higher climate 
sensitivities that are now more thoroughly sampled in CMIP6, are not considered any more likely 



 

 18 

that previous IPCC assessments. So, the upper end of the projections increases because larger 
climate sensitivities are sampled, not because we think these stronger responses are more likely. 
AR6 (Forster et al, 2021): 

On average, CMIP6 models have higher mean ECS [Equilibrium Climate 
Sensitivity] and TCR [Transient Climate Response] values than the CMIP5 

generation of models. They also have higher mean values and wider spreads 
than the assessed best estimates and very likely ranges within this Report. 

The larger warming samples in CMIP6 are not necessarily without merit. Arguably, previous CMIP5 
based projections were poorly based to sample higher impact, but less likely changes. CMIP6 
suffers not with the issue that all the high-end responses are extremely unlikely, but that it has 
large number of samples for less likely high-end changes. Even the extreme end of this distribution 
may still have value for any assessment that might be aimed at particularly risk adverse users. As 
AR6 notes (Lee et al, 2021): 

While high-warming storylines ς those associated with GSAT [Global Surface Air 
Temperature] levels above the upper bound of the assessed very likely range ς 

are by definition extremely unlikely, they cannot be ruled out. 

However, CMIP6 presents a different picture for Central Europe. Here, the stronger warming in 
CMIP6 projections is not solely due to the just stronger global warming. As such, the stronger 
warmings in Central Europe cannot be as easily dismissed. Palmer et al, 2021 show that roughly 
40% of the enhanced central European warming is due to differences in the regional response to 
global change (See Figure 2). This enhanced regional sensitivity may imply that existing climate 
projections, for the central European region, are under-stating the future regional warming. 
 

 
Figure 2 (taken from Figure 5 in Palmer et al, 2021). Projections of average summer normalised 
temperature change (change per °C) for CMIP5 and CMIP6 ensembles. Where differences exist 
between CMIP5 and CMIP6, this points to enhanced regional sensitivity that is not linked to 
reported differences in global sensitivity. 

https://iopscience.iop.org/article/10.1088/1748-9326/ac1ed9
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There is evidence that the precipitation projections also differ. Again, particularly in summer. 
CMIP6 does not sample the wetter CMIP5 summer rainfall responses in Northern and Central 
Europe suggesting, perhaps, that these are less likely. Indeed, CMIP6 points to a clearer summer 
drying signal in Central Europe. For the Mediterranean region, CMIP6 suggests that the summer 
drying is smaller for a certain magnitude of warming while a number of stronger magnitude 
warmings are now represented. So, on the face of it the range of projected summer has not 
changed with the new CMIP6 simulations, though we might want to scale back some of the 
stronger drying signals if we felt the stronger warming in these models was less likely. More 
details of how CMIP6 changes the rainfall projections can be found Palmer et al, 2021. 
 
This analysis, that was carried out as part of WP2, provides the basis for the next sections. Interest 
in observationally weighted climate projections goes beyond our desire to reduce climate project 
uncertainties/spread. The latest AR6 IPCC assessment suggests that stronger projected global 
warming in CMIP6 (which tends to increase European summer projections) is merely more 
comprehensively sampling the lower likelihood but high impact responses, so this projected range 
should not necessarily be directly translated into impacts. This challenge is starting to become 
more widely appreciated, for example, as recently articulated by Zeke Hausfather: 

 
The observationally weighted approaches developed and applied under WP2 provide a way that 
this challenge can be addressed. In the following section, we outline the impact of observational 
constraints when they are applied to the new CMIP6 climate projections for Europe. 
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6.   Observational constraints on CMIP6 - new results from the 
contributing groups 
 
All the 6 WP2 methodologies have been documented before (Brunner, et al, 2020a, and 
Deliverable D2.2).  This section summarises the application of those methodologies that were 
applied to CMIP6 (done by CNRS, ICTP, ETH and UEdin) for the first time, as well as new insights 
that arise from this application.  The two other methodologies (neither of which are tied to CMIP 
cycles) also provide new Climate Projection data for the Atlas Data from the UKCP method (Met 
Office) is in the Atlas, but the method is that which has already been documented in D2.3 and 
Brunner et al, 2020a.  As such UKCP is only briefly discussed in this section, and the reader is 
directed to an appendix for the fuller description of this method.   
 
CNRS 
CNRM/CNRS has contributed to provide constrained projections using the Kriging for Climate 
Change (KCC) method with both CMIP5 and CMIP6 ensembles. 
A constraint based on observed warming to date is implemented by considering past observations. 
The comprehensive description of the KCC method is available in Qasmi and Ribes (in revision), 
and can be summarized in three steps: 
¶ estimate the response of each CMIP model to all external forcings over the historical 

period; 
¶ derive a multi-model distribution which characterizes the model uncertainty in this forced 

response; 
¶ sub-select trajectories which are consistent with available observations, according to the 

Bayesian theory. 
This procedure has been applied for annual Global Mean Surface Temperature (GMST) in Ribes et 
al. (2021). We show that uncertainty in GMST can be considerably reduced by using the 
information provided by the recent observed warming: typically, by a factor of 3 in the past and in 
the near term (i.e., by 2040) and a factor of 2 in the long term (late 21st century). Figure 3 
illustrates the constraints obtained for the CMIP6 and CMIP5 ensembles. On average, the 
unconstrained CMIP6 ensemble projects a higher warming than CMIP5, consistent with a higher 
sensitivity. The CMIP6 ensemble also exhibits much wider uncertainty ranges, leading to a lower 
bound on 2100 projected warming lower than that of CMIP5. After applying the observational 
constraint, ranges agree remarkably well in the near term (e.g., before 2040), suggesting that 
observations play a dominant role in this time frame. CMIP5- and CMIP6-constrained ranges also 
exhibit comparable width for all scenarios and periods considered. 
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Figure 3: Comparison of warming ranges from the CMIP6 ensemble to CMIP5 and IPCC AR5. 
Comparison of the unconstrained (left) and constrained (right) projected warming ranges in 
response to various emission scenarios and idealized experiments, as estimated using the CMIP5 
[17 models, Representative Concentration Pathway (RCP) scenarios] and CMIP6 ensembles (22 
models, SSP scenarios) to those assessed in the IPCC AR5. Comparison is carried at different dates 
for a scenario (8.5 W mҍ2; SSP5-8.5 in CMIP6, RCP8.5 in CMIP5, and IPCC AR5) over the 2081ς2100 
period for various emission scenarios and for the TCR and the ECS. Numbers for RCP scenarios in 
IPCC AR5 are taken from table 12.2 in and shifted by +0.61°C (in agreement with the caption of 
that table) to account for the discrepancy in reference periods. TCR/ECS ranges from IPCC AR5 are 
assessed likely range (implying 66% confidence). Reprinted from Ribes et al (2021). 
 
We have transposed these new results on the constrained GMST findings to regional and local 
scales in Qasmi and Ribes (in review). The KCC method has been extended to take into account 
global observations as well as local observations available at a grid cell scale. Over Europe, the 
CMIP6 annual temperature projections constrained by both global and local observations exhibit a 
reduction of the uncertainty of 50 % in average by 2050, and a downward revision of the projected 
warming by about 0.5°C (Qasmi and Ribes, in revision). Overall, similar results are obtained for the 
temperature projections aggregated over the European SREX regions. A downward revision of 0.5 
°C is associated with the NEU region for both CMIP5 and CMIP6 ensembles (Figure 4). The 
difference between the two ensembles is more marked for the CEU and MED regions. For the 
MED region, the projected warming is revised upward for CMIP6 and downward for CMIP5, while 
the downward revision for the CEU region in greater for CMIP5 (1°C) than for CMIP6 (0.3°C). The 
higher ratio between local and global warming in CMIP6 than in CMIP5 would explain this 
difference. We find that a constraint by the sole GMST observations leads to a downward revision 
of the projections (Qasmi and Ribes, in revision), while the use of the sole local observations 
provides a similar picture for both CMIP5 and CMIP6. Impacts of local and global observations are 
discussed in Section 8 and 10.3. 
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Figure 4: Summer (JulyςAugust) temperature change 2041ς60 relative to 1995ς2014 for the 
combined European region (NEU-CEU-MED) as well as the three European SREX regions. The red 
(blue) boxes give the unconstrained and constrained distributions for CMIP5 (CMIP6). The top 
(bottom) of the box represents the 25th (75th) percentile of the distribution and the upper (lower) 
whisker represents the 95th (5th) percentile. 
 
A perfect model evaluation of these results has been conducted for all these results in the 
associated papers, indicating a significant added value of the constraints. 
 
ICTP 
L/¢tΩǎ ǿƻǊƪ Ƙŀǎ ŦƻŎǳǎŜŘ ƻƴ ŀǇǇƭȅƛƴƎ ǘƘŜ wŜƭƛŀōƛƭƛǘȅ 9ƴǎŜƳōƭŜ !ǾŜǊŀƎƛƴƎ όw9!ύ ƳŜǘƘƻŘ ǘƻ ƳŜŀƴ 
seasonal temperature and precipitation changes in three different European spatial regimes. REA 
ǳǎŜǎ ǘǿƻ ƎŜƴŜǊŀƭ άǊŜƭƛŀōƛƭƛǘȅ ŎǊƛǘŜǊƛŀέ ǘƻ ŀǎǎŜǎǎΣ Ƴƻǎǘƭȅ ƛƴ ŀ ǉǳŀƭƛtative way, the reliability of 
regional climate change simulations (e.g., Kattenberg etal. 1996; Giorgi et al. 2001b). 
The first is based on the ability of models to reproduce different aspects of present-day climate: 
the better a model performance in this regard, the higher the reliability of the climate change 
ǎƛƳǳƭŀǘƛƻƴΦ ²Ŝ ǊŜŦŜǊ ǘƻ ǘƘƛǎ ŀǎ ǘƘŜ άƳƻŘŜƭ ǇŜǊŦƻǊƳŀƴŎŜέ ŎǊƛǘŜǊƛƻƴΦ 
 
The second criterion is based on the convergence of simulations by different models for a given 
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forcing scenario, greater convergence implying higher reliability of robust signals that are little 
sensitive to the differences among models. We refer to this as the ΨΨƳƻŘŜƭ ŎƻƴǾŜǊƎŜƴŎŜΩΩ ŎǊƛǘŜǊƛƻƴΦ 
For each j-model, weights are calculated as: 

 
and are functions of the model bias (Bj) (the higher the bias the lower the model reliability) and of 
the distance (Dj) of the change calculated by a given model from the REA average change, that is, 
the higher the distance the lower the model reliability. The parameter  in the equation above is a 
measure of natural variability in 30-yr average regional temperature and precipitation. The 
parameters m and n can be used to weigh each criterion. For most calculations in this work, m and 
n are assumed to be equal to 1. In order to calculate , we compute timeseries of observed 
regionally averaged temperature and precipitation for the historical period over each region of 
interest. We then compute the variance of the series after linearly detrending the data (to remove 
century-scale trends). 
 
For a detailed description of the method, we refer to Giorgi and Mearns (2002). 
 
REA method is applied for the periods 2041-2060 and 2081-2100 relative to the reference period 
1995-2014. Regional ensemble results of 55 scenario simulations for the RCP8.5 and RCP2.6 at 
0.11-degree resolution over the common EURO-CORDEX domain, using 8 GCMs and 11 RCMs, are 
compared with the driving CMIP5 global models and with 15 CMIP6 global models at 2.5 degrees 
resolution (see Table 3). Observations used for the bias calculation are the E_OBS version 19.0e. 
 
