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Abstract
The new Coordinated Output for Regional Evaluations (CORDEX-CORE) ensemble provides high-resolution, consistent 
regional climate change projections for the major inhabited areas of the world. It serves as a solid scientifc basis for further 
research related to vulnerability, impact, adaptation and climate services in addition to existing CORDEX simulations. 
The aim of this study is to investigate and document the climate change information provided by the CORDEX-CORE 
simulation ensemble, as a part of the World Climate Research Programme (WCRP) CORDEX community. An overview of 
the annual and monthly mean climate change information in selected regions in diferent CORDEX domains is presented 
for temperature and precipitation, providing the foundation for detailed follow-up studies and applications. Initially, two 
regional climate models (RCMs), REMO and RegCM were used to downscale global climate model output. The driving 
simulations by AR5 global climate models (AR5-GCMs) were selected to cover the spread of high, medium, and low equi-
librium climate sensitivity at a global scale. The CORDEX-CORE ensemble has doubled the spatial resolution compared 
to the previously existing CORDEX simulations in most of the regions (25km (0.22◦ ) versus 50km (0.44◦ )) leading to a 
potentially improved representation of, e.g., physical processes in the RCMs. The analysis focuses on changes in the IPCC 
physical climate reference regions. The results show a general reasonable representation of the spread of the temperature and 
precipitation climate change signals of the AR5-GCMs by the CORDEX-CORE simulations in the investigated regions in 
all CORDEX domains by mostly covering the AR5 interquartile range of climate change signals. The simulated CORDEX-
CORE monthly climate change signals mostly follow the AR5-GCMs, although for specifc regions they show a diferent 
change in the course of the year compared to the AR5-GCMs, especially for RCP8.5, which needs to be investigated further 
in region specifc process studies.
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1  Introduction

Climate change is posing major challenges to society and 
climate change impacts are expected to increase in the near, 
as well as long-term future (e.g., IPCC AR5). Societal stake-
holders and decision-makers need science-based climate 
information to adapt to expected impacts adequately and to 
built the resilient societies of tomorrow (Lemos 2012, Street, 
2015). At the basis of reliable, science-driven climate infor-
mation lie climate projections by climate models. Regional 
climate models (RCMs) provide high-resolution simulations 
on climatological timescales, typically until the year 2100. 
Up to this point, the multi-model ensembles of RCMs cover-
ing a large share of the regions worldwide provide climate 
change projections at approximately 50 km (0.44◦ gridbox 
length) spatial resolution (Jacob et al. 2014; Giorgi and 
Gutowski 2015; Gutowski et al. 2016). This spatial scale is 
insufcient for applications such as agriculture, water man-
agement or urban areas. To enable science-based decision-
making and to advance the understanding of regional pro-
cesses, an ensemble of high-resolution simulations across 
the globe is required. To meet this demand, the Coordi-
nated Output for Regional Evaluations (CORE) (Gutowski 
et al. 2016) was initiated in the frame of the World Climate 
Research Programme (WCRP) Coordinated Regional Cli-
mate Downscaling Experiment (CORDEX) community 
(CORDEX-CORE). One of the aims of the CORDEX-CORE 
efort is to produce a coordinated set of downscaled regional 
climate information for the major inhabited regions of the 
world at unprecedented resolution and of reasonable ensem-
ble size in order to support vulnerability, impact, adaptation 
and climate services applications (e.g., Ruane et al. 2016) 
and to enable detailed regional climate change assessments 
and process studies. This is especially important in those 
areas in which only few high-resolution simulations or only 
comparatively coarse simulations from global models were 
available so far.

As a useful outset, the regional climate model REMO and 
RegCM are the frst participating models in the CORDEX-
CORE ensemble (Jacob et al. 2012; Jacob and Podzun 1997; 
Giorgi et al. 2012). The initial CORDEX-CORE dataset pro-
vides projections at a spatial scale of approximately 25 km 
(0.22◦ ) for RCP2.6 and RCP8.5 from 2006–2100 (includ-
ing the historical time period from 1971–2005), as well as 
ERA-Interim driven simulations between 1979–2017 for 
evaluation of the performance of the models in the diferent 
CORDEX-CORE domains (Remedio et al. 2019). The data 
is open without restriction and can be accessed in the Earth 
System Grid Federation (ESGF)1. Nine CORDEX-CORE 

domains are simulated by the CORDEX-CORE RCMs; 
Africa (AFR-22), Central America (CAM-22), South Amer-
ica (SAM-22), East Asia (EAS-22), Southeast Asia (SEA-
22), South Asia (WAS-22), North America (NAM-22), 
Australia (AUS-22), Europe (EUR-11). For the European 
domain there are already simulations available at approxi-
mately 12.5km (0.11◦ ) grid resolution (Jacob et al. 2014), 
which are used in several studies to assess the performance 
of RCMs and regional climate change in Europe (e.g., Vau-
tard et al. 2014; Prein et al. 2016; Knist et al. 2017; Kjell-
ström et al. 2018; Teichmann et al. 2018). To present the 
state-of-the-art available knowledge, this paper includes 
the EUR-11 simulations that are driven by the CORDEX-
CORE GCMs for REMO and RegCM. The driving global 
climate models (GCMs) selected for the CORDEX-CORE 
ensemble ofer a broad spread of global equilibrium cli-
mate sensitivities (ECS), covering high, medium, and low 
ECS, and were based on the suitability for the dynamical 
downscaling (McSweeney et al. 2015). The GCM NorESM 
is characterised by a low climate sensitivity, the GCM 
MPI-ESM is characterised with a medium global ECS 
and HADGEM2ES is characterised with a comparatively 
high ECS. The RCMs and respective model combinations 
have been widely used and tested in many regions across 
the globe and therefore provide a solid starting point for 
the CORDEX-CORE ensemble. In addition, the evaluation 
simulations of the CORDEX-CORE domains have been 
analysed for REMO by Remedio et al. (2019). It is intended 
that the CORDEX-CORE ensemble can then be extended 
by additional regional simulations to further increase the 
ensemble size and thus the representation of possible future 
climate change pathways.

In the frame of this paper, we want to introduce and ana-
lyse the CORDEX-CORE ensemble of regional climate 
simulations. Mean climate changes in diferent areas of the 
world are investigated, based on the newly defned IPCC 
physical climate reference regions (Iturbide et al. 2020). 
The analysis focuses on the mean climate change signals of 
the near-surface temperature and precipitation. For selected 
regions, the study compares available global climate change 
information of the Coupled Model Intercomparison Project 
(CMIP5) GCM ensemble including its ensemble spread to 
the new CORDEX-CORE simulations, particularly focusing 
on the driving GCMs and their representation of the entire 
AR5 ensemble. This evaluation of the CORDEX-CORE 
dataset in comparison to other available climate informa-
tion is pivotal to understand the newly added information, as 
well as to highlight diferences among the available informa-
tion to the so-called Vulnerability, Impacts, Adaptation and 
Climate Services (VIACS) communities and other climate 
information users. In addition, the CORDEX-CORE ensem-
ble of regional climate information will allow new areas of 
research, which were not possible to be investigated before. 1  e.g., at https​://esgf-data.dkrz.de/searc​h/corde​x-dkrz/.

https://esgf-data.dkrz.de/search/cordex-dkrz/
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For example, using CORDEX-CORE, it will now be pos-
sible to assess future climate (mean, extremes and hazards) 
worldwide at an unprecedented resolution of 0.22◦ using an 
homogeneous, consistent ensemble, e.g., (Ciarlo et al. 2020; 
Coppola et al. 2020; Weber et al. 2020). It also complements 
the ensemble of RCM simulations for regions with a small 
ensemble size (e.g., Central America (Cavazos et al. 2020)). 
In addition, it will be possible to study one phenomena 
across multiple domains (e.g., monsoons, tropical cyclones) 
and to assess the consistency of climate change signals and 
possible added values (in comparison with coarser resolution 
simulations which are already existing) in follow-up studies. 
Last but not least, the high-resolution climate change infor-
mation for the major inhabited regions of the world aims at 
enabling and feeding into regional and global climate change 
assessments, such as the upcoming IPCC AR6 Report.

