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Main modelling tools:

ECHAM / MPI-ESM  (global)

COSMO-CLM (regional)

Climate model evaluation as an important component
of model development and application.
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• Does not consider small-scale variability of surface 
forcings (topography, land-sea contrast, land use)

• Does not resolve mesoscale dynamics

• Does not target regional and local scales 
considered in many impact assessments



VARIABLE-RESOLUTION GLOBAL CLIMATE MODEL
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Source: MPI-M Hamburg / ICON

THE ICON MODEL
triangular grid with
local refinement



GCM OROGRAPHY     HadGEM2-ES, 1.875° x 1.25°, approx. 140 km
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• Does not consider small-scale variability of surface
forcings (topography, land-sea contrast, land use)

• Does not resolve mesoscale dynamics

• Does not target regional and local scales
considered in many impact assessments

Explicit climate downscaling to translate large-
scale conditions into local weather

a) Empirical-statistical approaches
b) Dynamical downscaling
c) Combination of both



EMPIRICAL-STATISTICAL DOWNSCALING  (classical view)

Large scale
(flow) conditions

Regional / local
scale conditions
corresponding to

large scale

1) Empirically
derive a transfer

function

2) Extrapolate 
transfer function 

into future
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REGIONAL CLIMATE MODELLING
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Apply a limited area model (regional climate model, RCM) as a

“magnifying glass”…

• Origin in numerical weather prediction
• Horizontal resolution: 10 - 50 km
• Internal RCM timestep: a few minutes
• RCM output interval: hourly, daily, monthly
• Typically one-way nesting only

• GCM
• Re-analysis

boundary relaxation

interior
domain



RE-ANALYSES: BASICS

• Systematic approach to produce data sets for climate 
monitoring and research

• Idea: Continuously assimilate observations (surface, radio 
sondings, remote sensing) into a weather/climate model 
and run this model forward in time -> reprocessing 
observational data spanning an extended historical period 
using a consistent modern analysis system

• Apply unchanging assimilation schemes and models
(«frozen»)

• Most reanalyses are global, but regional products at higher 
resolutions exist as well

• Besides atmospheric reanalyses further types exist (e.g., 
oceanic reanalyses)
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RE-ANALYSES: PURPOSE
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• Initialization of operational weather forecasts

• Climate analysis over historical periods

• Provision of initialization and boundary data for atmospheric 
limited area models (e.g., RCMs)

• Validation of global and regional
climate model experiments

• Provision of atmospheric
boundary conditions for,
e.g., hydrological models

• e.g., ERA40, ERA-Interim,
ERA-20C, JRA-55, MERRA,
NCEP/NCAR

Reanalysis grid
RCM grid

J. Fernandez,
Univ. Santander

• «PERFECT BOUNDARIES»

• But: Re-analysis uncertainty!



MODEL COMPONENTS
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Courtesy: C. Schär, ETH Zurich

DYNAMICS

• Address the resolved part of atmosphe-
ric dynamics and thermodynamics. 

• Solution of the governing equations of 
fluid motion on a computational grid

• Examples of resolved structures: general 
circulation of atmosphere, low and 
high pressure systems, mountain 
flows

PHYSICS

• Representation of unresolved scales by 
parameterizations (sub-grid)

• Typically contain empirical components 
and are to some extent tuned/calibrated

• Major source of model uncertainty

• Examples of parameterized processes: 
boundary layer, convection, 
precipitation, clouds, land surface



PROS & CONS

1
Regional
Modelling

2
3
4
5
6
7
8

• Physically consistent response, including climate 
feedbacks

• Application of models for future periods possible
(in principle)

• Computationally expensive

• Advanced expertise required

• Limited number of realizations

• Limited spatial resolution (does not target the site scale)

• Strongly depends on driving GCM (garbage in – garbage 
out)

• “Added value” wrt. GCM not always apparent 
(found, e.g., in high-order statistics reflecting intense and 
localized events)



THE ADDED VALUE

• An RCM won’t improve all aspects of a GCM simulation

• Added value often hard to find for time-averaged quantities or on large spatial
scales

• Most likely in frequency distributions and high-order statistics reflecting intense
and localized events (e.g. tails of daily precipitation intensity distribution; e.g. 
Jacob et al. 2013)

• Added value on scales that are common to both the RCM and the driving GCM?
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Jacob et al. 2013

Frequencies of daily precipitation intensities over
central Europe (ensembles of five simulations each)



TYPES OF RCM EXPERIMENTS

1
Regional
Modelling

2
3
4
5
6
7
8

RCM
boundary forcing

(global)

Re-analysis
(perfect boundaries)

Evaluation of
GCM-RCM chain

GCM
historical GHG

GCM
future GHG

Climate
change

Re-analysis/
GCM

Idealized setups

Evaluation of
downscaling

EVALUATION RUN

CLIMATE SCENARIO

Sensitivities,
process

understanding

SENSITIVITY RUN
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THE UNCERTAINTY CASCADE

Ensemble approaches
to quantify and constrain uncertainties

Greenhouse gas and
aerosol scenario

GCM
(choice and setup)

RCM
(choice and setup)

Interface to impact model
(further downscaling and postprocessing)

Impact model

Statistical-empirical methods



CLIMATE MODEL ENSEMBLES
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EMISSION SCENARIO ENSEMBLES

• Carry out multiple projections assuming different emission scenarios

PERTURBED PHYSICS ENSEMBLES

• Combine different simulations of the same model but with perturbed 
versions of the original model physics

• More systematic sampling possible (multi model ensembles: 
opportunistic ensembles)

• Intramodel variability as a measure of uncertainty
• e.g. climateprediction.net

MULTI MODEL ENSEMBLES

• Combine multiple projections from different models
• Ideally: models independent of each other (typically not given!)
• Intermodel variability as a measure of uncertainty (spread of 

projections)



THE ENSEMBLES PROJECT
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• EU FP6 research programme 
2004-2009
http://ensembles-eu.metoffice.com

• Setup of an ensemble prediction
system for climate change in 
Europe 

• Regional component:
Application of 17 RCMs at 25 and 
50 km resolution

• ERA40-driven evaluation runs

• Regional climate scenarios
(multi GCM-multi RCM)