In order to investigate the difference in constraining projections from CMIP6 and CMIP5, REA was 
applied for the period 2041-2060 relative to the period 1995-2014. A selection of CMIP5 global 
models is compared to a selection of CMIP6 global models (see Tables 3). Observations used for 
the bias calculation of temperature and precipitation are the E_OBS version 19.0e. 
Figure 5 illustrates summer (JJA) temperature changes in four of the European subregions used in 
Brunner et al. (2019) based on the three European SREX regions: Northern Europe (NEU), Central 
Europe (CEU), Mediterranean (MED), and the combined European region (EUR: NEU + CEU + 
MED). The temperature changes are shown for the CMIP5 (in orange) and CMIP5 (violet) 
ensembles. For all the regions the CMIP6 ensemble projects a higher warming than CMIP5, 
consistent with a higher climate sensitivity (AR6 IPCC). The CMIP6 ensemble exhibits a much wider 
uncertainty range with respect to CMIP5 over Northern Europe, and a reduction of the spread in 
the Mediterranean. The reduction of the uncertainties evident for the CMIP5 ensemble in Central 
Europe and CMIP6 in Northern Europe but does not have an impact in other regions. 
 
The different behaviour of the two ensembles could be attributed to their different resolution and 
process parameterization that could lead for example to a decrease of spread in the 
Mediterranean region for the CMIP6 ensemble and an increase in the Northern European region. 
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Figure 5: Summer (JJA) temperature change 2041-2060 relative to 1995ς2014 for the combined 
European region (NEU-CEU-MED) as well as the three European SREX regions. The lighter boxes 
give the unconstrained distributions; the darker boxes give the constrained distributions. The 
colours indicate different ensembles: CMIP5 (orange) and CMIP5 (violet). The top (bottom) of the 
box represents the 75th (25th) percentile of the distribution and the upper (lower) whisker 
represents the 90th (10th) percentile. 
 
The difference between the two ensembles is more marked for the precipitation change. Figure 6 
shows the summer precipitation change (%) obtained for the CMIP6 and CMIP5 ensembles for the 
same regions as in Figure 5. CMIP5- and CMIP6- median projected precipitation changes exhibit 
comparable values except for the Mediterranean region where the decrease of precipitation for 
CMIP6 is lower (-8%) with respect to that projected by the CMIP5 (-18%). The CMIP6 ensemble 
exhibits much wider uncertainty ranges over the Mediterranean region while the spread 
decreases for the Central European region and Northern Europe. This could be addressed to 
/aLtсΩǎ ōŜǘǘŜǊ ǊŜǇǊŜǎŜƴǘŀǘƛƻƴ ƻŦ ǘƘŜ ǎǘƻǊƳ ǘǊŀŎƪǎΣ ŀǎ ǎƘƻǿƴ ƛƴ tǊƛŜǎǘƭŜȅ Ŝǘ ŀƭΦΣ нлнлΣ ǿƘƛŎƘ 
thereby may reduce precipitation biases. For both ensembles the constraint method does not 
seem to have an impact and further investigation is needed for better understanding the reason. 
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Figure 6: Summer (JJA) precipitation change (%) 2041-2060 relative to 1995ς2014 for the 
combined European region (NEU-CEU-MED) as well as the three European SREX regions. The 
lighter boxes give the unconstrained distributions; the darker boxes give the constrained 
distributions. The colours indicate different ensembles: CMIP5 (orange) and CMIP6 (violet). The top 
(bottom) of the box represents the 75th (25th) percentile of the distribution and the upper (lower) 
whisker represents the 90th (10th) percentile. 
 
ETH Zurich 

1. Constraining global temperature projections from CMIP6 
Several CMIP6 models show considerably stronger global temperature increases than projected by 
the previous-generation CMIP5 models. The investigation and interpretation of the resulting 
higher global multi-model mean warming is relevant also for projecting European climate. ETH 
Zurich contributes a study which applies the Model Weighting by Independence and Performance 
(ClimWIP) approach (e.g., Brunner et al. 2019, 2020a, Merrifield et al. 2020) with the aim of 
constructing constrained distributions of global temperature change from CMIP6 (Brunner et al. 
2020b). 
 
Our main finding is that models, which show strong warming in future scenarios (SSP1-2.6 and 
SSP5-8.5), receive systematically lower weights based on their past performance and on their 
independence from other models (see Brunner et al. 2020b for more details). This leads to 
reduced mid-century (2041-нлслύ Ǝƭƻōŀƭ ǿŀǊƳƛƴƎ ōȅ ŀōƻǳǘ ҍлΦмр ϲ/ ƛƴ ǘƘŜ Ƴǳƭǘƛ-model mean for 
both scenarios. The likely (i.e., 66%) model range is reduced by 36% and 19% for SSP1-2.6 and 
SSP5-8.5, respectively. 
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The study also investigŀǘŜǎ ǘƘŜ ǎƪƛƭƭ ƻŦ ǘƘŜ ǿŜƛƎƘǘƛƴƎ ƳŜǘƘƻŘ ǳǎƛƴƎ ΨǇŜǊŦŜŎǘ ƳƻŘŜƭΩ ŀǇǇǊƻŀŎƘŜǎ ŀǎ 
suggested in Brunner et al. (2020a). The global mean Continuous Ranked Probability Skill Score 
(CRPSS) improves by 10%-20% using 27 previous-generation CMIP5 models as pseudo-
observations. Relevant for European projections, skill consistently increases across Europe even 
when using global mean temperature change as target. Figure 7 shows a map of the CRPSS for the 
middle of the century under SSP5-8.5 (CMIP5 and RCP8.5 was used for thŜ ΨǇŜǊŦŜŎǘ ƳƻŘŜƭǎΩύΦ 
Weighted projections are more skilful than the unweighted baseline in all of Europe, with highest 
skill found in Central Europe and the Mediterranean. A more detailed analysis of the effect of 
global and region metrics to inform the weights can be found in the next section. 

 
Figure 7: Map of the Continuous Ranked Probability Skill Score for weighting CMIP6 projections for 
the period 2041-2060 under SSP5-8.5. Shown is the median skill change across 27 perfect models 
from CMIP5 using RCP8.5. Reprinted from Brunner et al. (2020b) 
 

2. The effect of model weighting across CMIP5 and CMIP6 
In earlier work ETH Zurich applied the ClimWIP method to CMIP5 projections of temperature and 
precipitation in different European sub-regions (see Brunner et al. 2019, 2020a, as well as 
deliverables D2.1 and D2.2). Work is ongoing to analyse how unweighted and weighted multi-
model projections differ between CMIP5 and CMIP6. Special focus is given to the effect of the 
constraining using metrics identified as relevant for Europe and CMIP5 in Brunner et al. (2019): 
climatologies of precipitation, temperature, shortwave downwelling and upwelling radiation as 
well as standard deviation of upwelling shortwave and downwelling longwave radiation. As an 
additional metric temperature trend (tasTREND) is introduced and investigated because historical 
warming has been identified as highly relevant in CMIP6. Here we limit our discussion mainly to 
the differences between CMIP5 and CMIP6. 
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Figure 8 shows summer (JJA) temperature changes in four of the European sub-regions used in 
Brunner et al. (2019) based on the three European SREX regions: Northern Europe (NEU), Central 
Europe (CEU), Mediterranean (MED), and the combined European region (EUR: NEU + CEU + 
MED). Adding temperature trend as metric to inform the weighting leads to a somewhat diverse 
picture for CMIP5 (second and third box in each panel of figure 8): in NEU and CEU the regional 
temperature trend tends to widen the original constraining based on the metrics from Brunner et 
al. (2019; first box), while global trend predominantly leads to additional constraining in NEU and 
to a shift of the distribution in CEU. In MED adding regional or global temperature trend leaves the 
original constrained distribution mostly unchanged. 
 

 
Figure 8: Distributions of summer (JJA) temperature change (2041-2060 minus 1995-2014) from 
CMIP5 (leftmost three boxes in each panel) and CMIP6 (rightmost three boxes in each panel). 
Shown is the unweighted distribution in the background (light blue for CMIP5 and light orange for 
CMIP6) as well as the weighted distribution in the foreground: dark blue/orange for CMIP5/6 
constrained with the original metrics from Brunner et al. (2019) and violet for CMIP5/6 constrained 
using temperature trend in addition. 
 
For CMIP6 a more homogeneous picture arises with all three combinations of metrics (original, 
original + regional trend, and original + global trend) clearly constraining the upper end of the 
likely range for all four regions. Generally speaking, this means weighting brings the distributions 
from CMIP5 and CMIP6 closer together for most cases. More specifically, for MED, the region with 
the largest differences between the raw distributions of CMIP5 and CMIP6, the effect of the 
weighting leads to the strongest reduction in differences in particular when also considering 
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temperature trend as a metric. The same holds for NEU and CEU when considering only local 
information (i.e., all cases except the ones drawing on global trend as metric). 
 
Work is ongoing to further investigate the role of different metrics (including temperature trends) 
when constraining global and regional projections from CMIP5 and CMIP6 (see, e.g., section 8). 
Similar to the global case CMIP6 projects considerably more summer warming in Europe than 
CMIP5 also regionally without any weighting (see also Palmer et al. 2021). Our initial results 
suggest that weighting models can help to bring temperature projections from the two 
generations closer together depending on the region and metrics used. 
 
University of Edinburgh (UEdin) 
UEdin applies the ASK approach (Allen-Stott-Kettleborough, based on Allen et al, 2000 and Stott 
and Kettleborough, 2002). The method assumes that the true observed climate response (yobs) 
to historical forcing(s) is a simple linear combination of one or more (n) individual forcing 
fingerprints (Xj). The fingerprints are scaled to match the signal in observations by their respective 
ǎŎŀƭƛƴƎ ŦŀŎǘƻǊǎ όʲjύΣ ŀŎŎƻǳƴǘƛƴƎ ŦƻǊ ƴƻƛǎŜκǳƴŎŜǊǘŀƛƴǘȅ ƛƴ ōƻǘƘ ǘƘŜ ƻōǎŜǊǾŀǘƛƻƴǎ όʶobs), and in the 
ƳƻŘŜƭƭŜŘ ǊŜǎǇƻƴǎŜ ǘƻ ŜŀŎƘ ƻŦ ǘƘŜ ŦƻǊŎƛƴƎǎ όʶj): 

 
 
This method has been applied to constrain IPCC projections (Knutti et al., 2008) along with other 
methods. A recent application to global data of surface temperature and ocean heat content was 
used to estimate the equilibrium climate sensitivity from the historical period, and showed that 
some models with stronger warming may be outside the observationally consistent range of 
greenhouse warming (Tokarska et al., 2020) 
 
In this study the method is applied to seasonal changes in Europe, disregarding global scale 
temperature change (which may help to better constrain warming) in order to derive constraints 
specific to Europe. The method utilises CMIP6 model simulations run with historical forcings, and 
Detection and Attribution MIP (DAMIP; Gillett et al., 2016) single-forcing simulations over the 
same historic period. For the future projections, historical simulations are extended with CMIP6 
Scenario-MIP Shared Socioeconomic Pathway (SSP; Gidden et al., 2019) simulations. Observations 
are retrieved from the gridded E-OBS v19.0e dataset (Haylock et al., 2008), with monthly values 
computed from the daily data. The monthly surface air temperature fields from the observations, 
along with each of the CMIP6 model ensemble members, were spatially regridded to a regular 2.5° 
x 2.5° latitude-longitude grid. 
 