2 � Data and methods

The CORDEX-CORE ensemble run high-resolution simula-
tions over nine CORDEX domains (Fig. 1). In this fgure, 
39 regions out of the 55 IPCC reference regions are covered 
by the CORDEX-CORE domains and used for analysing 

the climate change signals in these domains. The associated 
domains of these regions were selected according to its areal 
majority. For example, the Northwest South America (NWS) 
region is associated with the South American domain (SAM-
22), because it is best covered by the SAM-22 domain. In 
this regional analysis, only the land points are considered.

The RCM simulations performed in the frame of this 
study were done using the regional climate models REMO 
(RCM1) and RegCM (RCM2). The model confguration 
details are listed in Table 1. According to the CORDEX-
CORE experimental guidelines (CORDEX Scientific 
Advisory Team 2019), the downscaling was conducted to 
a horizontal resolution of 0.22◦ × 0.22◦ (approx. 25× 25 
km

2 ) except for the European domain, where the EURO-
CORDEX experimental guidelines were adapted at a hori-
zontal resolution of 0.11◦ × 0.11◦ (approx. 12.5 × 12.5 km2).

The small RCM ensemble was driven by a core set of 
GCMs (Table 2) from the Coupled Model Intercompari-
son Projects Phase 5 or CMIP5 (Taylor et al. 2012) that 
cover low, medium, and high equilibrium climate sensitivity 
(ECS). The REMO and RegCM simulations were mainly 
driven by the NorESM1-M, MPI-ESM-LR, and HadGEM2-
ES, which are referred to as primary CORDEX-CORE 
GCMs in the following. However, the RegCM simulations 

Fig. 1   The CORDEX-CORE domains (gray borders) and regions of 
analysis based on the AR6 IPCC physical climate reference regions 
(black polygons). The regions are defned as follows: N.E. Canada 
(NEC), C. North America (CNA), E. North America (ENA), N.W. 
North America (NWN), W. North America (WNA), N. Central 
America (NCA), S. Central America (SCA), Caribbean (CAR), N.W. 
South America (NWS), South America Monsoon (SAM), S. South 
America (SSA), S.W. South America (SWS), S.E. South America 
(SES), N. South America (NSA), N.E. South America (NES), N. 
Europe (NEU), C. Europe (CEU), E. Europe (EEU), Mediterranean 
(MED), W. Africa (WAF), Sahara (SAH), N.E. Africa (NEAF), C.E. 

Africa (CEAF), S.W. Africa (SWAF), S.E. Africa (SEAF), C. Africa 
(CAF), Russian Far East (RFE), E. Siberia (ESB), W. Siberia (WSB), 
W.C. Asia (WCA), Tibetan Plateau (TIB), E. Asia (EAS), Arabian 
Peninsula (ARP), S. Asia (SAS), S.E. Asia (SEA), N. Australia 
(NAU), C. Australia (CAU), S. Australia (SAU), New Zealand (NZ). 
The CORDEX domains are: North America (NAM-22), Central 
America (CAM-22), South America (SAM-22), Europe (EUR-11), 
Africa (AFR-22), South Asia (WAS-22), East Asia (EAS-22), South-
east Asia (SEA-22), and Australasia (AUS-22) (Iturbide et al. 2020; 
Gutowski et al. 2016)



	 C. Teichmann et al.

1 3

were alternatively driven by GFDL-ES2M, MPI-ESM-MR, 
and MIROC5 in selected domains, which are referred to as 
secondary CORDEX-CORE GCMs.

The complete list of simulations available in this study are 
listed in Table 3. The model version as well as domain size and 
RCM/GCM combinations analyzed in this study are indicated 
in the table. Due to time limitations, only the simulations avail-
able at the ESGF were considered. At each model domain, the 
number of ensemble members is between three and six.

The climate variables investigated in this study were pre-
cipitation and the near surface temperature (temperature at 
2 m height). The simulations were evaluated for the historical 
period. For the observed climatology, we used the Climatic 
Research Unit (CRU) temperature and precipitation version 
CRU TS 4.02 dataset (Harris et al. 2014). The spatial coverage 
included all land areas excluding Antarctica at 0.5◦ resolution. 
The period considered in this study was from 1971 to 2000.

The model biases were mainly evaluated against the CRU 
observational dataset. The RCM simulations were interpolated 
to the CRU grid (0.5◦ resolution) using bilinear remapping 
functions from the Climate Data Operators version 1.9.7 (Max 

Planck Institute for Meteorology 2006). The absolute biases 
of the simulated monthly precipitation and near surface tem-
perature were calculated compared to the observed monthly 
values. For the relative bias, the mean absolute bias was nor-
malised with the observed climatological mean. The mean 
absolute and relative biases were then aggregated into the 
CORDEX-CORE IPCC reference regions (Fig. 1). The simu-
lated temperature values were height-corrected to account for 
the diferences in the orography between the RCMs and CRU.

The projected mean changes in near-surface tempera-
ture and precipitation were calculated based on the histori-
cal period from 1971 to 2000. The mean climate changes 
are calculated for the near-future (2036 to 2065) or far-
future (2070 to 2099) minus the historical period.

3 � Results

The results are divided into historical evaluation, climate 
change signals and GCM and RCM climate change signals 
in IPCC reference regions.

Table 1   The regional climate models (RCMs) confguration in the present CORDEX-CORE Ensemble

The two participating institutions are Climate Service Center Germany (GERICS), Helmholtz-Zentrum Geesthacht, Hamburg, Germany and the 
Abdus Salam International Centre for Theoretical Physics (ICTP), Trieste, Italy

RCM1: REMO RCM2: RegCM

Model version REMO2015 (Jacob et al. 2012; Remedio et al. 2019) RegCM4 (Giorgi et al. 2012)
Institution GERICS ICTP
Grid resolution 0.22◦ × 0.22 ◦ 25 km × 25 km
Vertical levels 27 23
Map projection Rotated pole lat-lon Oblique Mercator
Planetary boundary layer Monin-Obukhov similarity theory (Louis 1979) Holtslag PBL (Holtslag et al. 1990)
Cumulus Tiedtke (1989) with modifcations from Nordeng (1994) and 

Pfeifer (2006)
Tiedtke (1989)

Microphysics Lohmann and Roeckner (1996) SUBEX (Pal et al. 2000)

Table 2   The CMIP5 global 
climate models (GCMs) used 
as driving felds in the present 
CORDEX-CORE Ensemble

The horizontal and vertical resolution refers to the atmospheric component of the GCMs. The institutions 
afliated to the GCMs are the following: Norwegian Climate Centre (NCC), Geophysical Fluid Dynamics 
Laboratory (GFDL), Max Planck Institute for Meteorology (MPI-M), Met Ofce Hadley Centre (MOHC), 
and Atmosphere and Ocean Research Institute, the University of Tokyo (AORI), National Institute for 
Environmental Studies (NIES), Japan Agency for Marine-Earth Science and Technology (JAMSTEC)

Name Institution Horizontal resolution Vertical levels References

GCM-L1 NorESM1-M NCC 1.8947◦ × 2.5◦ 26 Bentsen et al. (2013)
GCM-L2 GFDL-ESM2M GFDL 2.0225◦ × 2.5◦ 48 Dunne et al. (2012)
GCM-M1 MPI-ESM-LR MPI-M 1.8653◦ × 1.875◦ 47 Giorgetta et al. (2013)
GCM-M2 MPI-ESM-MR MPI-M 1.8653◦ × 1.875◦ 95 Giorgetta et al. (2013)
GCM-H1 HadGEM2-ES MOHC 1.25◦ × 1.85◦ 38 Jones et al. (2011)
GCM-H2 MIROC5 AORI, 

NIES, 
JAMSTEC

1.4008 × 1.40625 49 Watanabe et al. (2010)
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3.1 � Historical evaluation

The observed mean annual near-surface temperature and 
precipitation are shown in Fig. 2. The climate during the 
historical period (1971 to 2000) is classifed by warm or 
cold and wet or dry regions.