• Rather few scenarios (15 until 2100)

• Only SRES A1B considered

• Horizontal resolution too coarse for many applications



CORDEX
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Coordinated Regional Climate
Downscaling Experiment
International framework for next generation of
regional climate change projections for all 
terrestrial
regions of the globe  (http://wcrp-cordex.ipsl.jussieu.fr)

• Includes dynamical and statistical downscaling approaches

• Forcing: CMIP5 GCMs assuming Representative Concentration Pathways
(RCPs)

• Common RCM resolution: 50 km, focus domain: Africa

http://wcrp-cordex.ipsl.jussieu.fr



EURO-CORDEX
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• European branch of CORDEX
http://www.euro-cordex.net 

• Community currently consists of
29 modelling centers applying
10 different RCMs

• Experiments at 50 km and 12 km
for European domain

About 1/3 of experiments currently available on ESGF archive
(e.g. http://esgf-data.dkrz.de)

Evaluation runs

forcing:
ERA-Interim (1989-2008)

Climate scenarios

forcing: CMIP5 GCMs (1951-2100)

50km: 66 simulations (10 RCMs, 12 GCMs, 3 RCPs)

12 km: 42 simulation (9 RCMs, 7 GCMs, 3 RCPs)



ENSEMBLES vs. EURO-CORDEX

• Updated GCMs/ESMs

• Updated RCMs

• RCPs

• Higher grid resolution (for 12 km)

• Much larger ensembles

• High resolution versus ensemble size
• 150 years on 12 km: 2.5 mio CPUh

• 150 years on 50 km: 1/33 of it

• Uncertainties (still) not fully sampled

EURO-CORDEXENSEMBLES
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WHY SHOULD WE VALIDATE AN RCM?
(or a climate model in general)



WHY RCM EVALUATION?
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Note: Also applies to GCMs and many other kinds of models!

DOES THE MODEL WORK FOR THE PURPOSE IT
HAS BEEN BUILT FOR?

• RCMs as (INCOMPLETE!) mathematical representations of the
regional climate system

• Based on physical principles, but subject to structural and
parametric uncertainties

• Check: Can the model approximately reproduce past
climatologies and past climatic trends?

• Basic requirement for trust in regional climate scenarios (that
potentially have major implications)

• But: Any performance threshold is subjective; only broad
picture can be provided



WHY RCM EVALUATION?  (cont’d)
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MODEL SELECTION AND WEIGHTING

• Basis for weighting individual models in multi-model ensembles

• But: Weighting usually based on subjective performance scores
and potentially dangerous (Weigel et al., 2010)

• If several models are available but only one (or a few) can be
afforded to run: Evaluation can inform selection to some extent

• Basis for excluding models with major deficiencies

MODEL SETUP AND CALIBRATION

• Chosing a specific setup of an RCM for a given application
(domain, timestep, parameterization options, …)

• Parameter calibration within a specific setup («model tuning»)



WHY RCM EVALUATION?  (cont’d)
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ADDED VALUE ANALYSIS

• RCM application costly (both manpower and computing time)

• Especially true for high spatial resolution:
1:33 for 12 km vs. 50 km

• Model evaluation to inform decision whether this investment is
reasonable or not

• But: Evaluation does not tell the entire story (added value
might only appear in the scenarios)

IDENTIFICATION OF MODEL DEFICIENCIES

• Evaluation can highlight deficiencies of a particular model

• But: Does not necessarily highlight the physical reasons for
biases



WHY RCM EVALUATION?  (cont’d)

2
Rationale

1

3
4
5
6
7
8

MODEL DEVELOPMENT

• Evaluation of newly introduced model components

• Usual procedure: (1) stand-alone / idealized mode
(2) fully interactive mode

• Might require re-calibration!



RCM VERSUS SD EVALUATION
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Compared to SD evaluation,
RCM evaluation …

… should not be carried out a the point scale but
at the RCM grid cell scale or coarser (scale
mismatch)

… should always be carried out for a larger area
(multiple grid cells or entire model domain;
«global» calibration)

… can typically not be carried out event-wise

… should – if possible – target physical
relationships in order to be informative
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TYPES OF RCM EXPERIMENTS

RCM
boundary forcing

(global)

Re-analysis
(perfect boundaries)

Evaluation of
GCM-RCM chain

GCM
historical GHG

GCM
future GHG

Climate
change

Re-analysis/
GCM

Idealized setups

Evaluation of
downscaling

EVALUATION RUN

CLIMATE SCENARIO

Sensitivities,
process

understanding

SENSITIVITY RUN
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«Run your model for some period in the past and check the performance.»
(Not as trivial as it seems!)



TYPES OF EVALUATION

EVALUATION RUN
(Re-analysis driven)

SCENARIO RUN
(GCM-driven historical)

SENSITIVITY RUN

REFERENCE

• Assumption of «perfect
boundaries»

• Separation of downscaling
performance from biases due
to erroneous large-scale
forcing

• Temporal correspondence on 
large temporal and spatial
scales

• Evaluation of combined
GCM-RCM chain

• RCM results strongly
influenced by errors in the
boundary forcing («garbage
in – garbage out»)

• No temporal corresponden-
ce! (especially if driven by
AOGCM)
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• Scope of evaluation
strongly depends on 
specific setup

• Typically physical-based
evaluation

• Reference: often another
simulation of the same 
model



THE REFERENCE
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• «Observations» in historical periods
(typically involves models and assumptions)

• A different model that you trust in
(could be, for instance, a re-analysis or a model based on
first physical principles)

• A reference simulation of the same
model

• A reconstruction of the historical
climate  (especially applies to paleoclimate studies)



SCALE MISMATCH
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Figure: S. Gruber, Univ. Zurich

A trap!



SCALE MISMATCH
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• RCMs operate on grid cell scale

• Output typically needs to be interpreted as
«mean over grid cell area»

• Scale mismatch when comparing gridded model
results to measurements at individual stations 

− Smoothing of spatial variability

− Smoothing of (localized) extremes, especially
precipitation and winds

− Elevation and slope effects in topographic terrain

− Neglect of subgrid variability (as, for instance,
introduced by land surface characteristics)



SCALE MISMATCH  (cont’d)
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GHCN stations Gridded to 0.25°
(Cressman interp.)