The model fingerprints {XHist,XGHG,XNat} are constructed by taking an unweighted average of the 
multimodel ensemble members (the mean of individual model-ensemble means) from the all-
forcings historical, and single-forcing GHG-only and Natural-only simulations, respectively. Each 
fingerprint comprises the conjoined annual time series of the multi-model mean over the three 
area-averaged European SREX regions (NEU, CEU, and MED), with each of the time series first 
ƴƻǊƳŀƭƛǎŜŘ ōȅ ŀƴ ŜǎǘƛƳŀǘŜ ƻŦ ǘƘŀǘ ǊŜƎƛƻƴΩǎ ƛƴǘŜǊƴŀƭ ǾŀǊƛŀōƛƭƛǘȅ όǎǘŀƴŘŀǊŘ ŘŜǾƛŀǘion from piControl 
runs). The different scaling factors are then estimated through a total least squares (TLS) 
regression. We explore three different linear combination of the model fingerprints: 
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The greenhouse gas scaling factor estimate (GHG from Eq.2b) provides a simple scaling that can be 
used as a future constraint to CMIP6 projections; we label this application, ASK-GHG. Likewise, the 

estimate of the anthropogenic scaling factor (ANT from Eq.2c, which includes all forcings except 
those in the natural-only simulations) can also be used as a future constraint, labelled ASK-ANT. 

The all-forcings scaling factor (ALL from Eq.2a) is derived straightforwardly using only the historical 
CMIP6 simulations (not limited to DAMIP models), and hence incorporates a larger number of 
models into the fingerprint (reducing the noise); this constraint (ASK-ALL) was applied to 
precipitation projections in the perfect model study discussed below. 
 
A confidence interval for each of the scaling factors describes the range of magnitudes of the 
model response that are consistent with the observed signal. A forced model response is detected 
if the range of scaling factors are significantly greater than zero and can be described as being 
consistent with observations if the range of values contains the magnitude of one. For this study 
the confidence intervals are estimated by adding samples (of the same length) from the piControl 
simulations to both the noise-reduced fingerprints and observations and recomputing the TLS 
regression (10,000 times) in order to build a distribution of scaling factors, from which the 5th-
95th percentile range is computed. The uncertainty range arising from the scaling factor only 
consists of the fingerprint times the range of scaling factors but constrains the forced signal only. 
In order to arrive at a range that includes internal climate variability, it needs to be added on 
(which has been done here by Monte Carlo analysis). 
 
UKCP 
UKCP applies a Bayesian approach to produce probabilistic projections. In contrast to other 
methods that use the empirical spread of CMIP5 projections to represent prior model uncertainty, 
UKCP uses a statistical emulator trained on a single-model perturbed physics ensemble. This 
provides a more systematic and comprehensive sampling of climate responses by allowing a larger 
sample size in the emulated ensemble and structured sampling of uncertainties. Further, by basing 
the simulations on the emission-driven representative concentration pathway 8.5 (RCP8.5) 
scenario simulations (as opposed to the concentration-driven used in the other methods) and 
drawing from a second perturbed physic ensemble of Earth system model variants, this method 
samples additional uncertainties associated with the carbon cycle. This inclusion of additional 
uncertainties differentiates UKCP from the other methods described here. To further sample the 
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structural error component associated with using a single perturbed physics model, CMIP5 Earth 
ǎȅǎǘŜƳ ƳƻŘŜƭ ǎƛƳǳƭŀǘƛƻƴǎ ŀǊŜ ǳǎŜŘ ǘƻ ŘŜŦƛƴŜ ŀƴ ŀŘŘƛǘƛƻƴŀƭ άŘƛǎŎǊŜǇŀƴŎȅέ ǘŜǊƳ ό{ŜȄǘƻƴ Ŝǘ ŀƭΦ 
2012). This methodology means that unconstrained distributions are wider than for the other 
methods. 
 
Observational constraints are applied by weighting sampled outcomes by likelihood weights 
calculated from multivariate distances to observations. The observations comprise 12 climate 
variables reduced in dimensionality to 6 leading eigenvectors. In addition, historical trends for 
several climate indicators are also considered in the set of observational constraints, including the 
Braganza indices based on global mean surface temperature (Braganza et al. 2003), heat content 
change in the top 700 m of the oceans, and change in atmospheric CO2 concentration over a 
recent 45-yr period (Booth et al. 2017). The separate components of the method are validated and 
the additional statistical uncertainties that arise are included at each stage. These include 
equilibrium response emulation error, error in converting from equilibrium to transient response, 
time-scaling error (including inherent model internal variability), and structural error estimates. 
 
A full description of the method is included in the Appendix 
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7.  The Climate Projection Atlas 
 
All contributing groups (see Tables 1 and 2) provided constrained climate projection maps for the 
2041-2060 lead time based on the methods originally described Brunner 2020a, or updated 
applications described in Section 7.  Here we show maps of the projected changes (which are 
available for potential users to access from the Atlas). 
 
Figure 9 shows the constrained probabilistic projections from the CMIP6 ensemble (see Table 3), 
or state-of-the-art bespoke climate ensembles (CALL and UKCP methods), for the SSP5-8.5 
scenario for summer temperature (June-July-August, JJA) averaged over the 2041-2060 period. All 
the methods indicate an increase in temperature over the whole of Europe, with a median 
warming over the Mediterranean basin of 3.5°C compared to the 1995-2014 period, while the 
median warming in Northern Europe is more moderate, with a 2°C change. Note that all methods 
tend to provide similar median warming patterns. Larger differences between methods are 
obtained regarding the tails of the probabilistic projections, i.e., for the 10th and 90th percentiles. 
As not all methods characterise the prior uncertainty in the same way (different model ensembles, 
inclusion of the carbon cycle in the UKMO method), the magnitude of the relative warming at the 
10th and 90th percentiles partly depends on the prior spread of uncertainty. Temperature 
changes associated with the 90th (10th) percentile range from 4°C to over 5°C (0.5°C to 3°C). 
Differences in methodology also contribute to explain the discrepancies (see Section 8). 
 
Similar results are obtained for the constrained winter temperature projections (December-
January-February, DJF). Figure 10 shows remarkable agreement between the methods on the 
median warming, which is more pronounced over North-Eastern Europe, ranging from 3°C to 4°C 
depending on the location. The warming associated with the tails of the distribution differs more, 
for similar reasons as those found in European summer (differences in their prior distributions and 
methodological differences). 

https://eucp-project.github.io/atlas/
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Figure 9: Constrained summer (JJA) temperature changes averaged over the 2041-2060 period 
with reference to the 1995-2014 period. Models come from the CMIP6 ensemble (see Table 3) for 
the SSP5-8.5 scenario. Each row corresponds to one method. Each column corresponds to a given 
percentile (10th, 50th, 90th) of the distribution. 
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Figure 10: Same as Figure 9 but for winter (DJF). 
 
Three groups provided constrained probabilistic projections for precipitation. In summer, the 
methods agree on a median projection with a relative decrease over the Mediterranean basin and 
central Europe of -10% to -20% and an increase of 10% over Scandinavia (Figure 11). The upper 
(lower) end of the constrained distributions indicates a generalised increase over the whole of 
Europe of between 10% and 50% (-10% and 60%). In winter, the median projections also indicate a 
dipole of precipitation anomalies, with an area of increase (decrease) north (south) of 45°N of 
about 20% (Figure 12). For the 90th percentile, an average increase of 30% is projected over the 
whole of Europe. For the 10th percentile, a decrease in precipitation of -20% to -40% is obtained 
over southern Europe depending on the methods. 
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As for temperature, the differences between the methods are partly explained by different prior 
distributions. 
 

Figure 11: Same as Figure 9 but for relative precipitation changes. 
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Figure 12: Same as Figure 9 but for winter (DJF). 
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8. Assessing current probabilistic projections 
 
As evident from the new Atlas of European Climate Projections, there are differences in projected 
changes produced by the different WP2 methodologies. In this section we have a more focused 
look at differences in the underlying approaches and, where possible, look at how these 
differences influence outputs. 
 
One of the main challenges in providing climate projections is based on the ability of any given 
method to sample the current range of climate model responses. In the earlier focused inter-
comparison of probabilistic methods (Brunner et al, 2020a), the participating groups worked very 
hard to standardise the climate simulations across the methods. We have not had that same 
luxury with the Atlas data, and so some of the differences in projection arise purely because 
different methodologies have managed to account for a different subset of potentially available 
models. This is an endemic challenge in making projections - in that quality control of underlying 
data; date in the CMIP model generation cycle that analysis starts; and even factors like relative 
stability of different regional ESGF data portals ƭƛƳƛǘǎ Ƙƻǿ ŜȄǘŜƴǎƛǾŜ ǘƘŜǎŜ ǎŀƳǇƭŜǎ ŀǊŜΦ ²ŜΩǾŜ 
summarised the CMIP6 models used in the Atlas here. 
 

 CNRM/CNRS ICTP ClimWIP UEdin 

ACCESS-CM2 x  x  

ACCESS-ESM1 x  x x 

AWI-CM-1-1-MR x  x  

BCC-CSM2-MR x x x x 

CanESM5-CanOE x  x  

CanESM5 x x x x 

CESM2-WACCM x  x  

CESM2 x  x  

CIESM x    

CMCC-CM2-SR5 x    

CMCC-ESM2 x    

CNRM-CM6-1-HR x  x  

CNRM-CM6-1 x x x x 

CNRM-ESM2-1 x x x  

E3SM-1-1 x    

EC-Earth3-Veg x x x  

EC-Earth3 x x x  

FGOALS-f3-L x  x  

FGOALS-g3 x  x  

FIO-ESM-2-0 x  x  

GFDL-CM4 x x   

GFDL-ESM4 x  x x 

GISS-E2-1-G x  x  

HadGEM3-GC31-LL x  x x 

HadGEM3-GC31-MM x    

INM-CM4-8 x  x  

INM-CM5-0 x  x  

IPSL-CM6A-LR x x x x 

KACE-1-0-G x  x  

KIOST-ESM x    
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 CNRM/CNRS ICTP ClimWIP UEdin 

MCM-UA-1-0 x  x  

MIROC6 x x x x 

MIROC-ES2L x  x  

MPI-ESM1-2-HR x  x  

MPI-ESM1-2-LR x  x  

MRI-ESM2-0 x x x x 

NESM3 x x x  

NorESM2-LM x   x 

NorESM2-MM x  x  

TaiESM1 x    

UKESM1-0-LL x x x  

Table 3: List of the available CMIP6 Models used by each group to constrain temperature 
projections from the SSP5-8.5 simulations. Note that the UKCP and CALL methods do not rely on 
CMIP6 models (see the description of these methods in Section 6ύΦ ¦Y/tΩǎ ǇǊƛƻǊ Řƛstribution is 
ŘŜǊƛǾŜŘ ŦǊƻƳ ǘƘŜ ¦Y/t ǇŜǊǘǳǊōŜŘ ǇŀǊŀƳŜǘŜǊ ŜƴǎŜƳōƭŜ Ҍ ŀ ǎǳōǎŜǘ ƻŦ /aLtр ƳƻŘŜƭǎΦ /![[Ωǎ ǇǊƛƻǊ 
distribution is derived from the CESM Large Ensemble. 
 
In addition to the different prior distributions, alternative methodological approaches explain 
some of the differences between the constrained projections analysed in the Atlas section 
(Section 7). For each method, the main assumptions as well as the technical features are listed in 
Table 4. This section aims to document the impact of these features on the probabilistic 
projections, and how they can be compared with each other, although this constitutes a difficult 
exercise due to the different prior distributions used. 
 