The RCMs are evaluated together with its correspond-
ing GCMs during the historical period from 1971 to 2000. 
The RCM simulations were interpolated to the CRU obser-
vational dataset at 0.5◦ resolution. To compare the GCMs 
with CRU, the observational dataset were interpolated to 
the coarser GCM grid. For the near surface temperature bias 

Table 3   The list of available 
RCM simulations for the 
CORDEX-CORE Ensemble

The simulation matrix is composed of two RCMs in combination with six GCMs: REMO/NorESM1-M 
(RCM1-L1), REMO/MPI-ESM-LR (RCM1-M1), REMO/HadGEM2-ES (RCM1-H1), RegCM/NorESM1-
M (RCM2-L1), RegCM/GFDL-ESM2 (RCM2-L2), RegCM/MPI-ESM-LR (RCM2-M1), RegCM/MPI-
ESM-MR (RCM2-M2), RegCM2/HadGEM2-ES (RCM2-H1), RegCM2/MIROC5 (RCM2-H2) over nine 
domains using the low (RCP2.6) and high (RCP8.5) emission scenarios. The future climate periods consid-
ered in this study are: 2036–2065 (near-future) and 2070–2099 (far-future)

Domains Model version Size RCM/GCM Combinations

NAM-22 REMO2015 305 × 255 RCM1-L1, RCM1-M1, RCM1-H1
RegCM4.4 372 × 278 RCM2-L2, RCM2-M1, RCM2-H1, (all for RCP8.5 only)

CAM-22 REMO2015 417 × 225 RCM1-L1, RCM1-M1, RCM1-H1
RegCM4.7 573 × 343 RCM2-L2, RCM2-M2, RCM2-H1

SAM-22 REMO2015 285 × 345 RCM1-L1, RCM1-M1, RCM1-H1
RegCM4.7 330 × 360 RCM2-L1, RCM2-M2, RCM2-H1

AFR-22 REMO2015 385 × 417 RCM1-L1, RCM1-M1, RCM1-H1
RegCM4.7 477 × 497 RCM2-L1, RCM2-M2 (RCP8.5 only for near-future), RCM2-H1

EAS-22 REMO2015 417 × 255 RCM1-L1, RCM1-M1, RCM1-H1
RegCM4.4 381 × 247 RCM2-L1, RCM2-M2, RCM2-H1, (simulations were incom-

plete at the time of analysis)
SEA-22 REMO2015 273 × 201 RCM1-L1, RCM1-M1, RCM1-H1

RegCM4.7 335 × 189 RCM2-L1, RCM2-M2, RCM2-H1
WAS-22 REMO2015 385 × 255 RCM1-L1, RCM1-M1, RCM1-H1

RegCM4.7 429 × 337 RCM2-L1, RCM2-M2, RCM2-H2
AUS-22 REMO2015 417 × 255 RCM1-L1, RCM1-M1, RCM1-H1

RegCM4.7 413 × 335 RCM2-L1, RCM2-M2, RCM2-H1
EUR-11 REMO2015 424 × 412 RCM1-L1, RCM1-H1

REMO2009 424 × 412 RCM1-M1
RegCM4.6 527 × 527 RCM2-M1 (RCP8.5 only), RCM2-H1

Fig. 2   Mean annual near surface temperature (a) and precipitation (b) based on the Climatic Research Unit (CRU) TS 4.02 observational dataset 
during the period 1971 to 2000. The domain boundaries are depicted in gray polygons
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calculation, a height correction was applied to the dataset 
that was interpolated to account for the height diference 
between the observation and simulations.

The simulations are compared to the CRU observational 
dataset for the 39 IPCC reference regions (Fig. 1) used in 
this study. Fig. 3 shows the mean annual biases of tempera-
ture and precipitation of the RCMs and their driving GCMs 
compared to CRU (Fig. 2). The range of the biases for the 
GCMs is about −3.1 to 2.6K while for the RCMs it is about 
−6.4 to 1.9K (Fig. 3). For the GCMs with a low climate 
sensitivity, both NorESM (GCM-L1) and GFDL (GCM-L2) 
tend to have more regions with cold biases than warm. The 
magnitude of these biases were generally reduced in REMO 
(RCM1-L1) with exceptions of 7 regions (SES, EEU, SAH, 
ESB, WSB, CAU, SAU). The biases in RegCM (RCM2-
L1 and RCM2-L2) are also reduced compared to the biases 
of the GCM-L1 and GCM-L2 with exceptions of 6 regions 
(CNA, ENA, WNA, NCA, SCA, and SAS), where the model 
have a tendency of more than 2 K cold bias.

For the GCMs with the medium climate sensitivity, both 
MPI-ESM-LR (GCM-M1) and MPI-ESM-MR (GCM-M2) 
have generally more regions with cold biases compared to 
CRU but the number of regions with warm biases increased 
compared to GCM-L1 and GCM-L2. The magnitudes of the 
biases were reduced in more than 20 regions in REMO, with 
exceptions of the cold biases of both REMO (RCM1-M1) 
and RegCM (RCM2-M1 and RCM2-M2) in regions of the 
North America and Central America domain (ENA, NCA, 
SCA). The RegCM simulations tend to have a strong cold 
bias (more than -2K ) in these regions.

A comparison of 2m temperature simulated by RCM1-
M1 at a coarser spatial resolution of 0.44◦ shows that the 
signs of the biases are also negative for SAH and WAF 
(Teichmann et al. 2013). In the evaluation of the relative 
precipitation biases for SWAF and SEAF, the authors also 
found negative values for the coarser spatial resolution in 
those regions. However, it should be noted that a comparison 
with such analyses in existing literature is difcult because 
they are often using diferent reference periods, observa-
tional data sets or sub-regions.

For the GCMs with the high climate sensitivity, most 
of the regions have a cold bias against CRU in HadGEM-
ES (GCM-H1) while most of the regions have a warm bias 
against CRU in the MIROC5 (GCM-H2). The magnitude of 
these biases were reduced in REMO (RCM1-H1) except for 
some regions in the Australasia domain (CAU and SAU). 
In most of the regions simulated by RegCM (RCM2-H1 
and RCM2-H2) the magnitude of the biases are larger than 
the biases of the driving GCMs (GCM-H1 and GCM-H2) 
especially in the already mentioned regions over the North 
American domain (CNA, ENA, NWN, NCA).

The precipitation biases of the simulations compared 
to CRU (Fig. 3b) show a large region dependency and are 

less dependent on the driving GCMs. The GCM simula-
tions have a bias range of −80 to more than 1000 % while 
the RCM simulations have a bias range of −67 to 638 %. 
In regions with a 30-year average precipitation of less than 
1mm/day (Fig. 2b), the precipitation is largely exacerbated 
in the GCM simulations (e.g., SAH and SWS). Theses biases 
were substantially reduced in the RCM simulations. In other 
dry regions like SSA, SWAF and TIB, the wet biases in the 
RCM simulations were either similar to the GCM simula-
tions or reduced.