Remapped to 0.9° x 1.25°
(Conservative remapping)

97th percentile of wet-day precipitation (1979-2003):

Stations vs. grids

Gervais et al., 2014



GRIDDED REFERENCE DATA
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Use of gridded reference data

Station measurements interpolated onto
a regular grid

A)
• Measurements and interpolation subject to considerable

uncertainties! (see later)

Re-analysis productsB)
• Observations only indirectly represented (data assimilation)

• Uncertainties due to assimilation scheme, re-analysis model
and changing mix of underlying observational data

• For instance: introduction of satellite data in 1970s

Remote sensing productsC)
• Also involve models and assumptions (e.g. radiative transfer)

• Good spatial, but typically limited temporal coverage



EXCEPTION: SINGLE-COLUMN MODES

3
Approa-
ches

1
2

4
5
6
7
8

For development / refinement of parameterizations an RCM (or parts of it) is often

operated in a special single-column mode (just one single soil/
atmospheric column is considered, no horizontal dependencies)

− Especially applies to land-surface
parameterization schemes

− «Controlled» boundary conditions

− Idealized prescribed (observed) forcing of
column

− Physiographic parameters close to those 
observed

Single-station reference data often useful!
(soil temperatures, snow cover, surface
fluxes, air temperatures at different heights, …)



GRIDDED REFERENCE DATA
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Use of gridded reference data

Station measurements interpolated onto
a regular grid

A)
• Measurements and interpolation subject to considerable

uncertainties! (see later)

Re-analysis productsB)
• Observations only indirectly represented (data assimilation)

• Uncertainties due to assimilation scheme, re-analysis model
and changing mix of underlying observational data

• For instance: introduction of satellite data in 1970s

Remote sensing productsC)
• Also involve models and assumptions (e.g. radiative transfer)

• Good spatial, but typically limited temporal coverage

Regridding still necessary in most cases!
(matching RCM and reference data resolution)



THE E-OBS GRIDDED DATASET
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http://www.ecad.eu/download/ensembles/ensembles.php

• Daily gridded mean/mix/max temperature,
precipitation, sea level pressure for Europe

• Developed within the EU ENSEMBLES project

• 1950 - 2013 (v10)

• Four different resolutions:
- 0.25° regular
- 0.5° regular
- 0.22° rotated
- 0.44° rotated

• Underlying station time series available for most parts

• Standard reference for RCM evaluation over Europe

Haylock et al., 2008

ENSEMBLES
RCM grid

− Low station density over many areas 
(nominal resolution < effective 
resolution; smoothing of extremes)

− Even nominal resolution coarser 
than recent high-resolution EURO-
CORDEX runs (0.11°)

− Temporal inhomogeneities

Shortcomings:



THE E-OBS GRIDDED DATASET  (cont’d)
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PERFORMANCE METRICS4
«Performance measures», «Skill scores», «Performance score», «Evaluation metrics»



SCOPE
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• Metrics should measure/quantify the model performance against a 
given reference dataset for a specific aspect: «Is the model able to 
simulate things we have observed?»

• Combined scores (accounting for several aspects / variables) possible

• Usually not desgined to diagnose reasons for model errors

SIMULATION REFERENCE

Performance
metric

Comparison

• Ideally, a metric should allow a comparison of the performance of 
different models («good performance» … -> … «bad performance»): scalar quantity

• Also: Assessment of temporal and spatial variability of performance of 
a given model

• Also: Assessment of performance of different setups of a given model



METRIC SELECTION
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• «Metric Zoo»: Infinite number of potential metrics

• No well-defined common set of benchmark
metrics; but several «standard» metrics

• One single metric ALWAYS neglects certain
aspects of model performance

• RCM: Metrics typically consider
climatology or trend!

• Subjective choice

• Outcome of evaluation exercise typically 
strongly depends on metric

Metric 1 Metric 2 Metric 3

• Concept of one-best model is ill-defined! (but
there may be a best model for a given purpose)



METRIC SELECTION  (cont’d)
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APPLICATION-
DRIVEN

«I’m only interested in mean annual tempe-
rature, therefore my metric should only consider 

performance wrt. mean annual temperature.»

«I’m only interested in the Alps, therefore
my metric only needs to consider model 

performance in this region»

PHYSICS- AND
PROCESS-RELATED

Assess model performance with respect
to the representation of physical processes.

Typically requires to include more
than one variable.

Typically more relevant for obtaining trust
in a model especially wrt.

Probably more relevant for climate change 
signals.

Often limited availability of reference data.

Final scoring can be tricky (=uncertain!)

Often easy to carry out.

But potentially dangerous:
Compensating errors might indicate

good model performance.

Provides little evidence whether or not
the physics are well represented.



METRIC SELECTION  (cont’d)
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To be informative, performance metric(s)
in model evaluation should … 

… cover a wide range of aspects
of model performance

… consider several variables
(standard: T and P only)

… consider a larger domain

… consider observational uncertainty

… be transparent



GENERIC AND APPLICATION-SPECIFIC ASPECTS
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GENERIC ASPECTS
OF MODEL 

PERFORMANCE

• Capturing a mean climatology

• Capturing trends

APPLICATION-SPECIFIC / 
USER-SPECIFIC ASPECTS 

OF MODEL 
PERFORMANCE

• Capturing temporal variability

• Capturing spatial structures

• Capturing extremes

• …

Include both!



EXAMPLE 1: THE VALUE VALIDATION FRAMEWORK
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Rather application-driven,
as framework has a strong focus
on statistical downscaling.

Still very useful for RCM
evaluation and intercomparison!

Wide range of aspects and
performance measures considered!