 
Table 4: Key characteristics of the different methods. Reprinted from Brunner et al (2020a). 
 
We briefly highlight and discuss some of these methodological design decisions and what their 
implications are for the projections. 
¶ UKCP and ClimWIP methods both use multiple variables (i.e. other than just a single 

variable, be that temperature or precipitation) to constrain temperature and precipitation 
projections. This approach is useful for identifying physically coherent responses across 
variables, as discussed in Section 10.3 



 

 38 

¶ Some methods constrain variables at different spatial scales to derive constrained 
temperature or precipitation projections locally. At one end of this spectrum, UKCP uses 
observations of global climatological fields, ocean heat content and CO2 trends as well as 
trends of large regional temperature data. So, a good projection under the UKCP 
framework is a measure of global performance, which may or may not be strongly related 
to the local changes in Europe. At the other end of this spectrum, REA is based solely on 
local observations, and as such is likely to minimise the bias locally (Figure 13) but may 
have more difficulty in providing a physically and spatially consistent climate projection at 
larger spatial scales. The ASK implementation in the Atlas, uses trends over the wider 
European region and so sits somewhere between the two. The Atlas implementation of 
ōƻǘƘ /ƭƛƳ²Lt ŀƴŘ /![[ ƳŀƪŜǎ ǳǎŜ ƻŦ 9ǳǊƻǇŜŀƴ ǿƛŘŜ ƻōǎŜǊǾŀǘƛƻƴǎΦ Y//Ωǎ !ǘƭŀǎ 
implementation uses local observations. However, both ClimWIP and KCC Atlas constraints 
include information on Global Mean Surface Temperature (GMST). A direct implication of 
including larger scale information is that these methods provide climate projections 
characterised by more consistent spatial structures over larger regions of Europe. As an 
example, several papers have shown that constraining projected GMST by observations 
lead to a downward revision of the projected global warming (Ribes et al 2021, Tokarska et 
al 2020, Brunner et al. 2020), and as European temperature is highly correlated with GMST, 
the inclusion of GMST in these methods leads to a downward revision of warming over 
Europe (Figure 13 and 16), especially the Northern regions which appear to be sensitive to 
this metric (see Figure 8 from ClimWIP and Figure 15). Depending on how the local 
constraint is treated in addition to the large-scale constraints, some projections may 
nevertheless be locally biased because they do not give sufficient weight to in situ 
observations. For an end-user and his/her specific needs, these aspects are fundamental 
and condition the choice of one or more methods. 

¶ All methods except CALL and UKCP sample the uncertainty (i.e. the inter-model spread) 
ŦǊƻƳ ƳƻŘŜƭǎ ŘŜǊƛǾŜŘ ŦǊƻƳ /aLtр ƻǊ /aLtсΦ ¢ƘŜǎŜ ƳƻŘŜƭǎ ŀǊŜ ƻŦǘŜƴ ǉǳŀƭƛŦƛŜŘ ŀǎ άŜƴǎŜƳōƭŜ 
ƻŦ ƻǇǇƻǊǘǳƴƛǘƛŜǎέΣ ǿƘƛŎƘ poorly sample climate uncertainty (Tebaldi and Knutti, 2007). The 
UKCP method includes, in addition to a sample of CMIP5 models, an ensemble of 
perturbed physics simulations that quantify parameter uncertainty, particularly associated 
with the carbon cycle. This additional uncertainty contributes to explain a larger inter-
model spread in the prior distributions compared to the other methods. As a consequence, 
the associated constrained projections are also different, especially for the tails of the 
probabilistic projections. This method might therefore be suitable for a user who is 
sensitive to rare climate events. 

¶ The REA and ClimWIP methods are based on weighting historical and future climate 
simulations according to (i) their performance regarding the historical observed climate. 
ClimWIP also accounts for (ii) the level of dependence between the CMIP models from 
which these simulations were derived. This approach results in the observationally 
constrained probabilistic projections always being a subset of the unconstrained 
projections. The UKCP and KCC methods are based on Bayesian statistical techniques that 
calculate a probability of occurrence (e.g. of future warming) conditional on the 
observations. This approach leads to a spread in the probabilistic projections that is 
generally either reduced or at worst identical to the prior spread. 
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¶ The CALL and ASK methods are methods of scaling simulations on past observations with 
regression factors that can lead to projected future changes being outside the a priori 
simulated changes. The cases for which projected changes fall outside the unconstrained 
ranges (i.e. ASK, CALL) present potential strengths and reasons to be cautious about how 
these changes should be interpreted. The strength of these methods is that they can 
potentially compensate for real-world processes that are absent or not well represented in 
the simulations. For example, there are cases where observed historical precipitation 
changes are larger than those simulated. In these cases, the methods may be better able to 
compensate for any simulated underestimation of the actual climate response, as long as 
those biases persist into the future. On the other hand, caution is also required as the 
available simulations represent the range of responses arising from our current physical 
understanding of these processes, and as large ranges can arise from ASK if the signal-to-
noise ratio is not yet sufficiently high to provide a strong constraint. Thus, methods that 
adjust projected changes outside these ranges may provide responses that may be less 
physically realistic. Generally, we recommend additional analysis particularly in cases 
where the range is shifted outside the unconstrained model range to a large extent (e.g. 
supporting significantly larger or smaller signals). 

 
The analyses of change of constrained minus unconstrained projections shown below do not 
contain the ASK and CALL results, as in that case the constraint arises from the magnitude of the 
Europe-wide signal only and hence its uncertainty composed of magnitude uncertainty on the 
signal with added noise can lead to misleading impressions of the geographical pattern. 
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Figure 13: Difference between the constrained and unconstrained summer (JJA) temperature 
projections averaged over the 2041-2060 period with reference to the 1995-2014 period. Each row 
corresponds to one method. Each column corresponds to the difference between percentiles of the 
distribution. 
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Figure 14: Same as Figure 13 but for precipitation. 
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Figure 15: Summer (JulyςAugust) temperature change 2041ς2060 relative to 1995ς2014 for the 
combined European region (NEU-CEU-MED) as well as the three European SREX regions. Red 
boxplots correspond to the unconstrained distributions. The blue, green and magenta boxplots 
correspond the constrained distributions using the KCC method based on the use of local 
temperature time series only, global temperature time series, and both time series, respectively. 
The top and bottom of the box represents the 25th and 75th percentile of the distribution, 
respectively. The upper and lower whiskers represent the 90th and 10th percentiles, respectively. 
This is to be compared with the analogous figure 8 from ETH Zurich. 
 



 

 43 

Figure 16: Same as Figure 13 but for winter (DJF). 
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9. Understanding and using our constrained projections 
9.1 Perfect model analysis 
 
A major achievement of EUCP work-package 2 has been to develop and bring together a number 
of different methods for constraining future climate projections using the observational record. In 
an earlier study (Brunner et al., 2020) these different methods were compared using a consistent 
testing framework (i.e., variable, region, time period etc.). Whilst these constrained projections 
displayed some overlap and common characteristics, there were also some distinct differences. 
However, how these different projections should be interpreted is not clear. For example, are 
some of the methods more accurate and reliable than others? 
 
To address this question, we designed an out-of-ǎŀƳǇƭŜ άǇŜǊŦŜŎǘ ƳƻŘŜƭέ ŜȄǇŜǊƛƳŜƴǘ ǘƻ ǘŜǎǘ ǘƘŜ 
different constraining methods. In this experiment we took advantage of newly available CMIP6 
archive of coupled climate simulations to act as pseudo-observations, to test the methods which 
were all previously used CMIP5-era model data; for this reason, we refer to this as an out-of-
sample test. The pseudo-observational datasets were produced by regridding the required 
variables from the CMIP6 model simulations and restricting them to a common observational 
period (see schematic in Figure 17). This data was then uploaded to the Zenodo online repository 
and the different groups used these pseudo-observations to constrain their CMIP5-era model 
projections. For this test we used the historical and RCP 8.5 scenario experiments from the CMIP5-
era models and the historical and SSP5-8.5 scenario for the pseudo-observations. 
 
Whilst we refer to this analysis as a perfect model study, in some senses it represents a steeper 
test of the various methodologies. The pseudo-observations are drawn from CMIP6, an ensemble 
that includes better representation of key processes (such as super-cooled cloud droplets and 
wider representation of aerosol-cloud interactions, for example) than the CMIP5 ensemble that 
most methods use as the basis for their projections. In addition, the pseudo-observations include 
those from a number of CMIP6 simulations which fall outside (on the warm end) of the CMIP5 
ranges (see Palmer et al, 2021). These factors led to a tougher test of the methods than the 
άǇŜǊŦŜŎǘ ƳƻŘŜƭέ ƴŀƳŜ ŦƻǊ ǘƘƛǎ ŀǇǇǊƻŀŎƘ ǳǎǳŀƭƭȅ ƛƳǇƭƛŜǎΣ ŀƴŘ ƛǎ ƳƻǊŜ ŀƭƻƴƎ ǘƘŜ ƭƛƴŜ ƻŦ ΨƛƳǇŜǊŦŜŎǘ 
ƳƻŘŜƭ ǘŜǎǘǎΩ όe.g., Schurer et al., 2018). The assessment was done in this way, as it goes part of the 
way to replicating some of the differences between the real world and the necessarily simplified 
representations that we use in climate proƧŜŎǘƛƻƴǎΦ !ǘ ǘƘŜ ǎŀƳŜ ǘƛƳŜ ǎŜǾŜǊŀƭ ƻŦ ǘƘŜ ΨǇŜǊŦŜŎǘ 
ƳƻŘŜƭǎΩ ŦǊƻƳ /aLtс ŀǊŜ ŘƛǊŜŎǘ ǎǳŎŎŜǎǎƻǊǎ ƻŦ ǘƘŜƛǊ /aLtр ŀƴŎŜǎǘƻǊǎ ŀƴŘ ŀǊŜ ǘƘŜǊŜŦƻǊŜ ƴƻǘ ŜƴǘƛǊŜƭȅ 
independent (Brunner et al. 2020b; Brunner et al. 2022 - in preparation) as was shown to be the 
case for CMIP3 and 5 (Knutti et al. 2013). 
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Figure 17: Schematic of the out-of-ǎŀƳǇƭŜ άǇŜǊŦŜŎǘ ƳƻŘŜƭέ ŀƴŀƭȅǎƛǎ ƻŦ ǘƘŜ ƻōǎŜǊǾŀǘƛƻƴŀƭ 
constraints. Pseudo-observations are taken from the observational period (up to 2014) and data 
from the future verification period was withheld prior to analysis of the results.  The ability of the 
constrained and unconstrainted projections can then be compared to the withheld future response 
(right panel).  
 
 
An example of projected changes for the pseudo-observational datasets is shown in Figure 18. 
Whilst this plot is somewhat overwhelming in detail, it is shown here to demonstrate the type of 
data that has been produced in the collaborative activity. For each of the 126 pseudo-
observational datasets, each of the methods have provided a probabilistic range of projections for 
the 2041-2060 climatology with respect to the 1995-2014 baseline period - shown here for 
summer surface-air temperature in the Northern Europe (NEU) region. The range of the 
projections is shown by the box-whisker plots and for each method the unconstrained (i.e., 
underlying) projection shown in lighter colours and the constrained projection is shown in darker 
colours. Also shown are the verification from the actual pseudo-observational dataset in each case 
(black horizontal lines). The most striking thing about Figure 18 is the diversity in predictions 
across the different methods and the different pseudo-observational datasets. Some of the 
methods seem to show larger changes, such as method B here, whereas other are generally fairly 
modest, such as Method A. 
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Figure 18: Predicted changes for 2041-2060 summer surface air temperature in the Northern 
9ǳǊƻǇŜ ǊŜƎƛƻƴ όƛΦŜΦ ǘƘŜ άb9¦έ {-REX region). Probabilistic predictions are shown for five of the 
contributing methods from WP2, along with the multi-method projection. The box, whiskers and 
centre line show the interquartile range, 5-95% range and the median of the projected change, 
respectively. The unconstrained projections are shown in lighter colours and the constrained 
projections are shown in darker colours. The horizonal black lines in each panel show the actual 
change for each pseudo-observational dataset, which was withheld during the constraining phase. 
 