The cause for the presented biases of temperature and 
precipitation in the specifc regions can be due to diferent 
reasons: 1) biases related to large scale processes (inher-
ent to some extent in the GCM forcing; e.g., atmospheric 
circulation, SST biases, etc.) and 2) biases related to small 
scale processes (e.g., orographic features, convection, 
etc.). Even when applying techniques intended to reduce 
such biases (e.g., subsequent bias adjustment, bias adjust-
ing GCM SSTs prior to downscaling) model biases will 
persist and, fnally, the choice on the need for bias adjust-
ment needs to be decided wisely and tailored to the appli-
cation (i.e. the result will depend on the bias adjustment 
methodology and the observational dataset used). There-
fore, we do not provide any generalized recommendations 
on the need for bias adjustment of the CORDEX-CORE 
ensemble in this context.

3.2 � Global climate change signals

The near-future and far-future mean annual climate change 
signal for each of the RCM simulations driven by the six 
GCM simulations are shown in the supplementary mate-
rial. In this subsection, the ensemble mean climate signals 
for all the available RCM simulations are shown. For each 
RCP, the number of ensemble members range from three to 
six RCM simulations.

In order to assess the significance of the climate 
change signals of the CORDEX-CORE ensemble in each 
region of the world, the two-sided Mann-Whitney-U test 
(Mann and Whitney 1947) is applied for each gridbox 
and each simulation. The reference period is compared 
to one respective future climate period and is counted 
as significant on a 95 % confidence level. The choice of 
the confidence level is guided by Tebaldi et al. (2011). 
In case that all CORDEX-CORE simulations show a 
significant climate change signal of the same direction, 
the climate change signal of the ensemble is defined as 
significant and robust, and appears hatched in the hori-
zontal plots. The combined criterion for significance and 
robustness can be regarded as strict - in particular the 
robustness criterion expecting agreement in sign without 
exception - but is chosen because of the small CORDEX-
CORE ensemble size at this moment in time.
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Fig. 3   Heat maps of annual 
mean temperature [K] and pre-
cipitation biases [%] averaged 
over the area of the 39 IPCC 
reference regions for the period 
1971 to 2000. The x-axis are the 
6 driving GCMs and RCMs and 
the y-axis are the IPCC refer-
ence regions defned in Fig. 1. 
The following abbreviations are 
used: GCM-L1 (NorESM1-M), 
GCM-L2 (GFDL-ESM2M), 
GCM-M1 (MPI-ESM-LR), 
GCM-M2 (MPI-ESM-MR), 
GCM-H1 (HadGEM2-ES), 
GCM-H2 (MIROC5), RCM1 
(REMO), and RCM2 (RegCM)
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3.2.1 � Absolute near surface temperature climate change 
signal

The climate change signal of the CORDEX-CORE ensem-
ble for the low-end scenario (RCP2.6) during the mid-cen-
tury (near-future) and end-century (far-future) periods are 
depicted in Fig. 4. For this scenario, the ensemble mean near 
surface temperature climate change signals vary regionally 
from +0.5 to +3.5K for both the near-future and far-future 
time periods. The areas with the highest climate change sig-
nal of more than +2.5K are the northern tips of the North 
American and European domains during the near-future time 
period (Fig. 4a) and extended to the northern tip of the East 
Asian domain during the far-future time period (Fig. 4b). 
Signifcance and robustness of those climate change signals 
is present across all domains, except for limited areas in 
South America and North Australia during the near-future 
time period. However, during the far-future time period sig-
nifcance and robustness manifests for these limited areas 
as well.

Analogous, the climate change signal of the CORDEX-
CORE ensemble for the high-end scenario (RCP8.5) during 
the mid-century (near-future) and end-century (far-future) 
periods are depicted in Fig. 5. For this scenario, the ensem-
ble mean near surface temperature climate change signals 
vary regionally from +0.5 to +4.5K during the middle of 
this century (Fig. 5a), while this signal increases globally by 
about 1 K by the end of this century (Fig. 5b). Signifcance 
and robustness of those climate change signals is present 
across all domains and during both the near-future and far-
future time periods.

3.2.2 � Absolute and relative precipitation climate change 
signal

To investigate the climate change signals of the CORDEX-
CORE ensemble for precipitation, both the absolute as well 
as the relative change signals are shown in Fig. 6 and Fig. 7 
for the the low-end scenario (RCP2.6) and high-end sce-
nario (RCP8.5), respectively. Absolute as well as relative 
changes are shown to identify potentially spurious relative 
signals that appear in response to small absolute changes 
(of about ±0.1mm/day ) being present in very dry regions 
such as deserts. As for temperature, the change signals are 
illustrated for the middle (near-future) and end of this cen-
tury (far-future).

For the low-end scenario, most of the domains in the 
northern hemisphere exhibit a wet climate change signal 
between +5 to +15 % especially over the north of the North 
American, European and East Asian domains. A wet climate 
change signal is also present over the Southeast South Amer-
ican (SES) region. The strong wet climate change signal 
over the Sahara desert is considered spurious due to a very 
small absolute climate change signal between ±0.1mm/day 
in this region. The CORDEX-CORE ensemble reproduced a 
drying of about −5 to −15 % in Central America, Northeast 
of Brazil, northern and southern parts of Africa. Over the 
Australasia domain, the weak dry signal spreads through-
out the continent during the end of this century (Fig. 6d). 
Overall, signifcance and robustness of those climate change 
signals is limited across all domains during the near-future 
as well as far-future period. Nonetheless, parts of the North 
American domain and Northern Europe exhibit signifcant 

Fig. 4   The CORDEX-CORE ensemble mean near surface tempera-
ture climate change signal driven by GCMs using the RCP2.6 sce-
nario for the near-future (2036–2065; left panel) and the far-future 

(2070–2099; right panel) compared to the historical period (1971–
2000). Areas that show a signifcant and robust climate change signal 
as defned in Sect. 3.2 are hatched
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and robust change signals being present during both the 
near-future as well as far-future period.

The climate change signal of the CORDEX-CORE 
ensemble for the high-end scenario (RCP8.5) during the 
mid-century (near-future) and end-century (far-future) peri-
ods are depicted in Fig. 7. Compared to the low-emission 
scenario, the magnitude and coverage of the wet climate 
change signal across the northern hemisphere increases and 
expands further south. This is in particular detectable over 
the North American and European domains with wet signals 
reaching +50 % at the end of this century (Fig. 7d). In addi-
tion, similar dry signal patterns are present compared to the 
low-emission scenario but with increased magnitudes rang-
ing between −15 to −50 %. One exception depicts the Aus-
tralasia domain for which the dry signal expresses weaker 
and even a wet signal manifests over the Central Australia 
(CAU) region. Signifcant and robust change signals appear 
for contiguous regions over the North American and Euro-
pean domain (wet signal) and across parts of the Southern 
America domain as well as over limited areas over South-
ern Europe (dry signal). These regions manifest and extend 
during the end of this century. In addition, climate change 
signals over Northern and Southern Africa as well as Central 
America (dry signal) emerge.