Maraun et al., submitted



EXAMPLE 2: EURO-CORDEX STANDARD EVALUATION
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Kotlarski et al., GMD, 2014

1. Seasonal mean biases at grid point scale for entire RCM domain

Bias of 20-year mean winter temperature (1989-2008)



EXAMPLE 2: EURO-CORDEX STANDARD EVALUATION
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Kotlarski et al., GMD, 2014

1. Seasonal mean biases at grid point scale for entire RCM domain

2. Eight metrics applied to eight different analysis regions, 
describing different aspects of model performance



EXAMPLE 2: EURO-CORDEX STANDARD EVALUATION
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Kotlarski et al., GMD, 2014

1. Seasonal mean biases at grid point scale for entire RCM domain

Sp
a

tia
l

v
a

ria
b

ility

95%-P 95th percentile of all absolute grid point differences (model - observations) based on 
climatological annual and seasonal mean values

PACO Pattern correlation between modeled and observed climatological annual and seasonal mean 
values at all grid points

RSV Ratio of spatial variances of all grid points (model over observations) of climatological annual and 
seasonal mean values

RIAV Ratio of interannual variance (model over observations) of time series of annual and seasonal 
mean values (regional averages)

TCOIAV Correlation between modeled and observed time series of annual and seasonal mean values 
(regional averages)

T
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BIAS Difference (model - observations) of climatol. annual and seasonal mean values (regional averages)
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CRCO Spearman rank correlation between modeled and observed climatological monthly mean values 
(regional averages)

ROYA Ratio (model over observations) of yearly amplitudes (difference between maximum and 
minimum) of climatological monthly mean values (regional averages)

M
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a
n

n
u

a
l

cy
cle

2. Eight metrics applied to eight different analysis regions, 
describing different aspects of model performance



THE TAYLOR DIAGRAMS
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• Provide a way of graphically summarizing different aspects of 
model performance

• Here: Similarity of spatial or temporal patterns (model versus 
reference)

• Possible due to inter-
relation of several
metrics

• Different variants

Distance from origin: «Normalized 
and centered RMS difference»

Does not take into account mean 
bias! (but this can be color-coded)



TAYLOR DIAGRAM: EXAMPLE
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Kotlarski et al., 2014



EXAMPLE 3: MULTIVARIATE SCORE

4
Measures

1
2
3

5
6
7
8

Bellprat et al., 2012

PI=0  -> perfect match



VALIDATION OF TRENDS
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Controversial «paper» with severe
shortcomings that – nevertheless –
highlighted an important aspect that 
is often overlooked:

RCMs are typically applied in climate 
change studies, i.e., need to capture 
the regional climate response to a 
given forcing -> validation of trends!

Problems:

• Lack of temporally homogeneous
reference and boundary forcing
data (re-analysis)

• Observational / re-analysis period
short and rather small GHG forcing -
> natural variability often dominates

• Period to be analyzed further
shortened by granting spin-up time
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MODEL CALIBRATION



THE ROLE OF MODEL CALIBRATION
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• Model physics typically include a large number of non-constrained parameters
that need to be calibrated («tuning»)

• Calibration will affect model performance!

• The same is true for further choices concerning model setup (domain
size, time step, relaxation procedure, horizontal and vertical resolution, etc.)

• Calibration is typically INTRANSPARENT!

Evaluation might not be «independent» (if the same evaluation
period, reference data and performance measures were used during calibration)



1st EXAMPLE: MODEL CALIBRATION
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• Setup of a CORDEX reference version for the RCM COSMO-CLM

• Testing of a large number of model setups (parameter settings
in physics, parameterisation schemes, time step, preprocessing
scheme, etc.)

• 10-year long simulations driven by the ERA40 re-analysis
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Mean monthly temperature bias (1991-2000) over mid-Europe [K]



1st EXAMPLE: MODEL CALIBRATION  (cont’d)
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Mean monthly precipitation bias (1991-2000) over mid-Europe [mm]



2nd EXAMPLE: MODEL CALIBRATION
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• Development of an
objective calibration
scheme for the RCM
COSMO-CLM
Bellprat et al. 2012a,
Bellprat et al. 2012b

• >40 parameters varied in
a «perturbed physics
ensemble)

• 1-year long and 10-year
long simulations

• Evaluation over eight
European sub-domains
(«PRUDENCE regions», «Rockel

regions») -> see EURO-
CORDEX standard eva-
luation -> comparability!



2nd EXAMPLE: MODEL CALIBRATION  (cont’d)
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Bellprat et al., 2012a



2nd EXAMPLE: MODEL CALIBRATION  (cont’d)
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Mean annual cycle (1991-2000)
of temperature in the perturbed
physics ensemble over the eight
sub-domains 

Bellprat et al., 2012a



2nd EXAMPLE: MODEL CALIBRATION  (cont’d)
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Mean annual cycle (1991-2000)
of precipitation in the perturbed
physics ensemble over the eight
sub-domains 

Bellprat et al., 2012a



2nd EXAMPLE: MODEL CALIBRATION  (cont’d)
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Mean annual cycle (1991-2000)
of cloud cover in the perturbed
physics ensemble over the eight
sub-domains 

Bellprat et al., 2012a



2nd EXAMPLE: MODEL CALIBRATION  (cont’d)
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Bellprat et al., 2012a

Influence of calibration varies

(a) seasonally
(b) regionally
(c) between means and «extremes»



2nd EXAMPLE: MODEL CALIBRATION  (cont’d)
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Bellprat et al., 2012a

Skill (PS) when sequentially adding
additional years to the score

Worst / best simulation in the first year

Skill (PS) for each individual year

Relative performance not stable in time!

(here: mostly due to spin-up of soil water content)



2nd EXAMPLE: MODEL CALIBRATION  (cont’d)
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CCLM «CORDEX»  (50 km)

Bellprat et al., in prep.

Optimized (objective
calibration procedure)

In this case:

Model calibration is transparent, published and «objective»
(usually NOT the case)



SUMMARY: EFFECT OF MODEL CALIBRATION
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(IPCC AR5, WG1, Chapter 9, 2014)

• Model tuning directly influences the evaluation of 
climate models

• The quantities that are tuned cannot be used in 
model evaluation

• Quantities closely related to those tuned will 
provide only weak tests of model performance

• Model quality is tested most rigorously through the 
concurrent use of many model quantities, 
evaluation techniques, and performance metrics 
that together cover a wide range of emergent (or 
un-tuned) model behaviour.