To establish the accuracy and reliability of the projections we have employed a number of 
verification metrics, which are shown in Figure 19 for the summer surface-air temperature in the 
European SREX regions. The verification metrics shown are: 
¶ Root-mean square error (RMSE), which measures the accuracy of the ensemble mean 

projection with respect to the actual future change in the pseudo-observations. 
¶ Spread/Error, which measure the spread across the future change (measured by the 

standard deviation of the projected changes) with the ensemble mean error. For 
temperature, all methods (both constrained and unconstrained) are over-confident (with a 
ratio of less than one). By construction a subset of the perfect model data is chosen (a 
priori) to be outside the unconstrained ranges of the methodologies used here - which 
contributes to this apparent over-confidence. We would expect the methods not to show 
as pronounced limitation, should the real world fall within their unconstrained ranges. 

¶ Continuous Ranked Probability Score (CRPS) which is measure of the accuracy of the 
probabilistic projections - this is lower when the projections are more accurate. 
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There is a lot of detail in the verification statistics shown for temperature projections (in Figures 
19 and 20) and for rainfall (Figure 21). These plots provide an objective measure of the 
methodological skill and show that any benefit is very much variable dependent (depending on 
whether it is for temperature or precipitation). 
 
For summer temperature, all of the constraining methods act to improve the projections 
compared to their respective underlying unconstrained projection. For example, all methods act 
to reduce or maintain the RMSE in Northern and Central European regions. Similarly, Spread/Error 
metrics can be improved, and the methods (largely) produce better Continuous Ranked Probability 
Scores (CPRS). This analysis suggests that some methods provided better skill than others, but all 
methods showed improvements over using raw distributions of climate models. 
 
There is a different picture for Mediterranean climate projections. Two of the four methodologies 
showed worse skill than the raw climate model data - one substantially worse. This is problematic, 
as it suggests that the constrained Mediterranean responses is actually worse that just taking the 
off-the-shelf climate projections for these regions. The other two methods showed marked 
improvements in skill, however. At this stage, it is unclear which aspects of the observationally 
based constraint led to the degradation in skill in two of the methods. This is an aspect that will 
warrant further investigation. 
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Figure 19: Verification of the projections applied to the 125 pseudo-observational datasets for the 
summer surface-air temperature in the three SREX regions covering mainland Europe. Shown are 
the Root-mean square error (RMSE; top row), spread/error ratio (second row) and continuous 
ranked probability score (CRPS; bottom row). The unconstrained projections are shown in lighter 
colours and the constrained projections are shown in darker colours. The vertical bars indicate the 
95% confidence interval of the statistics based on a bootstrap resampling (with replacement) of 
the 125 prediction/verification pairs. 



 

 49 

 
Figure 20: Rank-histograms of the projections applied to the 125 pseudo-observational datasets 
for the summer surface-air temperature in the three SREX regions covering mainland Europe. The 
unconstrained projections are shown in solid lighter colours and the constrained projections are 
shown in the darker outlined histograms. The horizontal grey lines indicate the number of counts 
expected for a flat rank-histogram, which would be considered a perfectly reliable probabilistic 
prediction in this metric. 
 
For summer rainfall projections, no single method shows consistent improvement in skill (in any of 
the three metrics illustrated here) for all three European regions. There is some suggestion that 
the methodologies reduce the under-confidence (Spread/Error) of the Northern European 
projections (which is encouraging) but the Central European and Mediterranean projections show 
no clear improvement or degradation across the four methodologies. The best that can be said 
about the regional rainfall projections is that at least the observational constraints do not make 
the projection worse, in any obvious and systematic way across all metrics and regions. 
 
Precipitation is a more challenging variable to make projections for due, in part, to its much larger 
variability. Climate change signals take a longer time to emerge both in terms of historical records 
and future changes. The skill assessed here is based on mid-century projections. As such this lack 
of any strong skill may not be reflected in end of century constrained rainfall projections. 
Nevertheless, the lack of skill in producing better rainfall projections compared to increased skill in 
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temperature projections, is interesting insight. We have not had the tools before (certainly across 
a range of potential methodologies) to assess the relative benefits of observational constraints for 
different variables. This suggests that observational constraints (at least for some methodologies) 
have a strong benefit for projections of regional temperature (and variables strongly tied to this) 
but has a less obvious benefit to projections of regional precipitation change. 
 
One notable aspect of the verification of the calibrated projections for European summer is the 
performance of the multi-method projection (MMP). The MMP the average of the projection data 
provided from the five methodologies considered here. In almost all metrics and regions the MMP 
performs better than the majority of the individual calibration methods - which is the case for 
both temperature and rainfall. This is particularly notable in the RMSE and CRPS. The reason for 
the relatively impressive performance is not yet completely clear but there is some understanding 
that we can glean from the results here. Since the methods are all different and these constraints 
demonstrate differing levels of improvement across the different regions, we can conclude that 
the constraints of the methods are somewhat independent. As the different methods mostly 
improve the accuracy of the projections, combining these independent improvements results in 
greater levels of accuracy that most of the individual methods. In addition, the reliability of the 
MMP is typically improved with respect to the individual methods. Specifically, most of the 
individual methods are found to be overconfident (spread/error < 1) even after constraining, 
however, when combined in the MMP the overconfident projections produce a broader 
probabilistic projection that is more reliable in the NEU and CEU regions. Similar findings have 
previously been demonstrated in the context of multi-model seasonal forecasting ensembles, that 
are typically overconfident but are more reliable and skilful when combined (Hagedorn et al., 
2015), but this is the first such demonstration in the context of longer term climate projections.  A 
notable exception for the improvement of the MMP is the spread/error in the Mediterranean 
region, which might be linked to the very poor performance of method B in this region, but more 
analysis is ongoing with respect to this issue. 
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Figure 21: Verification of the projections applied to the 125 pseudo-observational datasets for the 
summer precipitation in the three SREX regions covering mainland Europe. Shown are the Root-
mean square error (RMSE; top row), spread/error ratio (second row) and continuous ranked 
probability score (CRPS; bottom row). The unconstrained projections are shown in lighter colours 
and the constrained projections are shown in darker colours. The vertical bars indicate the 95% 
confidence interval of the statistics based on a bootstrap resampling (with replacement) of the 125 
prediction/verification pairs. 
 
The improvements in the MME for rainfall (whilst modest and not uniform) is encouraging, given 
the lack of improvement in projection skill found in individual methodologies. The RMSE and CRPS 
errors tend to improve at the expense of a small increase in over-confidence. Whilst the causes of 
the improvements are challenging to establish, the improvement provides encouragement that 
more skilful mid-term (30-40 year) rainfall projections are possible and worth working for. 
 
 

9.2 Constraining extreme precipitation projections 
Heavy rainfall events have important human and economic impacts over the European continent, 
where pluvial flooding is one of the main natural hazards (Llasat et al. 2013). The concern about 
the potential climate change impacts on extreme events over Europe is increasing. Many studies 
show an increase of precipitation extremes associated with the temperature increase in future 



 

 52 

climate projections (Min et al 2009, Donat et al 2016, Coppola et al 2020). While models mostly 
agree in the increase of precipitation over Northern Europe, over the Mediterranean region the 
extreme precipitation changes results from the competition between a drying linked with a 
poleward shift of the circulation (Pfahl et al. 2017) and a thermodynamic effect leading to an 
increase of precipitable water content in the atmosphere (Drobinski et al. 2016). The signal over 
this region is less confident between models and the application of weighting methods can help in 
exploring possible reductions of uncertainties between different models. 
 

 
Figure 22. EURO-CORDEX P99 change mid (2041-2070) far (2071-2100) relative to 1981ς2010 for 
for (a) the combined European region as well as (b)ς(d) the three European SREX regions. The 
lighter boxes give the unconstrained distributions; the darker boxes give the constrained 
distributions. The colours indicate different scenarios: far future change RCP8.5 (red), mid future 
change RCP8.5 (orange), far future change RCP2.6 (green) and mid future change 2.6 (violet). 
 
The REA method is applied to the 99th percentile of precipitation (hereafter referred to P99). The 
ŀƛƳ ƛǎ ǘƻ ŜȄǇƭƻǊŜ Ƙƻǿ ǘƘŜ ƳŜǘƘƻŘ ǿŜƛƎƘǘǎ ƳƻŘŜƭΩǎ ǊŜǇǊŜǎŜƴǘŀǘƛƻƴ ƻŦ ŜȄǘǊŜƳŜ ŜǾŜƴǘǎ ƻŦ 
precipitation. It is applied for the periods 2041-2070 and 2071-2100 relative to the reference 
period 1981-2010. Regional ensemble results of 55 scenario simulations for the RCP8.5 and RCP2.6 
at 0.11 degree resolution over the common EURO-CORDEX domain, using 8 GCMs and 11 RCMs, 
are compared with the driving CMIP5 global models at 2.5 degrees resolution. Observations used 
for the bias calculation are the E_OBS version 19.0e, with a 0.25° by 0.25° grid. 
Weights are calculated as: 
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and are functions of the model bias (Bj) (the higher the bias the lower the model reliability) and of 
the distance (Dj) of the change calculated by a given model from the REA average change, that is, 
the higher the distance the lower the model reliability. A new approach including weights which 
take into account the natural variability of the extreme event is still in progress. 
Figure 22 and 23 show CORDEX and CMIP5 changes projections of the European subregions used 
in Brunner et al. (2019) based on the three European SREX regions: Northern Europe (NEU), 
Central Europe (CEU), Mediterranean (MED), and the combined European region (EUR: NEU + CEU 
+ MED). For both the CORDEX and CMIP5 ensembles the P99 index shows an increase in extreme 
precipitation events over Northern and Central European regions, of 20(10)% for the far(mid) 
ŎŜƴǘǳǊȅ ǇŜǊƛƻŘΦ /aLtрΩǎ ǇǊƻƧŜŎǘƛƻƴǎ ǇǊŜǎŜƴǘ ŀ ǿƛŘŜǊ ǊŀƴƎŜ ƻǾŜǊ ǘƘŜ aŜŘƛǘŜǊǊŀƴŜŀƴ Ǉrobably due 
to their low resolution that leads to discrepancies between global models land-sea masks, which 
play an important role when the water cycle is primarily determined by sea-to-land transport. 
EURO-CORDEX projections strongly reduces the uncertainty over the Mediterranean: the higher 
resolution allows a better representation of the instability at low levels (Fantini et al 2016). EURO-
CORDEX projections show more variability over NEU and CEU, where complex topographic regions 
are included that play an important role in the development of precipitation. 
 

 
Figure 23. CMIP5 P99 change mid (2041-2070) far (2071-2100) relative to 1981ς2010 for for (a) 
the combined European region as well as (b)ς(d) the three European SREX regions. The lighter 
boxes give the unconstrained distributions; the darker boxes give the constrained distributions. The 
colors indicate different scenarios: far future change RCP8.5 (red), mid future change RCP8.5 
(orange), far future change RCP2.6 (green) and mid future change 2.6 (violet). 
 