To further investigate the simulated climate change sig-
nals for precipitation, the contribution of each CORDEX-
CORE ensemble member is disentangled by considering 
individual GCM-RCM combinations. Their relative climate 
change signal for the high-end scenario for the end of this 
century is illustrated in Fig. 8. The ensemble mean wet sig-
nal observed over North America is inherent to all COR-
DEX-CORE ensemble members of the NAM-22 domain. 
Analogous, the ensemble mean dry signal over the Amazon 

is inherent to all CORDEX-CORE ensemble members of the 
SAM-22 domain, except there is an emerging wet signal over 
the Northwest South America (NWS) region in the medium 
and high climate sensitivity driving GCMs (Fig. 8d–h). For 
Australia, the strong ensemble mean wet signal is dominated 
by the CORDEX-CORE ensemble members of the AUS-22 
domain driven with NorESM1. In contrast, the ensemble 
mean wet signal over Southern India originates from the 
three REMO simulations, while the two RegCM simulations 
indicate a drying over this region.

3.3 � GCM and RCM climate change signals in IPCC 
reference regions

The selection of the driving GCMs for the CORDEX-CORE 
RCMs was guided by the equilibrium climate sensitivity of 
the GCMs and thus the coverage of the spread of climate 
change signals of the entire AR5-GCM ensemble at global 
scale. As regional assessments using CORDEX-CORE 
ensemble data are aiming at regional to local scale, the 
representation of the AR5 ensemble climate change signal 
spread at these spatial scales is important.

In order to investigate the climate change signals at 
regional scales and for RCP2.6 and RCP8.5, we are focusing 
on the AR6 IPCC reference regions. In this paper, the ensem-
ble spread of the entire AR5-GCMs, the driving GCMs and 
the CORDEX-CORE RCMs is shown for one selected IPCC 
reference region per CORDEX-CORE domain (see Figs. 9 
and 11). The selection was guided by the representatives of 
the selected IPCC reference region with respect to the mean 
climate change signal for temperature and precipitation in 
the regions. In this part of the analysis we are focusing on 
the end of the century period (2070–2099).

Fig. 5   The CORDEX-CORE ensemble mean near surface tempera-
ture climate change signal driven by GCMs using the RCP8.5 sce-
nario for the near-future (2036–2065; left panel) and the far-future 

(2070–2099; right panel) compared to the historical period (1971–
2000). Areas that show a signifcant and robust climate change signal 
as defned in Sect. 3.2 are hatched
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Figures for all AR6 IPCC reference regions are shown in 
the supplementary to this paper.

3.3.1 � Temperature—annual means

The temperature climate change signals over selected IPCC 
reference regions are shown in Fig. 9.

For the CORDEX-CORE domain North America (NAM-
22), the East North America IPCC reference region (ENA) 
was selected. The AR5-GCM climate change signal is cov-
ered to a large extent by the CORDEX-CORE driving GCMs 
as well as by the CORE RCMs for RCP2.6 and RCP8.5. The 
interquartile range (ranging from about +1.1K to about 2.3K 
for RCP2.6 and from about 4 K to about 5.7K for RCP8.5) is 
well represented by CORE driving GCMs and CORE RCMs. 

This is also the case for all other IPCC reference regions in 
the NAM-22 domain (see supplementary). CORE GCM cli-
mate change signals are reduced by the RCMs by up to 0.5K 
for RCP2.6 and by up to 1.5K for RCP8.5 in the ENA region.

For the IPCC reference region central Europe (CEU) 
in the EUR-11 CORDEX-CORE domain, the AR5-GCM 
ensemble interquartile ranges are covered by the CORE 
GCMs. The CORE RCMs show a slightly reduced climate 
change signal for all driving CORE GCMs, not reaching the 
upper 75th percentile of about 6 K in the case of RCP8.5. 
In other IPCC reference regions, the interquartile ranges is 
well covered by CORE GCMs and RCMs, except for the 
Mediterranean (MED) region, where the 25th percentile is 
about 0.5K lower than the low ECS CORE GCM and RCM 
(see supplementary).

Fig. 6   The CORDEX-CORE ensemble mean precipitation climate 
change signal driven by GCMs using the RCP2.6 scenario for the 
near-future (2036–2065; left panel) and the far-future (2070–2099; 
right panel) compared to the historical period (1971–2000). The top 

panel illustrates the absolute climate change signal in mm/day and the 
bottom panel the relative climate change signal in % . Areas that show 
a signifcant and robust climate change signal as defned in Sect. 3.2 
are hatched
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The interquartile range of the AR5-GCM ensemble cli-
mate change signal is well represented in the IPCC reference 
region East Asia (EAS) within the CORDEX-CORE domain 
EAS-22 for RCP2.6, although the lowest climate change sig-
nal is shown by the medium ECS CORE GCM and its RCM. 
In the case of RCP8.5, the low ECS CORE GCM shows 
about the same climate change signal as the AR5-GCM 
ensemble median of about 4.2K . The CORE RCM reduces 
the climate change signal by about 0.5K , in this case.

The IPCC reference region South Central America (SCA) 
is one of the two IPCC reference region lying within the 
CORDEX-CORE domain SAM-22. The AR5-GCM ensem-
ble interquartile ranges are well covered by the CORE 
GCMs and the CORE RCMs. In this domain, in addition 
to the primary GCMs, also the secondary low and medium 
ESC GCMs were used for downscaling the climate change 

signal in this domain. CORE RCMs show similar climate 
change signals (with in a range of less than 0.5K ) than their 
driving GCMs and also the diferences of the climate change 
signals of primary and secondary GCMs and the respective 
RCM climate change signals are lying within this range.

The IPCC reference region South Asia (SAS) which is 
covering the Indian subcontinent, lies within the COR-
DEX-CORE domain WAS-22. Similar to the case of the 
IPCC reference region SCA, which was discussed before, 
The AR5-GCM interquartile range is covered by CORE 
GCMs and CORE RCMs. Also, primary and secondary 
GCMs are used to drive the CORE RCMs and again, the 
climate change signals are similar for the CORE GCM and 
the CORE RCM climate change signal, i.e. they are lying 
within a range of 0.5K . The only exception is the high ECS 
GCM, showing a climate change signal of about 3.4K , 

Fig. 7   The CORDEX-CORE ensemble mean precipitation climate 
change signal driven by GCMs using the RCP8.5 scenario for the 
near-future (2036–2065; left panel) and the far-future (2070–2099; 
right panel) compared to the historical period (1971–2000). The top 

panel illustrates the absolute climate change signal in mm/day and the 
bottom panel the relative climate change signal in % . Areas that show 
a signifcant and robust climate change signal as defned in Sect. 3.2 
are hatched
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while its RCM shows a climate change signal of about 
4.8K . With the exception of the latter case, also the order 
of low, medium and high ECS GCMs and CORE RCMs is 
preserved in the climate change signal.

The IPCC reference region South East Asia lies within 
the CORDEX-CORE domain SEA-22. The AR5-GCM 

interquartile range is well covered by CORE GCMs and 
RCMs. The climate change signals between driving CORE 
GCMs and RCMs are within a range of about 0.2K and 
thus very similar. Also the medium ECS CORE GCMs 
and RCMs show a similar climate change signal. Again, 

Fig. 8   Mean relative precipitation climate change signal (%) for the 
high emission scenario (RCP8.5) for the far-future (2070–2099) with 
respect to the historical reference climate (1971–2000) as simulated 

by the individual RCMs driven by the six CORE GCMs. Areas that 
show a signifcant climate change signal as defned in Sect.  3.2 are 
hatched
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the order of low, medium and high ECS CORE GCM and 
RCM climate change signals is preserved.

The IPCC reference region South East South America 
lies within the CORDEX-CORE domain SAM-22. The 
interquartile range in this region is very narrow of about 
0.5K . CORE GCMs and RCMs show a similarly narrow 
spread of climate change signals for RCP2.6, but shifted 
towards lower climate change signals ranging between 
about 0.8K and 1.2K , while the median of the AR5-GCM 
ensemble lies at about the latter value. For RCP8.5, the 
interquartile range of the AR5-GCMs ensemble is well 
covered by CORE GCMs and RCMs. Except for the pri-
mary GCM climate change signal of about 4 K and the cor-
responding RCM climate change signal of about 3.2K , the 
RCM climate change signals are within a range of about 
0.2K of its driving GCMs.