INTERNAL VARIABILITY



INTERNAL CLIMATE VARIABILITY
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Internal climate variability (IV):
Unforced random variability in climatic parameters due to internal 
non-linear processes in the climate system

Consequence for comprehensive
(deterministic!) climate models:
Results (e.g., temporal and spatial patterns) can strongly depend on 
slight perturbations of the (typically not well constrained) initial 
conditions

This introduces uncertainty in both climate scenarios and model 
evaluation, especially on regional/local scales, for short analysis 
periods and for extremes! 

“Side-effect”: A free-running GCM initialized at some historical point 
in time will have no temporal correspondence with reality!



THE «CLM CONSORTIAL RUNS»
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+3.5°C 

+2.5°C
(based on 30-year 

mean periods)

One RCM (COSMO-CLM) driven by several realizations of one GCM (ECHAM5)

Each realization is equally likely!



IV IN REGIONAL CLIMATE SIMULATIONS
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• Even with identical boundary forcing, slightly differently 
initialized / perturbed RCM experiments with exactly the same 
setup will differ from each other to some extent (and therefore 
also performance measures)

• This effect is random!!

IV influence is

…larger for short analysis periods (partly averages out on longer tiem 
scales)

…larger for small analysis domains (e.g., individual grid cells)

…typically larger for precipitation than for temperature

…larger for (rare) extremes

…typically larger in summer (RCM solution less constrained by boundary 
forcing)

…larger towards the outflow boundary (RCM solution less constrained by 
boundary forcing)



EXAMPLE: INFLUENCE OF IV ON 10-YEAR RCM CLIMATE
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Lucas-Picher et al., 2008

10 CRCM simulations for 1980-1989 driven by NCEP/NCAR re-analysis with slightly
perturbed initial conditions

IV influence larger in summer than in winter and
larger in the East than in the West.



EXAMPLE: INFLUENCE OF IV ON 42-YEAR RCM CLIMATE
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“It can thus be concluded that the model’s performance in predicting
climate extremes cannot be properly evaluated using

only one model simulation”

Roesch et al., 2008

4 COSMO-CLM simulations for 1958-2000 driven by ERA40 re-analysis with slightly
shifted start dates

Mean seasonal temperature difference (42-year means) between the sensemble members 



YESTERDAY MORNING…
Lachen (Switzerland), 408 m a.s.l., 6th November 2014
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Rare event (not extreme though).

An RCM that fails to produce this in a 10- or 20-year long
simulation is NOT necessarily deficient!



TEMPORAL AND SPATIAL 
CORRESPONDENCE



GCM
historical GHG

GCM
future GHG

TYPES OF RCM EXPERIMENTS

RCM
boundary forcing

(global)

Re-analysis
(perfect boundaries)

Evaluation of
GCM-RCM chain

Climate
change

Re-analysis/
GCM

Idealized setups

Evaluation of
downscaling

EVALUATION RUN

CLIMATE SCENARIO

Sensitivities,
process

understanding

SENSITIVITY RUN
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Internal variability and uncertain initial conditions No temporal correspondence with «real-world»



REALIZATIONS OF THE SAME CLIMATE
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• No temporal correspondence (year-to-year, 
day-to-day)

• Evaluation has to be carried out with respect
to climatologies

• But: Evaluation of (forced) trends, 
interannual variability, transition
probabilities, etc. possible

(annual mean temperatures, average over European land surface)



GCM
historical GHG

GCM
future GHG

TYPES OF RCM EXPERIMENTS

RCM
boundary forcing

(global)

Re-analysis
(perfect boundaries)

Evaluation of
GCM-RCM chain

Climate
change

Re-analysis/
GCM

Idealized setups

Evaluation of
downscaling

EVALUATION RUN

CLIMATE SCENARIO

Sensitivities,
process

understanding

SENSITIVITY RUN
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Temporal correspondence with reality given by real-world boundary forcing



MEAN ANNUAL TEMPERATURE  (OBS. AND ERA40-driven RCMs)
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(mean over European land surface)



MEAN ANNUAL PRECIPITATION (OBS. AND ERA40-driven RCMs)
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(mean over European land surface)



Kotlarski et al., 2012

Elbe flooding 2002:

Mean precipitation
(10th-13th August) in
three different ob-
servational reference
datasets and three
different RCM experi-
ments driven by the 
ECMWF analysis

LIMITATIONS OF EVENT-WISE VALIDATION
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IV: Direct correpondence diminishes on short temporal and small spatial scales and

also for features that are influenved by the memory of the land surface.

Regular climate-mode experiments (free-
running RCM), differing in initial conditions

«Forecast mode»
(frequent re-initialization)



FORECAST-MODE AND NUDGING
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FORECAST-MODE

Frequently (e.g., every 24 hours) re-initialize the RCM’s prognostic fields with the
interpolated boundary forcing (analysis, re-analysis) in the interior domain -> poor-
man’s «assimilation» of observations into the system.

Used to construct regional re-analyses.

Reduces the degrees of freedom of the RCM and prevents a large influence of IV.

Cannot be applied in scenario context! Evaluation less informative!

(SPECTRAL) NUDGING

Apply large-scale boundary forcing also in the
interior domain (but only for large scales and in
upper atmosphere and without full replacement
of RCM solution).

Keeps RCM flow close to boundary forcing; redu-
ces IV by reducing degrees of freedom for RCM.

Can be applied in scenario context.

«Regular» boundary
forcing (relaxation)

Additional nudging

Special model setups that increase the temporal correspondence with the
real world (by reducing IV), but that are less informative wrt. model quality



OBSERVATIONAL UNCERTAINTY



Kotlarski et al., 2012

Elbe flooding 2002:

Mean precipitation
(10th-13th August) in
three different ob-
servational reference
datasets and three
different RCM experi-
ments driven by the 
ECMWF analysis

OBSERVATIONAL UNCERTAINTY - OVERVIEW
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Model evaluation typically affected by uncertainties and 
errors of the observational reference.

Observational uncertainty!



OBSERVATIONAL UNCERTAINTY - ORIGINS
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• Measurement errors (e.g., automatic weather stations)

• Deficient translation of measured quantities into 
validation parameters (e.g. radiances to temperatures, cloud 
coverage or precipitation rates)

• Inappropriate gridding procedure and/or target 
resolution

• Spatial and/or temporal inhomogeneities of 
underlying station dataset

• Representativeness errors, including physiographic 
effects (Does a grid point of an observational grid really represent an 
areal mean value?)