To investigate the role of the weighting in reducing the uncertainty of the projections we show in 
Figure 24 the difference between the constrained and unconstrained P99 median value for both 
the EURO-CORDEX and CMIP5 ensembles. The difference is non-zero either in areas where models 
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ƘŀǾŜ ƘƛƎƘŜǊ ōƛŀǎŜǎ ƻǊ ŀǊŜ ƻǳǘƭƛŜǊǎΣ ǘƘŜǊŜŦƻǊŜ ƭŜǎǎ ǊŜƭƛŀōƭŜ ŀŎŎƻǊŘƛƴƎ ǘƻ w9!Ωǎ ƳŜǘƘƻŘΦ ²Ŝ ǎŜŜ ǘƘŀǘ 
over complex topographic regions such as the Alps and the Scandinavian mountains, areas that 
are particularly vulnerable to extreme precipitation (Frei et al 2000), EURO-CORDEX ƳƻŘŜƭǎΩ 
distribution is more constrained. This is likely due to the fact that over the orography E_OBS 
extreme precipitation is smoothed by the spatial interpolation, thereby increasing precipitation 
biases. 
 
The CMIP5 ensemble shows a disagreement in the representation of the P99 change over the 
Mediterranean, probably due to the land-sea mask representation, while gives a more 
homogeneous signal over the orography. 
 
 
 

 
Figure 24. EURO-CORDEX (left) and CMIP5 (right) difference between Constrained and 
Unconstrained P99 ensemble median change (%). 
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9.3 Climate Projections in the context of internal variability. 
 
Most climate projections focus on large-scale regions and time mean responses (e.g., 20 year 
mean climate conditions found in the EUCP Atlas) as these help to illustrate the climate change 
signal. However, what is actually experienced may be enhanced or mitigated by internal variability 
and is often not typical of the central estimate from the projected changes of the mean climate. 
The role of internal variability becomes more important on shorter time and smaller spatial scales. 
This context is important to consider where impacts are influenced by both climate variability and 
climate change. 
 
Internal variability modifies the picture of a changing climate in a number of ways. Here we show 
how internal variability can lead to outcomes that might, at first glance, not be obvious from the 
projected time mean climate changes. We illustrate this by looking at the differences between 
long term climate mean projected changes (say, based 10- or 20-year averages) and projections 
for a single season, for a single climate model scale grid box. These would not be as evident for 
larger spatial or temporal scales but may be expected to be more pronounced for any applications 
that looks at smaller spatial scales (for example using CORDEX or convective permitting 
simulations). Generally, we find that: 
¶ Internal variability broadens the range of potential outcomes for projections at smaller 

geographical or temporal periods. The amplitude of internal variability differs strongly 
across variables. Precipitation, for example, may vary several tenths of percent on decadal 
timescales.  The amplitude of variability may also increase under climate change.  

¶ Where climate change projections provide a confident picture of a warming or 
drying/wetting climate, internal variability is still able to throw up changes of opposite sign, 
for individual seasons. This is often underestimated by the users of climate change 
information. 

¶ Where the seasonal distribution is skewed from gaussian (such as winter temperature or 
summer rainfall), the time mean climate change signal may hide even larger changes in the 
typical seasonal climate response. 

 

Example 1: Mediterranean drying 
 
The role of time averaging in isolating any climate change signal is illustrated by the example of 
Mediterranean drying. Many, if not most climate projections show that the mean precipitation in 
this region will decrease in the future. However, different climate models (and even different 
realizations with the same model) give quantitatively different results. The primary reason why 
different realizations of the same model produce different results, is the role of internal variability. 
Figure 25 below shows the future change of summer precipitation in the Mediterranean region, as 
simulated by two integrations with the regional climate model RACMO for the period 1950-2100 
(using the RCP8.5 scenario from 2005). The two realisations differed only in the initial conditions 
of their driving GCM data. 
 
A common approach to compute (future, or historic) trends, is by subtracting the mean of a given 
period from that of a reference period. Especially in (high-resolution) regional climate modelling 
this is an often-used approach. For example, most of the convection permitting simulations (WP3) 
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are only 10 years in length. Figure 25 shows what happens if one uses the time-slice difference 
approach to compute the trend. Here, the period 1995-2014 is taken as a reference period. For 
each N-year period (N>3, vertical axis) centred at year x (horizontal axis) the colour indicates the 
relative difference between the precipitation in that period and that of the reference period. Blue 
colours indicate increases (e.g., 0.4 corresponds to a 40% increase), orange/brown colours 
indicate drying. 

 
Figure 25. The trend in summer Mediterranean precipitation as a function of time averaging (Y) 
and central year (X), derived from two climate-change simulations of a business as usual scenario 
with the same model. Trends are computed as time-slice differences wrt the 1995-2014 mean 
(black horizontal line). Hatching is used to indicate regions where signal to noise exceeds a given 
value (see top-left legend). The climate change signal emerges earlier at the longer temporal scales 
(vertical axis), where we see a clear wet to dry signal as we move from pre-present-day to the 
future. As the temporal scales (vertical axis) approach the annual timescale, we see the emergence 
of greater variability around the more general inter-decadal trends. At these shorter timescales, 
this variability can substantially enhance or even entirely counteract the underlying drying trend. 
Whilst the particular realisation of internal variability would change depending on the 
manifestation within a given simulation, then general characteristics of this plot would be expected 
to hold. 
 
At longer time scales (vertical axis), there is a clear emergence of the drying signal from past to 
present to future in each member. At shorter temporal scales, however, we see a much greater 
role for natural variability, even on a relatively large domain like the Mediterranean. Had we taken 
ŀ ǎƳŀƭƭŜǊ ƭƻŎŀǘƛƻƴ όƭƛƪŜ ŀ ǇǊƻǾƛƴŎŜΣ ƻǊ ŀ ǎƳŀƭƭ ŎƻǳƴǘǊȅύ ǘƘŜ ŦƛƎǳǊŜ ǿƻǳƭŘ ōŜ ƳǳŎƘ άƴƻƛǎƛŜǊέΦ ¢ƘŜ 
conventional focus of climate projections on 20 years (or longer time averages) is to eliminate this 
ΨƴƻƛǎŜΩ όƛƴǘŜǊƴŀƭ ǾŀǊƛŀōƛƭƛǘȅύ ŀƴŘ ƛǎƻƭŀǘŜ ǘƘŜ ŎƭƛƳŀǘŜ ŎƘŀƴƎŜ ǎƛƎƴŀƭΦ IƻǿŜǾŜǊΣ Ƴŀƴȅ ƻŦ ǘƘŜ ŎƭƛƳŀǘŜ 
change impacts are linked to the interaction between natural variability and climate change. In 
this example, relatively wet periods occur still later in the century, despite general drying trends. 
In addition, in the first realisation (left) some of the driest conditions are already encountered 
prior to 2070. The internal variability role in the real world is not possible to predict beyond the 
next decade, however, this illustration of a possible manifestation is useful as it exposes many of 
the challenges of interpreting projections in the presence of natural variations in climate. 
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Another often overlooked aspect is that the amplitude of internal variability is usually 
underestimated when diagnosed from time-slice experiments. In figure 25, this is illustrated by the 
ΨǎƛƎƴƛŦƛŎŀƴŎŜΩ ŎǊƻǎǎŜǎΦ !ǘ ǎƘƻǊǘŜǊ ǘime scales these occur at random locations in the graph (but at 
ŘƛŦŦŜǊŜƴǘ ȅŜŀǊǎ ƛƴ ǘƘŜ ǘǿƻ ǊŜŀƭƛȊŀǘƛƻƴǎύΦ {ǘŀǘƛǎǘƛŎŀƭƭȅ ǘƘƛǎ ǇƘŜƴƻƳŜƴƻƴ ƛǎ ǊŜŦŜǊǊŜŘ ǘƻ ŀǎ άǊŜƎǊŜǎǎƛƻƴ 
ǘƻ ǘƘŜ ƳŜŀƴέΥ ƛŦ ōŜŎŀǳǎŜ ƻŦ ǎƻƳŜ ƴŀǘǳǊŀƭ ŦƭǳŎǘǳŀǘƛƻƴ ǘƘŜ ǊŜŦŜǊŜƴŎŜ ŎƭƛƳŀǘŜ ǿŀǎ ŀōƴƻǊƳŀƭƭȅ wet, it 
is likely that a future climate will be drier (even in a stationary climate). Although the trend is 
statistically robust and different from zero, a large part of it relates to internal fluctuations. The 
problem is that without long transient integrations, or an ensemble of simulations, it is impossible 
to find out what is the true (physical) climate change signal. Finally, note that the amplitude of 
internal variability may also change over time. Also, this is seen in the drying Mediterranean area. 
The tendency towards systematic drying, is accompanied by a (relative) increase in the amplitude 
of internal variability. 
 

Example 2: pdf changes at shorter time scales 
Two further examples are now given, to show the impact of internal variability on smaller-scale 
regions at different time scales. Specifically, we discuss projections of the winter temperature 
changes in a 2.5°x2.5° region in north west Romania (centred around Sibiu) and summer rainfall 
changes in 2.5°x2.5° Madrid region (Spain). 
 
We look at both 20 year averaged and single season climate projections, for a selection of 
(weighted) CMIP6 models and the full pdfs from the UKCP18 methodology. Comparing the 20 year 
with the single season projections in the CMIP6 models (box and whisker plots in the two 
following figures, 26 and 27) highlights the wider spread of responses when considering changes 
for only a single season. The orange box and whiskers correspond to the CMIP6 REA Atlas data for 
these two regions, seasons, and variables. The REA is based on 15 GCM simulations, which is 
probably enough to get a handle one the 20 year mean change. However, the REA CMIP6 
estimates of change for these single seasons are evidently noisy, which illustrates the need to  
 
Clearer insights can be seen in the full pdf estimates from the UKCP methodology (pdfs in figures 
26 and 27). The impact of wider season to season variability is immediately evident from the wider 
distribution of projected temperature and precipitation change. Projections from the single season 
context provide useful insights that we should bear in mind when presenting and interpreting the 
more convectional 20 year mean climate projections (such as those from the Atlas). The 20-year 
climate warming signal is fairly unambiguous, with expectations that the average winter between 
нлпм ŀƴŘ нлсл ǿƛƭƭ ōŜ ǿŀǊƳŜǊ όфр҈ ƻŦ ǘƘŜ ǘƛƳŜύΦ IƻǿŜǾŜǊΣ ǿŜΩŘ ŜȄǇŜŎǘ ŀ нлрл ǿƛƴǘŜǊ ǘƻ ŀŎǘǳŀƭƭȅ 
be cooler than the present day (1995 to 2014) baseline 18% of the time. We see a similar picture 
with rainfall, with the climate mean projections suggesting only a 18% chance that the 20-year 
average summer would be wetter than the present-day baseline. Projections for the 2050 summer 
season, whilst consistent in capturing this same tendency to dry, suggest that an individual season 
may be almost twice as likely (31%) to be wetter than the present-day baseline. 

https://eucp-project.github.io/atlas/
https://eucp-project.github.io/atlas/
https://eucp-project.github.io/atlas/
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Figure 26: Difference between 20 year mean projections and projections for a single season, for 
north west Romania (Sibiu) winter temperature changes. The plot shows a clear winter warming 
signal in the 20-year mean (orange pdf). However, the projections for the 2050 winter season 
(green pdf) reveal that there is a sizable chance that individual winters may be colder than the 
present-day baseline. These projections are all relative to a 1995 to 2014 baseline state. The box 
and whiskers (showing 10,25, 50, 75 and 90 percentiles) are based on weighted estimates of 15 
CMIP6 climate models (using the REA methodology) and the pdfs are estimates of the same 
quantities using the full probabilities from the UKCP18 methodology. 
 