For the CORDEX-CORE domain AFR-22 the IPCC ref-
erence region North-East-Africa (NEAF) was selected. The 
CORE GCMs and RCMs cover the interquartile range of the 
AR5-GCMs. The high ECS GCMs and the corresponding 
CORE RCMs are close to the maximum of the AR5-GCM 
ensemble climate change signal of about 2.1K for RCP2.6 
and about 5.5K for RCP8.5. The downscaled climate change 
signals are within a range of less than 0.5K compared to the 
driving CORE GCMs.

For the IPCC reference region Central Australia, lying 
in the CORDEX-CORE domain AUS-22, the interquartile 
range of the AR5-GCM ensemble is well covered by CORE 
GCMs and CORE RCMs. For both RCPs, the order of low, 
medium and high global ECS is refected in the climate 
change signal of the CORE GCMs and RCMs, as the down-
scaled climate change signal lies within a range of about 

Fig. 9   Temperature climate change signals for AR5-GCMs and COR-
DEX-CORE RCMs in selected IPCC reference regions. Temperature 
climate change signals over selected IPCC reference regions are plot-
ted for RCP2.6 and RCP8.5 at the end of the century (2020–2099) 
for the entire AR5-GCM ensemble, the CORDEX-CORE driving 
GCMs of the respective CORDEX-CORE domain and the CORDEX-
CORE RCMs. The climate change signal of the AR5-GCM ensemble 
is depicted as a box-whisker plot. The driving AR5-GCMs with low, 

medium and high equilibrium climate sensitivity are plotted as gray 
triangles pointing upwards, circle and triangle pointing downwards, 
respectively. Primary GCMs are marked with a solid border. The 
RCMs driven by low, medium and high equilibrium climate sensitiv-
ity GCMs are drawn using the same symbols as before, but in orange 
for REMO and in blue for RegCM. Primary driving GCMs are again 
marked with a solid symbol border
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0.2K for each GCM-RCM combination. Only the climate 
change signal of the CORE RCMs driven by the high ECS 
GCM difers by about 0.8K . While REMO increases the 
GCM climate change signal of about 5.2K to about 5.9K , 
RegCM decreases it slightly to about 4.9K . A similar behav-
iour is shown for the other IPCC reference regions in the 
AUS-22 domain.

In general, it is not necessarily the case that the order of 
global low, medium and high equilibrium climate sensitiv-
ity is preserved for each of the IPCC reference regions. In 
the case of the tropical IPCC reference regions the order 
of low, medium and high climate sensitivity is generally 
preserved. In addition, tropical regions show very similar 

climate change signals in when comparing CORE RCMs 
with their driving CORE GCMs.

3.3.2 � Temperature—annual cycles

The annual cycle temperature climate change signals (CCS) 
over selected IPCC reference regions are shown in Fig. 10. 
As a reference for the historical annual cycles simulated by 
the AR5-GCMs and the CORDEX-CORE RCMs we indi-
cate the annual cycles of the ERA5 global reanalysis (Hers-
bach et al. 2020) and the CRU TS 4.02 dataset (Harris et al. 
2014).

Fig. 10   Annual cycles of temperature for the historical time period 
and of climate change signals for AR5-GCMs and CORDEX-CORE 
RCMs in selected IPCC reference regions. The historical time period 
(1971–2000) is shown on the left hand side of each plot. Here, the 
gray shaded areas indicate the ranges of the entire AR5-GCM ensem-
ble, with the black solid lines representing the ensemble median. The 
CORDEX-CORE RCMs REMO and RegCM are depicted as orange 
lines and blue lines, respectively. As a reference, the annual cycles 
of CRU TS4.02 (dotted red line) and ERA5 (dash-dotted red line) 
are illustrated. The annual cycle temperature climate change signals 

are shown for RCP2.6 and RCP8.5 for the end of this century (2070–
2099) at the right hand side of each plot. Here, the shaded areas rep-
resent the climate change signals of the AR5-GCMs for RCP2.6 (blue 
shaded areas) and RCP8.5 (red shaded areas), with the black solid 
lines representing the ensemble median for RCP2.6 (dashed black 
lines) and RCP8.5 (solid black lines). The CORDEX-CORE RCMs 
REMO and RegCM are depicted as orange lines and blue lines, 
respectively, separated into RCP2.6 (dashed lines) and RCP8.5 (solid 
lines)
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For the historical time period (1971–2000), the median 
of the AR5-GCMs is generally close to the annual cycles 
of the reference datasets CRU and ERA5. Only in a few 
regions and during specifc months deviations of more than 
about one Kelvin are present (e.g., about -2K in region 
NEAF for November to February or about +2K in CEU 
for July). The annual temperature cycles of the RCMs are 
mostly within the full ranges of the GCMs and follow similar 
cycles throughout the year. However, in some of the regions 
the annual cycles of the RCMs are rather below the GCM 
median (ENA, EAS, SCA, SEA) while in other regions they 
tend to be above the AR5-GCM median (SES, NEAF, CAU).

The median of the AR5-GCM climate change signals 
(CCS) for the end of this century (2070-2099) are rather 
stable throughout the year for most of the regions, staying 
within a range of about +1-2K for RCP2.6 and +3-5K for 
RCP8.5. Only in a few regions the median climate change 
signal varies markedly throughout the year. This is, e.g., the 
case for CEU, where the median climate change signal is 
about +4K in April and May, while it is about +6K in July, 
August and September in RCP8.5. The CCS of the RCMs 
for RCP2.6 and RCP8.5 for the end of this century (2070-
2099) are largely within the respective ranges of the CCS of 
the AR5-GCMs. The range of the RCM CCS is relatively 
narrow and centered around the GCM ensemble median. For 
RCP2.6, the range is usually within ±1K but can reach to 
around ±2K (e.g., ENA, SES) for single simulations during 
several months. For RCP8.5 the RCMs show larger difer-
ences. Here, the projected CCS are usually centered around 
the AR5-GCM ensemble median within ±2K . Nevertheless, 
there can be a diference between the RCM simulations of 
up to around 4 K for specifc regions and single months (e.g., 
ENA in December). Looking closer at particular regions, the 
ENA region indicates a wider range between the RCM CCS 
during fall and winter (September to February), as well as 
an upward trend of the CCS in those months compared to 
the rest of the year for both RCP2.6 and RCP8.5. The SES 
region is characterised by a stronger CCS from August to 
January, being projected by almost all RCM simulations. 
This is not shown by the AR5-GCM ensemble median. In 
the NEAF region all RCMs show a decrease in the CCS of 
about 1.5K between June and August for RCP8.5, which is 
not visible in the ensemble median CCS of the GCMs. In 
other regions like SCA and SEA, the CCS of the RCMs do 
not vary strongly throughout the year and range within ±2K.

3.3.3 � Precipitation—annual means

The precipitation climate change signals over the selected 
IPCC reference regions discussed in Sect. 3.3.1 are shown 
in Fig. 11.

The precipitation climate change signal in the IPCC refer-
ence region ENA lies around 5 % for the interquartile range 

of the AR5-GCMs for RCP2.6 and around 9 % for the inter-
quartile range for RCP8.5. The interquartile range is covered 
by the CORDEX-CORE GCMs and their respective RCMs. 
RCMs only show a slight diference in climate change signal 
with respect to their driving GCMs of less than about 3 % , 
except for the high ECS GCM and REMO, where the RCM 
shows more than about 6 % more increase than the driving 
GCM.