MEASUREMENT ERRORS: PRECIPITATION
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• Systematic undercatch of rain gauges 
due to deformation of wind field and 
evaporative losses

• Strongly depends on site 
characteristics, ambient weather 
conditions and measurement device

• Most important for snowfall and during 
strong winds (less than 50% of true 
precipitation)

• Usually not corrected for in gridded 
products (e.g., E-OBS)

A wet model bias of 10-20% can well be
explained by deficient observations!

Only of minor importance for statistical downscaling

Complicates comparison of SD and RCM performance



TEMPORAL AND SPATIAL INHOMOGENEITIES
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E-OBS is based on les than 3.000 stations, spread unevenly across
approximately 18.000 0.22 grid-boxes..



TEMPORAL AND SPATIAL INHOMOGENEITIES  (cont’d)
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Haylock et al., 2008

Influences trend estimates!



TEMPORAL AND SPATIAL INHOMOGENEITIES  (cont’d)
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Nominal resoution (~25km) = effective resolution?

Very probably not!

Low network density is associated with a
considerable smoothing of spatial variability and

of (daily) extremes! (Hofstra et al. 2010)



INFLUENCE ON MODEL EVALUATION
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Kysely and Plavcova, 2010

RCMs versus na-
tional grid with
high underlying
network density

RCMs versus E-OBS



INFLUENCE ON MODEL EVALUATION
Evaluation of mean annual temperature (1981-2000) and mean annual precipitaton
(1971-1998) over Switzerland: 3 observational references and 17 ERA40-driven RCMs

Accounting for 20% undercatch

Jan Rajczak, IAC ETH
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SYSTEMATIC TOPOGRAPHIC EFFECTS
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Temperature validation on grids has to account for different surface orographies!

Height-correction is required before comparison/evaluation.

Introduces additional uncertainty into evaluation procedure.

No problem for SD.



SYSTEMATIC TOPOGRAPHIC EFFECTS  (cont’d)
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A standard lapse rate of 0.6 or 0.65 K/100m is often applied -> not appropriate in
most cases due to regional and seasonal variation of lapse rate!

Mean monthly lapse rates (1961-2000) over the Alps (AL), Eastern Europe (EA), the Iberian Peninsula (IP), and
Scandinavia (SC) in E-OBS and the GCM-driven ENSEMBLES RCMs

Alternative (more complicated!):
Apply observed/simulated regional lapse rates for height correction.

standard



PRESENT DAY PERFORMANCE vs.
CLIMATE CHANGE SIGNAL

NON-STATIONARY MODEL BIASES

&



OVERVIEW
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• Problem: Model bias cannot necessarily be assumed to be 
stationary in time, particularly if two different climatic states are 
considered

• If model biases are non-stationary: Limited significance of 
evaluating performance in historical periods; bias changes will 
distort simulated climate change signal!

• Observational and historical simulation record typically too 
short to diferentiate between two climatic states

• No future observations available for assessing future model 
biases

Indeed…

… clear relation between skill in present-day climate and 
simulated climate change signal usually not found

… strong indications for non-stationary biases
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Do these models show a stationary 
temperature bias on the spatial and 

temporal scales considered?



TEMPERATURE DEPENDENCY OF RCM BIAS
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Boberg and Christensen, 2012

Mediterranean: Most RCMs show an 
increasing warm summer bias with 

temperature

Centred Q-Q-Plot for GCM-driven
RCMs (1961-2000)

Warmer months with
steadily higher 

temperature bias



EVALUATION vs. CLIMATE CHANGE SIGNAL
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Should we nevertheless focus on the best-performing models?

Are bias changes smallest fore these models? NO!

Empirical Q-Q-plot of observed and simulated
(COSMO-CLM PPE ensemble) JJA temperatures

over the Meditteranean
Bellprat et al., 2013

Soil moisture in control period (x-axis)
versus soil moisture changes

Larger soil moisture decrease
in calibrated ensemble!

Linearly increasing bias?



EVALUATION vs. CLIMATE CHANGE SIGNAL  (cont’d)
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Bellprat et al., 2013

• Translation of linearly increasing model bias to constant model bias in 
calibrated ensemble, i.e., smaller bias changes in uncalibrated ensemble!

• Regular delta change methodology: uncalibrated ensemble provides the better 
estimate of climate change signal!



PSEUDO REALITIES

Further indications of non-stationary model biases:

«Pseudo reality» frameworks (e.g., Vrac et al. 2007, Maraun 2012, Bellprat et al. 2013)
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Reference RCM (= pseudo reality)

CONTROL SCENARIO

RCM 1

RCM 2

RCM 3

Calibrate
bias

correction
scheme

Compare
bias-corrected
Scenarios to
pseudo reality

Bias-corrected
RCM 1

Bias-corrected
RCM 3

Bias-corrected
RCM 2

• Cannot uncover all kinds of bias non-stationarities (common non-stationaries 
possible)

• But: Provides strong evidence for bias non-stationarities over some regions and 
for some parameters



VALIDATION OF PHYSICAL 
RELATIONS



PHYSICAL RELATIONS
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Very relevant question: Does a (physically-based) climate model
properly represent physical inter-variable relations?

e.g.: - Connection between large-scale airflow and local precipitation (Maraun et al., 2

- Influence of snow cover on 2m temperatures (snow-albedo feedback!)

Diagnosed intensity of
the springtime snow-
albedo feedback in the
Alps in the ERA40-driven
ENSEMBLES RCMs

Winter et al., 2014

As diagnosed
from observations

SAF considerably over-
estimated by most 

models!

Have to be treated with
care concerning high-
alpine climate change!



SKILLFUL SCALE
Can a climate model really be analysed and evaluated at ist nominal spatial resolution?

(Several grid cells are required to represent atmospheric phenomena!)

REPRESENTATIVENESS
Should we assume that the simulated location of some phenomenon

is identical to the «true» location?
(or are there systematic spatial shifts in the climate model output)

QUALITY OF BOUNDARY FORCING
The skill of an RCM depends on the quality of the supplied boundary forcing!