For many locations and variables, internal variability will just broaden the range of what we can 
expect as we make projections for shorter timescales or smaller geographical locations. However, 
where the inter-seasonal variability is not symmetrically distributed this also has implications for 
ǿƘŀǘ ǿŜΩŘ ŜȄǇŜŎǘ ŦǊƻƳ ŀ ǘypical seasonal change (as opposed to a longer-term averaged change). 
Summer rainfall in Mediterranean regions is a good example of this. In the Madrid summer rainfall 
figure (figure 27), we can see that the distribution of projected changes for the 2050 summer is 
strongly skewed, with most of the distribution showing a drying but with a long-wet tail. Whilst 
the mean estimate of summer drying is -38% compared to the baseline, the median is -43% drier. 
So, the more typical summer will be drier than the climate mean suggests because the climate 
mean estimate also includes the possibilities of rare exceptionally wet summers. 
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Figure 27: Difference between 20 year mean projections and projections for a single season, for 
Madrid summer rainfall changes. The plot shows a clear summer drying signal in the 20-year 
mean. However, the projections for the 2050 winter season reveal that the typical summers are 
likely to be drier than this climatological change suggests and at the same time we are unable to 
rule out low likelihood but high impact wet summer seasons (with rainfall as much as 200% above 
the present-day baseline). These projections are all relative to a 1995 to 2014 baseline state. The 
box and whiskers (showing 10,25, 50, 75 and 90 percentiles) are based on weighted estimates of 
15 CMIP6 climate models (using the REA methodology) and the pdfs are estimates of the same 
quantities using the full probabilities from the UKCP18 methodology. 
 
Take away messages from comparing the more typical climate mean projections of changes with 
ǇǊƻƧŜŎǘƛƻƴǎ ǘƘŀǘ ŀŎŎƻǳƴǘ ŦƻǊ ƛƴǘŜǊƴŀƭ ǾŀǊƛŀōƛƭƛǘȅ ƛǎ ǘƘŀǘ ǿŜΩŘ ŜȄǇŜŎǘ ŀ ƎǊŜŀǘŜǊ ǊŀƴƎŜ ƻŦ ŎƘŀƴƎŜ ŀǘ 
smaller temporal and spatial scales, including the possibility of changes of the opposite sign. 
Where internal variability produces skewed distributions, the typical seasonal response (as 
measured by the median) can often be consistent with larger magnitude changes than the 
headline messages from the longer-term climate mean projections. 
 

9.4 Using WP2 projections to provide a context for WP3 projections 
 
The aim, here, is to provide an indication of how representative of the broader potential range of 
projected changes (in mean seasonal temperature and rainfall) the available Convective 
Permitting Models (CPMs) are. We have (comparatively) data rich regions (the Alpine domain with 
7 CPMs) and regions with sparser CPM model availability (where only 2 or more are available). 
This section is intended to showcase the CPM responses compared to the wider pdfs. 
 
There are several things to look for in the following analysis. Firstly, the comparison of climate 
models and the probabilistic projections provides an initial impression on how well the available 
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modelling captures the range of the wider potential climate responses. The UKCP probabilistic 
projections, used in the follow examples, accounts for additional sources of projection uncertainty 
that is not accounted for in the GCM to CPM modelling. These include carbon cycle feedbacks 
(which tend to produce stronger warming responses) and the parametric uncertainties (that can 
expand the uncertainty distribution beyond what the CMIP ensemble is able to capture). So, there 
ŀǊŜ ƎƻƻŘ ǊŜŀǎƻƴǎ ǿƘȅ ǘƘŜ D/a ǘƻ /ta ǎƛƳǳƭŀǘƛƻƴǎ ǿƻǳƭŘƴΩǘ ōŜ ŜȄǇŜŎǘŜŘ ǘƻ ǎǇŀƴ ǘƘŜ Ŧǳƭƭ 
potential probabilistic response space, but how well they do at this is important context for users 
of this CPM data. This context can inform users of this regional modelling data of where responses 
may under (or over) estimate the magnitude of some changes. This comparison makes most sense 
when comparing the climate response of the parent GCM that is used to drive the regional 
models. This is because the observational constraints that inform the probabilistic projections are 
all done on large scale global climate models (GCMs). One of the motivations for carrying out high 
resolution regional climate models, is that their ability to start explicitly resolving convective cloud 
processes may lead to changes in their projected responses. 
 
This leads on to the second aspect to look out for. The following figures (Figures 28 to 32) show 
the change in the projected temperature and precipitation between parent GCM and coarse scale 
RCM, as well as coarse scale RCM and convective permitting CPM. Should there be a common shift 
in responses at either of those steps, then this would imply that resolving the higher resolutions, 
changes the climate projections (a process that the probabilistic projections are unable to 
currently account for). Benefits of resolving processes may well be confounded by small ensemble 
sizes, presence of biases in some of the models, etc - ǎƻ ǘƘŜ ŀōǎŜƴŎŜ ƻŦ ǎǳŎƘ ŎƻƴǎƛǎǘŜƴǘ ǎƘƛŦǘǎ ŎŀƴΩǘ 
necessarily be interpreted as evidence that resolving those scales does not have implications for 
current climate projections. Alternatively, many of the documented benefits of resolving these 
higher resolutions in CPMs, is in higher frequency changes. So, we may just not see these changes 
in the large scale seasonal mean 10-year averaged projections presented here. As we will see, we 
ŘƻƴΩǘ ƻōǎŜǊǾŜ ƳǳŎƘ ŜǾƛŘŜƴŎŜ ƻŦ ŎƻƴǎƛǎǘŜƴǘ ǎƘƛŦǘǎ ƛƴ ǘƘŜ ŎƭƛƳŀǘŜ ǊŜǎǇƻƴǎŜǎ ōŜǘǿŜŜƴ ƘƛƎƘ ǊŜǎƻƭǳǘƛƻƴ 
regional modelling and their courser scale parent simulations, in the examples we explore here. 
 
Lastly, it is useful to look for any underlying structure between projected changes in temperature 
and rainfall in the probabilistic projections. There can often be some quite strong correlations, 
which we might not always expect the small number of available CPM simulations to pick up. 
Typically, warmer conditions can often be associated with summer drying in southern Europe. 
Whereas wetter winter conditions may be associated with stronger warming in some northern 
European regions. Where these correlations exist, they can be important for some users of climate 
change who have exposure to changes in both variables. So, it is useful to note where available 
regional models can ŎŀǇǘǳǊŜ ǘƘŜǎŜ ǳƴŘŜǊƭȅƛƴƎ ǊŜƭŀǘƛƻƴǎƘƛǇǎΦ ²ŜΩƭƭ ŘƛǎŎǳǎǎ ŀ ŦŜǿ ŜȄŀƳǇƭŜǎ ōŜƭƻǿΦ 
 

9.4.1 Context for regions with limited CPM modelling 
 
Convective Permitting regional climate Models (CPMs) are very much a novel modelling tool and 
due to their great computational expense, they tend to be run for only limited domains. EUCP has 
expanded the number of CPM so that all mainland European regions have projections from some 
of these models. However, for most regions we have limited samples which are each drawn from 
the wider range of climate change responses. We show here comparisons of the regional 
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modelling and the probabilistic projections, for two seasons, for the Central Eastern Europe 
region, as an illustration of some of the challenges in having only a limited sample of simulations. 
The top-level inferences from the following comparison are: 
¶ Summer (JJA): the chance sampling of these two GCM-RCM-CPM modelling sets does a 

reasonable job of sampling summer conditions. Lower likelihood but higher impact change 
may be possible. 

¶ Winter (DJF): fails to sample winter drying (though this is modest, and may well just be 
internal variability) and misses higher end warming (especially if only the CPM is used). 

 
For summer, the two convective permitting regional models (CPMs) available for the Central 
Eastern European domain do a reasonable job of spanning the range of projected summer 
conditions. Both sit within the 25th percentiles from the UKCP probabilistic methodology, so 
neither can be said to explore the less likely but still possible parts of the projected response 
space. Between them they capture both a stronger warming with modest drying and more modest 
warming with less change in mean summer rainfall. The UKCP probabilistic projections expose the 
correlation between warmer temperature increases and the tendency of the projections to 
produce more of a drying signal. These kinds of relationships can be important for users who have 
exposure to changes in both variables, and it is often hard to impossible to identify such 
relationship from the small handful of high-resolution simulations that are typically available. In 
this instance, the chance sampling has happened to have done well with the warmer projection 
also capturing drier conditions that are more typical of responses of this magnitude. 
 
The estimates from the CMIP5 are narrower than those from UKCP method, which is related to 
UKCP including additional uncertainties due to decadal variability; and inclusion of wider 
uncertainties (namely carbon cycle and bespoke uncertainty modelling as well as statistical 
uncertainties). Whilst neither CPM explores the whole CMIP5 temperature distribution, they do a 
reasonable job of spanning the inter-quartile range temperature range and represent moistening 
and drying just either side of the CMIP5 range. 
 
Another thing to note is that there is not sufficient consistency in the shifts of the two CPMs to 
suggest that resolving processes at this scale significantly changes the projections, as this seasonal 
mean temporal scale. 
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Figure 28: Summer Climate Projections for Central Eastern Europe. Contours represent 90th, 75th, 
50th and 25th percentiles for constrained joint projections from the UKMO probabilistic projections 
of temperature and rainfall change. The points represent projected changes from the two available 
Convective Permitting regional Models (CPMs) that produce projections that cover the whole of 
this region (red squares). The lines connect these CPM responses to the responses of their RCM and 
GCM parent models. The box and whisker plots show estimated changes from the ClimWIP 
methodology, with the raw CMIP5 range and the observationally constrained range show in open 
orange and filled brown, respectively, for the 90th, 75th, 50th, 25th and 10th percentiles 
 
For winter, these two CPMs represent a more limited sample of changes in the Central Eastern 
European domain. The RCM and CPM do not reproduce the stronger warming of their parent GCM 
and fall more in line with HCLIM, projecting a warming of roughly 1.5 K. The CPMs, therefore, 
provide only a limited sample of what would be considered the plausible range of temperature 
change (given large scale observational constraints). Interestingly, the observational constraints in 
ClimWIP tend to suggest that the larger temperature future responses are more consistent with 
observed changes, in this region. Both CPM simulations capture a winter enhancement of 
precipitation, on the upper end or outside the CMIP5 range, though it is considered consistent 
with the wider UKCP uncertainty range. Both CMIP5 and the UKCP methodology suggest that a 
winter drying is consistent with large fraction of the project changes, and this is not sampled in the 
available CPM modelling. It also suggests that, unlike in summer, there is not a strong relationship 
between winter warming and changes in precipitation (which is again, useful context). 
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So, the winter CPM simulations represent similar, limited, samples of the wider underlying 
uncertainties. Projections that are either considerably warmer or even produce a net drying are 
both possible, but not represented here. 