For the IPCC reference region CEU, the CORE GCM 
and RCM climate changes signals tend to be lower than the 
75th percentile for RCP2.6. CORDEX-CORE GCMs are 
lower than the AR5-GCM ensemble climate change signal 
median which is at about 4 % precipitation increase, while 
the CORDEX-CORE RCMs show a climate change signal, 
which is above this value, thus showing a higher climate 
change signal in this region.

The precipitation climate change signals in the EAS IPCC 
reference region show a good coverage of the interquartile 
range of the AR5-GCM ensemble. The CORE GCM cli-
mate change signals are reduced by the RCMs by values 
between around 3 % and 8 % , leading to a projected decrease 
of precipitation by the CORE RCMs instead of an increase 
in precipitation as projected by the medium ECS GCM.

The median precipitation change of the AR5-GCM 
ensemble lies around 0 % for the IPCC reference region 
SCA. The selected CORDEX-CORE GCMs show a pre-
cipitation climate change signal above this median value, 
while the corresponding CORDEX-CORE RCM climate 
change signals show a larger spread reaching from a 
decrease in precipitation of about 15% to an increase in 
precipitation of about 10% for RCP2.6. The projections 
for RCP8.5 show a good coverage of the interquartile 
range of the AR5-GCM ensemble by the CORDEX-CORE 
GCM climate change signals, which is reproduced by the 
CORDEX-CORE RCMs, although some climate change 
signals of the RCMs differ by up to 20% to their driving 
CORDEX-CORE GCMs (e.g., for the medium ECS GCM 
and REMO).

Climate change signals of the CORDEX-CORE GCMs 
for the SAS IPCC reference region reach from about -5% to 
about 13% for RCP2.6, thus covering the AR5-GCM ensem-
ble very well. This is refected by the CORDEX-CORE 
RCMs, which tend to reproduce the climate change signals 
of their driving GCMs by within a range of about 4 % . In 
the case of RCP8.5 for the same region, the larger spread of 
AR5-GCM ensemble climate change signals is also refected 
by the CORDEX-CORE GCMs but to a lesser extend, i.e. 
not reaching the whiskers of the boxplot representing the 
distribution. CORDEX-CORE RCMs reproduce the GCM 
climate change signal, but the extremes are more amplifed, 
e.g., the high ECS GCM, showing an increase in precipita-
tion of about 10% corresponds to an increase in precipitation 
of the downscaled RCM of about 33%.
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In the SEA IPCC reference region, the relatively small 
AR5-GCM interquartile range from about 1 % to about 
5 % is covered by the CORDEX-CORE GCMs in RCP2.6, 
while the CORE RCMs generally show lower precipitation 
changes down to decrease in precipitation for medium and 
high ECS GCM driving simulations. For RCP8.5 the driving 
GCMs are lying outside of the interquartile AR5 ensem-
ble range. CORDEX-CORE GCMs with low and medium 
ECS are lying above the 75th percentile, while the high ECS 
GCM lies below the 25th percentile. While RCMs driven by 
the low ECS GCM are lying at or above the 75th percentile, 
RCMs driven by the medium and high ECS GCMs are lying 
below the 25th percentile. Thus the spread is refected, but 
the AR5-GCM ensemble interquartile range is not repre-
sented neither by the CORDEX-CORE GCMs nor by the 
CORDEX-CORE RCMs for RCP8.5.

For the IPCC reference region SES the AR5-GCM 
ensemble interquartile range is rather small ranging from 
about -3% to about 3 % for RCP2.6 and between about -5% 
and about 10% for RCP8.5. CORDEX-CORE GCMs and 
CORDEX-CORE RCMs are lying in around this range 
for RCP2.6. For RCP8.5, CORDEX-CORE GCMs are 

covering the interquartile range, while CORDEX-CORE 
RCMs show about the same climate change signals within 
a range of about 5 % , except for the primary medium ECS 
GCM and the corresponding RCM, where the RCM 
projects more than about 15% additional increase to the 
increase of the GCM.

For the IPCC reference region NEAF, the AR5-GCM 
ensemble interquartile ranges are represented by the COR-
DEX-CORE GCMs for RCP2.6 and RCP8.5, except for the 
25th percentile of RCP8.5, which is not represented by a 
CORDEX-CORE GCM. The RCMs downscaling medium 
and high ECS GCMs are projecting a decrease in precipita-
tion instead of an increase as their driving GCMs.

While some of the AR5-GCMs project an increase in pre-
cipitation for RCP2.6, all CORDEX-CORE GCMs as well 
as all CORE RCMs (except for RegCM driven by the high 
ECS GCM) project a decrease in precipitation which lies 
below the median of about 8 % . For RCP8.5, the AR5-GCM 
ensemble interquartile range, extending from about -18% to 
about 2 % is well covered by the CORDEX-CORE GCMs and 
CORDEX-CORE RCMs. CORDEX-CORE RCMs show a 
higher percentage value of the climate change signal as their 

Fig. 11   Precipitation climate change signals for AR5-GCMs and CORDEX-CORE RCMs in selected IPCC reference regions. The symbols are 
the same as in Fig. 9
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driving GCMs, except for the high ECS GCM downscaled 
by REMO, where the climate change precipitation signal is 
decreased from about 18% to about 34%.

3.3.4 � Precipitation—annual cycles

The annual cycle precipitation climate change signals over 
selected IPCC reference regions are shown in Fig. 12. As for 
the annual cycles of temperature, the ERA5 global reanalysis 
(Hersbach et al. 2020) and the CRU TS 4.02 dataset (Harris 
et al. 2014) serve as reference for the historical annual cycles 
simulated by the AR5-GCMs and the CORDEX-CORE RCMs.

The precipitation ensemble median of the AR5-GCMs for 
the historical time period (1971–2000) is in general close 
(less than 2 mm/day ) to the annual cycles of the reference of 
CRU and ERA5. Nevertheless, in some regions, the devia-
tions are larger. In the region SCA, e.g., diferences between 
the AR5-GCM ensemble median and the reference are larger 
than 2 mm/day for the months June to September and reach 
up to about 4 mm/day . However, also a larger (more than 
0.5mm/day ) diference between the two reference datasets 
is present in this regions.

For the historical time period the shapes of the curves 
of the annual precipitation cycles of the RCMs are rather 

Fig. 12   Annual cycles of precipitation for the historical time period 
and of climate change signals for AR5-GCMs and CORDEX-CORE 
RCMs in selected IPCC reference regions. The historical time period 
(1971–2000) is shown on the left hand side of each plot. Here, the 
gray shaded areas indicate the ranges of the entire AR5-GCM ensem-
ble, with the black solid lines representing the ensemble median. The 
CORDEX-CORE RCMs REMO and RegCM are depicted as orange 
lines and blue lines, respectively. As a reference, the annual cycles 
of CRU TS4.02 (dotted red line) and ERA5 (dash-dotted red line) 
are illustrated. The annual cycle precipitation climate change signals 
are shown for RCP2.6 and RCP8.5 for the end of this century (2070–

2099) at the right hand side of each plot. Here, the shaded areas rep-
resent the climate change signals of the AR5-GCMs for RCP2.6 (blue 
shaded areas) and RCP8.5 (red shaded areas), with the black solid 
lines representing the ensemble median for RCP2.6 (dashed black 
lines) and RCP8.5 (solid black lines). The CORDEX-CORE RCMs 
REMO and RegCM are depicted as orange lines and blue lines, 
respectively, separated into RCP2.6 (dashed lines) and RCP8.5 (solid 
lines). Please note that for the CCS the scale of the y-axis is diferent 
for the regions SES, NEAF and CAU. Monthly precipitation amounts 
of less then 0.01 mm/day were not considered for the AR5-GCMs
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similar to the annual cycles of the GCM ensemble medians 
throughout the year. The annual cycle as simulated by the 
RCMs lies within the range of AR5-GCMs for most of the 
RCM simulations and for most of the months of the year. 
In the regions SCA, SAS and SEA, a few RCM simulations 
show a historical monthly precipitation, which is more 
than 1 mm/day larger than the maximum of the AR5-GCM 
ensemble. Such RCM simulations are outside of the GCM 
ranges. On the other hand there is no such deviation for the 
minimum precipitation amounts.