SPATIAL CORRELATION OF MODEL BIAS
Biases at individual grid cells cannot be assumed to be independent of each other

(important for hypthesis testing)
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• Weight/rank models in multi-model climate projections according to their 
performance in present day/past climates -> performance-based weights

• Underlying assumption: Models that perform better in present day/past 
climates are more reliable

• Good performance -> high weight, bad performance -> low weight

• Simplest scheme: equal weight (one vote for each model)

• Extreme but widespread variant: Selection or exclusion of individual 
models

MODEL WEIGHTING: RATIONALE

6
Weighting

1
2
3
4
5

7
8

P
er

fo
rm

an
ce

Evaluation Weight in scenario



MODEL WEIGHTING: RISKS

• Weighting schemes potentially have a strong influence on final 
outcome

• But: Any weighting scheme includes subjective elements, 
related to both the selection of the input information and the 
way in which this information is used

• Choice of metric can impact weight/rank!

6
Weighting
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Risks:

• RCMs: Driving GCM determines large-scale climate change 
signals to a considerable extent and also needs to be considered 

• «Unless there is a clear relation between what we observe and 
what we predict, the risk of reducing the projection accuracy by 
inappropriate weights appears to be higher than the prospect 
of improving it by optimum weights.» (Weigel et al., 2010)

• Some chance that weights are inappropriate (e.g. non-
stationary biases) -> equal weighting preferable

• Eliminating models can be risky!



THE ENSEMBLES WEIGHTING SPECIAL ISSUE: OVERVIEW
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• Series of papers in a 2010 special issue

• Exploratory performance-based weighting of the ENSEMBLES 
models (ERA40-driven evaluation runs)

• Combination of 6 specifically designed performance metrics

• Exploitation of different aggregation/combination 
procedures of the individual weights



THE ENSEMBLES WEIGHTING SPECIAL ISSUE: METRICS
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Christensen et al., 2010

f1
Large-scale circulation based on a weather regime classification
Are the RCMs able to reproduce observed weather regimes?

f2
Meso-scale signal based on seasonal mean temperature and precipitation
Validation of spatial patterns after removing large-scale component by spatial filter.

f3
Probability density distributions of daily and monthly temperature and precip.
Evaluation of PDFs of daily temperature and precipitation.

f4
Extremes in terms of re-occurrence periods for temperature and precipitation
Evaluation of daily temperature and precipitation extremes (empirical PDF and GEV).

f5
Long-term trends in temperature
Evaluation of linear temperature trends during the ERA40 period.

f6
Annual cycle in temperature and precipitation
Representation of the mean annual cycle of temperature and precipitation.



THE ENSEMBLES WEIGHTING SPECIAL ISSUE: COMBINATION
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• Combination of the six individual metrics into one final weight 
for each RCM

• Several options tested

(1) WPROD: Simple multiplication of weights (2) WREDU

Spread of weights is reduced by varying ni
(ratio between highest and lowest individual
model weight = 1.2 for each weight)

(3) WRANK

Models are first ranked for each individual metric.
Ranks are summed and transformed into final
weight.



THE ENSEMBLES WEIGHTING SPECIAL ISSUE: RESULTS
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• Largest differentiating spread for WPROD

• Overall performance ranking rather
stable

• But: Spread of final weight dominated
by spread in 2 metrics only (f2, f4); 
reason: these metrics are calculated by
multiplication of several sub-metrics

• Seasonal and regional variability of final 
weight

0.066:
equal weighting

The «winner»
Christensen et al., 2010



THE ENSEMBLES WEIGHTING SPECIAL ISSUE: RESULTS
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Christensen et al., 2010

Equal weights Weighted



THE ENSEMBLES WEIGHTING SPECIAL ISSUE: CONCLUSIONS
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• Combination scheme only slightly impacts final ranking

• Quality of weighted ensemble mean NOT consistently superior 
to equal weighting

• Model weights are relative and only apply to exactly this 
ensemble

• Metrics do not consider all aspects of model quality!

• Ranking for individual metrics partly different from overall 
weight

• Intrinsic uncertainty: Quality of reference observations (E-OBS)!

• Correlation between individual metrics

• Choice of metrics and their combination subjective!

• Systematic GCM biases in scenario studies not yet considered…

• Non-stationary model biases not considetred
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VALIDATION EXAMPLE
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OBJECTIVES
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Document skill of EURO-CORDEX RCM ensemble in 
reproducing present-day climate over Europe under 
“perfect boundary conditions” (ERA-Interim 
forcing)

Highlight common model deficiencies and areas of 
necessary model improvements

Assess possible progress wrt. ENSEMBLES 
experiments

Establish a quality standard for future model 
developments



SCOPE
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OVERVIEW ON PERFORMANCE

• Consider both the 12 km and the 50 km ensemble

• Focus on temperature and precipitation

• Focus on monthly, seasonal and annual  mean 
statistics

• Apply simple and reproducible metrics

• Study is of a descriptive nature and does not try to 
ultimately explain individual model biases

• Potential benefits of higher resolution not explicitly 
addressed



DATA AND METHODS
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RCM Data

• ERA-Interim driven EURO-CORDEX 
ensemble (1989-2008)

• EUR-44 (50 km): 8 experiments

• EUR-11 (12 km): 9 experiments

• 6 different RCMs, 1 global model

Observational Reference

• E-OBS v07, 0.22° (25 km), daily resolution
• EUR-44 evaluated on 50 km, EUR-11 evaluated on 25 km

• 16 ERA40-driven ENSEMBLES runs
(25 km, 1981-2000)



DATA AND METHODS  (cont’d)
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Evaluation Metrics

1. Seasonal mean biases at grid 
point scale for entire Euro-
CORDEX domain (EUR-11)

2. Eight metrics applied to eight 
analysis regions, describing 
different aspects of model per-
formance (EUR-11 and EUR-44)

• Temporal and spatial means

• Spatial variability

• Temporal variability

• Mean annual cycle



EVALUATION METRICS
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95%-P 95th percentile of all absolute grid point differences (model - observations) based on 
climatological annual and seasonal mean values

PACO Pattern correlation between modeled and observed climatological annual and seasonal mean 
values at all grid points

RSV Ratio of spatial variances of all grid points (model over observations) of climatological annual and 
seasonal mean values