 
Figure 29: Winter Climate Projections for Central Eastern Europe. Contours represent 90th, 75th, 
50th and 25th percentiles for constrained joint projections from the UKMO probabilistic projections 
of temperature and rainfall change. The points represent projected changes from the two available 
Convective Permitting regional Models (CPMs) that produce projections that cover the whole of 
this region (red squares). The lines connect these CPM responses to the responses of their RCM and 
GCM parent models. The box and whisker plots show estimated changes from the ClimWIP 
methodology, with the raw CMIP5 range and the observationally constrained range show in open 
orange and filled brown, respectively, for the 90th, 75th, 50th, 25th and 10th percentiles 

 

9.4.2 Context for the Alpine region 
 
This region is the most well served by current convective permitting modelling. Shown below are 
the GCM, RCM and CPM responses compared against current probability projections. 
¶ DJF: The models sample temperature changes only in bottom half of the potential 

temperature distribution and none of the models capture sample winter drying. The latter 
may be less relevant if the precipitation range is largely internal variability (but it may be 
because the drying is driven largely by the PPE, and hence not captured by the CPMs and 
their CMIP5 based drivers) 

¶ WW!Υ L/¢tΩǎ IŀŘD9aн-ES ς RegCM modelling compensates for the otherwise cool biased 
sample. With this model, some of the warmer and drier responses are captured but the 
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ensemble still fails to capture some the higher end, albeit less likely, strong warming and 
drying. 

¶ SON: The CPM sampling is better placed to capture the range of responses. RegCM is 
ǇƻǎƛǘƛƻƴŜŘ ǘƻ ŎŀǇǘǳǊŜ ƘƛƎƘŜǊ ŜƴŘ ǿŀǊƳƛƴƎΤ D9wL/Ωǎ w9ah /ta ŎŀǇǘǳǊŜǎ ǎǘǊƻƴƎ ŘǊȅƛƴg with 
modest warming and COSMO captures moderate warming and moistening. 

 
In principle, potential users of CPM projections are much better served in the Alpine domain. Here 
we show 7 EUCP CPM simulations (with their parent RCMs and GCMs) for winter, summer and 
autumn seasons. As can be seen from the winter figure (Figure 30), below, this larger number of 
models does not always translate into wider sampling of potential climate responses. None of the 
CPM models are able to sample temperature in the upper half of the UKCP distribution nor sample 
the potential for this region to experience winter drying. Compared to the CMIP5 ensemble they 
do reasonably well. Again, they tend to miss the upper end of the CMIP5 observationally 
constrained distribution. Interestingly 3 of the 4 GCM projections, that are used as boundary 
conditions, fall below the lower 10 percentile of the CMIP5 range. The regional modelling has 
tended to shift up the sampling of lower temperature responses somewhat, but it is worth noting 
that the chance sampling still tends to over-sample cooler winter temperature responses 
compared to what might be expected from the constrained range from either probabilistic 
methodology presented here. Similarly, the winter CPMs do not encompass the potential drying 
signal in both the CMIP5 and UK probabilistic methodology. 

 
Figure 30: Winter Climate Projections for the Alpine domain. Contours represent 90th, 75th, 50th 
and 25th percentiles for constrained joint projections from the UKMO probabilistic projections of 
temperature and rainfall change. The points represent projected changes from the seven available 
Convective Permitting regional Models (CPMs) that produce projections that cover the whole of 
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this region (red squares). The lines connect these CPM responses to the responses of their RCM and 
GCM parent models. The box and whisker plots show estimated changes from the ClimWIP 
methodology, with the raw CMIP5 range and the observationally constrained range show in open 
orange and filled brown, respectively, for the 90th, 75th, 50th, 25th and 10th percentiles 
 
Looking at the autumn/fall season in the Alpes (Figure 31), the CPMs appear to be in a better 
position in terms of sampling underlying range of projections. Individual CPM members sample 
stronger warming, modest warming with a drying signal and modest warming with a moistening 
signal. A couple of CPMs produce small warming with quite strong increases in Autumn rainfall, 
which (according to the probabilistic projections) would be considered less likely. Whilst the 
underling probability distribution suggests these responses are not implausible, neither has a 
particularly strong weight. Caution needs to be exercised before such models can be considered as 
outliers, as it may well be that resolving regional scale processes at higher resolution has led to the 
more pronounced increase in Autumn rainfall. Rainfall changes in the Autumn season (September 
to November) are of particular interest because there is now some suggestion from the CPMs that 
climate change may extend summer convective rainfall events into the autumn season. The 
probabilistic projections are based on lower resolution global modelling that does not capture 
these processes. Nevertheless, comparisons like this provide a useful context to frame such 
questions. 

 
Figure 31: Autumn Climate Projections for the Alpine domain. Contours represent 90th, 75th, 
50th and 25th percentiles for constrained joint projections from the UKMO probabilistic projections 
of temperature and rainfall change. The points represent projected changes from the seven 
available Convective Permitting regional Models (CPMs) that produce projections that cover the 
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whole of this region (red squares). The lines connect these CPM responses to the responses of their 
RCM and GCM parent models. 
 
The CPM ensemble represents a better sample of potential summer changes (Figure 32) than the 
winter season, according to the probabilistic methods. Here (like in the Central Eastern European 
domain) we see that there is a strong relationship between greater warming and greater summer 
drying. The available CPM ensemble captures much of this underlying structure, and the inclusion 
of the RegCM regional model does much to compensate for the otherwise cool bias to the sample 
represented by the other CPMs. Interestingly, ClimWIP suggests that CMIP5 simulations with 
stronger future warming are more consistent with observed changes. Five of the seven CPMs 
produce a summer warming that is cooler than the lower 25 percentile of the constrained CMIP5 
range. Whilst there are limitations to the CPM sampling of the climate projection space (for 
example, we may expect the potential for stronger summer warming and drying than the CPM 
sample is able to capture) the available members do span some of the diversity in potential 
responses. 

 
Figure 32: Summer Climate Projections for the Alpine domain. Contours represent 90th, 75th, 
50th and 25th percentiles for constrained joint projections from the UKMO probabilistic projections 
of temperature and rainfall change. The points represent projected changes from the seven 
available Convective Permitting regional Models (CPMs) that produce projections that cover the 
whole of this region (red squares). The lines connect these CPM responses to the responses of their 
RCM and GCM parent models. The box and whisker plots show estimated changes from the 
ClimWIP methodology, with the raw CMIP5 range and the observationally constrained range show 
in open orange and filled brown, respectively, for the 90th, 75th, 50th, 25th and 10th percentiles 
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9.4.2 Applications for using PDFs to inform RCM driving data selections 

 
The observationally constrained projection can be used beyond the context they provide to 
currently available climate projections.  Exploring some of the challenges in selecting future 
simulations for downscaling, as an example, they can also be used as a visual guide of potential 
candidates for further regional climate simulations (or statistical downscaling) that can 
complement existing data. 
 
Figure 33 shows how the CMIP6 models position themselves with respect to the ranges 
constrained by 3 methods for summer mean temperature change over different European regions. 
Putting these three constrained ranges together allows us to identify a subset of models that can 
be selected as driving GCMs for regional simulations produced by the RCMs. A relevant strategy 
for an optimal selection would be to sample the climate sensitivity (in the broad sense) within the 
constrained ranges. For example, the ACCESS-ESM1-5 model (number 2 in Figure 33) could be 
selected as characteristic of strong warming over Europe, while the MPI-ESM1-2-LR model 
(number 35) would be more representative of weak warming. Models that are incompatible with 
constrained ranges could also be useful for estimating climate risk in a comprehensive way, by 
considering them as low likelihood, but high impact realisations (i.e. beyond the 10% and 90% 
thresholds). This is for example the case for the UKESM1-0-LL (number 41) or FGOALS-g3 (number 
19) models. Such a modelling strategy is likely to be adopted for the next CORDEX phase. 
  

 
Figure 33:  Comparison of observationally constrained ranges for summer temperature, and 
currently available CMIP6 simulations. Constrained temperature changes (relative to 1995ς2014) 
from the KCC, ClimWIP and ASK methods  for the SSP5-8.5 scenario over the 2041-2060 period for 
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the European (NEU-CEU-MED) region and each SREX subregion. The dots show individual models 
as labeled. The horizontal dot position and its color is arbitrary. 
 
This contextualisation exercise was also done for the CMIP5 models and CPMs used by WG3. In 
the examples, below, we look at where the range of CMIP5 simulations sit within the constrained 
ClimWIP and UKCP probabilistic projections.    

 
Figure 34:  Exploring potential GCM candidates as boundary conditions for future (statistical) 
downscaling in the Alpine region.  As Figure 30 but including only CMIP5 simulations used for 
existing regional modelling boundary conditions (green circles) or the wider CMIP5 simulations 
(blue dots).   This illustrates the distribution of climate responses across the available CMIP5 
simulations.  In this case, the CMIP5 simulations, that have been used, sit within the cooler and 
wetter part of the wider distribution.  Potential candidates for use as a central estimate (green 
diamond) or high-end changes, within the ClimWIP constrained 10-90 percentiles (blue diamonds) 
are shown.  Lower likelihood, but still plausible CMIP5 projections are identified to inform more 
risk-adverse users (yellow and red diamonds).   
 
In figures 34 and 35 we can illustrate how limited a sampling of the potential climate response 
space is over the Global Climate Model (GCM) simulations that have been chosen for the RCM and 
CPM downscaling simulations.  As shown in the earlier Figures 29 and 30, this limitation is more 
apparent in winter than it is in summer.  Here, we use the ClimWIP constrained ranges to identify 
alternative GCMs that could be used to provide regional model boundary conditions to 
complement the existing choices. We use proximity to ClimWIP 50% and 10/90% percentiles to 
have highlighted potential candidates for better estimates of central or high-end changes, 
respectively (identified in the figure legends).   
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This work is important because the current lack of sampling of warmer and drier future winter 
changes in these two regions is likely to mask larger impacts on the overall water cycle than the 
current regional climate models suggest.  If the real world also shows winter drying and stronger 
warming then this would imply further pressures on the water availability, as there would be 
reduced capacity to recharge water reserves during the winter and the implied reduction in winter 
snowpack would further reduce river flows in spring and early summer.  Identifying simulations 
that explore this narrative should inform more robust decision making in light of the current range 
of potential future changes. 
 
We have also identified a few less likely but still plausible higher impact climate projections that 
might be more relevant for risk adverse users of climate projection information (indicated in the 
figure 33 and 34 legends) 
 
We have illustrated the joint temperature and precipitation approach, here, with CMIP5 era 
simulations.  The potential to utilize CMIP5 for subsequent downscaling is limited due to their 
sparse availability of lateral boundary conditions (needed to drive regional climate simulations) 
and the focus has moved on to newer CMIP6 simulations for much of the further downscaling 
work.  However, this section illustrates an approach that could equally be applied to the more 
recent CMIP6 simulations and the identification of CMIP5 realisations may still have relevance 
should there be an appetite to pool realisations from both climate model ensembles (particularly 
if statistical, rather than dynamical, downscaling approaches were adopted).  This work illustrates 
how the constrained climate projections produced here can be both used to provide context or to 
provide a guide to selecting GCMs for downscaling that retain the diversity of the climate 
responses of global simulations. 
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Figure 35:  Exploring potential GCM candidates as boundary conditions for future (statistical) 
downscaling in the Central Eastern European region.  As Figure 29 but including only CMIP5 
simulations used for existing regional modelling boundary conditions (green circles) or the wider 
CMIP5 simulations (blue dots).   This illustrates the distribution of climate responses across the 
available CMIP5 simulations.  In this case, the CMIP5 simulations, that have been used, sit at the 
wet extreme of the wider distribution.  Potential candidates for use as a central estimate (green 
diamond) or high-end changes, within the ClimWIP constrained 10-90 percentiles (blue diamond) 
are shown.  Lower likelihood, but still plausible CMIP5 projections are identified to inform more 
risk-adverse users (yellow and red diamonds).   
  






