RIAV Ratio of interannual variance (model over observations) of time series of annual and seasonal 
mean values (regional averages)

TCOIAV Correlation between modeled and observed time series of annual and seasonal mean values 
(regional averages)
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BIAS Difference (model - observations) of climatol. annual and seasonal mean values (regional averages)

T
e

m
p

o
ra

l
a

n
d

sp
a

tia
l

m
e

a
n

s

CRCO Spearman rank correlation between modeled and observed climatological monthly mean values 
(regional averages)

ROYA Ratio (model over observations) of yearly amplitudes (difference between maximum and 
minimum) of climatological monthly mean values (regional averages)

M
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Only selection shown …



WINTER (DJF) TEMPERATURE BIAS  mean 1989-2008, EUR-11
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-5 -4 -3 -2 -1 -0.5 0.5 1 2 3 4 5

[K]

Large variety of bias patterns, but cold bias dominates

Warm bias over S and SE Europe

3 different configurations of the same RCM (WRF)

Warm bias over N and NE Europe



SUMMER (JJA) TEMPERATURE BIAS mean 1989-2008, EUR-11
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-5 -4 -3 -2 -1 -0.5 0.5 1 2 3 4 5

[K]

Pronounced warm summer bias (S and SE Europe)

Bias pattern strongly
related to topography
(too persistent snow
cover)



SUMMER (JJA) PRECIPITATION BIAS  mean 1989-2008, EUR-11
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[%]

-70 -50 -40 -30 -20 -10 10 20 30 40 50 70 100

Dry bias
over S and SE Europe

Wet bias dominates

Take care: E-OBS not corrected for systematic undercatch



EXPLANATION OF OVERVIEW FIGURES
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Sub-domains shown:

Eastern Europe (EA), Iberian Peninsula (IP), Mid-Europe (ME), 
Scandinavia (SC) 



TEMPERATURE: Regional and temporal mean bias  [K]
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Warm summer bias and cold winter bias reduced wrt. ENSEMBLES

Cold bias dominates, except S and SE Europe in JJA

No obvious benefit of increased resolution

Relative ranking of models rather stable



PRECIPITATION: Regional and temporal mean bias  [%]
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Wet bias dominates

Individual outliers beyond ENSEMBLES range

Higher resolution typically associated with higher precip.

Undercatch!

Biases often located in undercatch range



TEMPERATURE: Inter-annual correlation
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Winter correlations high, summer correlations partly < 0.6

Higher resolution not beneficial

Correlations close to 1 for CNRM



PRECIPITATION: Rank correlation of mean annual cycle
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SD of mean annual

cycle divided by

annual mean

monthly precipitation

Good reproduction of mean annual cycle in IP, SC, MD

But: latter regions show a weak annual cycle only

Poor performance in FR, ME, AL



TEMPERATURE: TEMPORAL TAYLOR DIAGRAMS
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Better correlation in winter than in summer

Reduced biases of outliers wrt. ENSEMBLES

Summer inter-annual variability mostly overestimated



SUMMARY: EURO-CORDEX STANDARD EVALUATION
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Evaluation…
… confirms the ability of current RCMs to represent to basic spatio-
temporal features of the European climate under perfect boundary 
conditions

… highlights considerable shortcomings for selected metrics, seasons and 
regions and a considerable range of model biases for an identical forcing

… reveals common model biases found in majority of experiments
(e.g., predominant wet and cold bias over most parts of Europe, warm 
and dry summer bias in Southern Europe) 

… indicates progress wrt. ENSEMBLES for a few aspects (e.g. reduced 
warm summer bias over Southern Europe), but no general improvement

… does not reveal an obvious benefit of an increased spatial resolution at 
the temporal and spatial scales considered

Suite of accompanying studies to investigate potential added 
value of EUR-11 and to provide in-depth analysis of bias 
characteristics
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• (Regional) Climate model evaluation as an important
component of model development and application

• Important to provide trust into models and their
scenarios

• Infinite number of evaluation schemes!

• Choice of scheme can strongly determine final 
outcome

• RCM evaluation ALWAYS has a subjective
component

• Large number of issues to consider during evaluation
exercise and interpretation of results
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NOTE!

• Skill in the present does not imply skill in 
the future 

• But: A model has to reflect the behaviour of 
the real system in order to be suitable for 
scenario development (minimum 
requirement)



OUTLOOK: CLOUD-RESOLVING SCENARIOS
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Spatial resolution of regional climate scenarios limited by 
available computing power

(currently 10-50 km for larger ensembles).

Cloud-resolving scenarios at the kilometer-scale now 
becoming more and more feasible.

These scenarios can to some extent explicitly resolve 
moist convection and convection parameterizations can 

at least partly be switched off.
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OUTLOOK: CLOUD-RESOLVING SCENARIOS  (cont’d)
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Added value of cloud resolving simulations to be expected in many cases:

• Diurnal cycle of summer convection (Hohenegger et al. 2008)

• Soil moisture – precipitation feedback (Froidevaux et al. 2014)

• Spatial precipitation patterns, precipitation extremes (Prein et al. 2014, Kendon
et al. 2014, Ban et al. 2014)

Evaluation (!): Sub-daily precipitation statistics Switzerland (1998-2007)
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Hourly max. precipitation
(cumulative frequency)

Ban et al.. 2014

COSMO-CLM 12 km
COSMO-CLM 2.2 km
observations (24 stations)

European-scale simulations
extremely expensive, but simula-
tions for smaller domains (e.g., Ban et al. 

2014) and prototype versions for
European domains already available
(Leutwyler et al., in prep)
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Regional climate modelling (in general)

− McGregor, Meteorol. Atmos. Phys., 1997

− Laprise, J. Computat. Phys., 2008

− Giorgi, J. Phys. IV France, 2006

Evaluation

− IPCC AR5, WG1, Chapter 09 («Climate model evaluation»)

− Gleckler et al., J. Geophys. Res., 2008

− Christensen et al., Clim. Change, 2007

− Christensen et al., Clim Res., 2010

− Kotlarski et al., Geosci. Model Dev., 2014

− Boberg and Christensen, Nature Clim. Change, 2012
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Email: sven.kotlarski@env.ethz.ch
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