While in some regions the precipitation simulated by the 
RCMs tends to lie above the AR5-GCM median (e.g., ENA, 
SEA, SAS), in another region, it tends to lie mainly below 
(EAS). In the majority of the regions, the RCM simulations 
cover the range of the AR5-GCMs and lie above and below 
the AR5-GCM median. The diferences between the RCM 
simulations can range up to 10mm/day.

The precipitation median of the AR5-GCM climate 
change signals at the end of the century (2070-2099) stays 
rather constant (within a range of about +10% and -10% 
points around a fxed value) and is thus rather independent of 
the time of the year for some regions (EAS, SEA, SES) for 
both RCPs. In other regions, this is only the case for RCP2.6 
(NAM, CEU, SCA, SAS and AUS). In the region NEAF, the 
median CCS is more than +10% points larger in the months 
April to September than, e.g., in June, July, August.

The precipitation climate change signals (CCS) at the 
end of the century (2070-2099) of the RCMs for RCP2.6 
and RCP8.5 are within the respective ranges of the AR5-
GCM CCS. Exceptions can be found in the regions of SCA 
and SEA where single RCM simulations show a CCS of 
more than +5% points higher than the maximum CCS for 
a single months of the AR5-GCM ensemble, whereas in 
NEAF, the CCS of single RCM simulations is up to about 
20% points lower than the minimum AR5-GCM CCS for 
June. In general, the range of the RCM CCS projections for 
RCP2.6 is smaller than the range of the CCS for RCP8.5 
and more closely centered around the AR5-GCM CCS 
ensemble median. For RCP8.5 the RCMs show diferences 
between the single simulated RCM CCS of up to about 108% 
points in SCA, whereas the maximum diference for RCP2.6 
between RCM CCS can be found in CAU with about 70% 
points. Minimum diferences are about 8 % points in ENA 
for RCP8.5 and about 0.3% for RCP2.6 in the same region. 
In all regions the sign of the projected CCS by the RCMs 
can be opposite at least for some months within the annual 
cycle for both RCPs, while in some regions this is even the 
case for all the months (e.g., SAS and SEA for RCP2.6 and 
SEA and SES for RCP8.5).

Closely considering particular regions, for CEU the 
CCS annual cycle for RCP8.5 shows a decrease in pre-
cipitation in summer months (June, July and August) and 
an increase in precipitation in winter months (December, 

January, February). This CCS annual cycle is different 
than for RCP2.6, though following the GCM projections, 
where a similar behaviour can be seen. A similar pattern 
can be observed for the ENA region, though with a larger 
spread between the CCS of the models. In the NEAF region, 
GCMs project a wider range of CCS than RCM CCS for 
both RCP2.6 and RCP8.5 in the months December to Febru-
ary. The RCM CCS in the NEAF region are mainly located 
around the GCM CCS median for RCP2.6 and show nega-
tive CCS in the months June and July. For the RCP8.5, the 
GCM CCS median shows an increase in precipitation of up 
to 50% in the months December and January. The majority 
RCM CCS are below the GCM CCS median and following 
its upward trend in the second half of the year. A compara-
tively strong increase in precipitation (of partly more than 
about 50% ) is simulated by some of the RCM simulations in 
the second half of the year in the regions of SCA, SAS and 
to some extent also in SEA and NEAF.

4 � Discussion

The new high resolution climate change simulations of the 
CORDEX-CORE ensemble are evaluated using the CRU 
observational dataset during the historical period (1971 to 
2000). The near-surface temperature and precipitation model 
biases (Fig. 3) are calculated for individual regional climate 
model simulations (RCMs) as well as for their driving global 
climate model simulations (GCMs) using the IPCC physi-
cal climate reference regions (Fig. 1). The magnitude of the 
temperature biases from the GCMs are generally reduced 
by about 0.5K to 2 K by the RCM simulations, especially 
for the regions SAM, SWS, NES, CEAF, SEAF, CAF, and 
EAS. South Australia (SAU) is the only region where all 
RCM simulations show an increase in the magnitude of the 
warm bias, which is inherent in the driving GCM simula-
tions as well.

The precipitation biases of the simulations largely depend 
on the region analysed. In dry regions, biases of the driv-
ing GCMs are large. However, these biases are generally 
reduced by the RCM simulations for the regions SCA, 
SAH, CEAF, ESB, TIB and EAS. For West North America 
(WNA), North Central America (NCA) and North West 
South America (NWS), the RCM simulations show an 
increase of the magnitude of the wet bias originating from 
the driving GCM simulations.

It would be important to further assess the regional and 
temporal details of the GCM and RCM temperature and pre-
cipitation biases, ideally with high resolution observations. 
This could enhance our understanding of the governing pro-
cesses and the scales they are representing, in reality as well 
as in the global and regional simulations.
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Further research is needed to understand which processes 
are responsible for the more realistic calculation of the 
near-surface temperature in RCMs (see above: decrease in 
biases by about 0.5K to 2 K ) or the increased biases in South 
Australia. A regional study over Australia was performed 
with a comparably larger RCM ensemble, providing a more 
detailed assessment of the performance of CORDEX-CORE 
simulations and CORDEX-CORE climate change signals 
in this region (Evans et al. 2020). There could be several 
reasons for these changes in biases, some of them are more 
realistic resolved orography, land-cover and soil moisture, 
besides diferent representations of physical processes. If the 
temperature biases depend strongly on the spatial details of 
the lower boundary conditions, they should also be smaller 
in high-resolution GCMs, which would be interesting to 
assess in future studies.

The assessment of the diferences of the precipitation 
biases seems to be more challenging due to the divergent 
patterns. Further detailed regional assessments and studies 
would be needed to gain a more complete understanding of 
the precipitation biases.

A comparison of the CORDEX-CORE simulations with 
previous studies from the various domains is limited, e.g., 
due to diverging defnitions of the model regions, use of 
various reference periods and reference datasets, analyses of 
diferent spatial and temporal scales, and due to applying dif-
ferent forcing GCMs. Evans et al. (2020) showed that REMO 
CORDEX-CORE simulations have a comparably good per-
formance with respect to precipitation over Australia and 
that REMO and RegCM perform well with respect to maxi-
mum temperature while showing larger biases in minimum 
temperature. However, they also noted that the biases depend 
both on the RCM and the driving GCM. Hence, the beneft 
of the higher resolution (i.e. 0.22◦instead of 0.44◦for many 
domains) cannot be directly derived from this analysis. Fixed 
boundary conditions (e.g., from the same GCM or from 
ERA-Interim) would be needed for such an assessment. For 
instance, Prein et al. (2016) and Lucas-Picher et al. (2017) 
used the ERA-Interim driven evaluation simulations at dif-
ferent resolutions to show the improvements achieved by 
increasing the model resolution. Nevertheless, similar fea-
tures in the model biases from CORDEX-CORE and pre-
vious CORDEX simulations can be found for some of the 
regions. For instance, similarities to the coarser CORDEX 
simulations can be found over the NCA and SCA regions. 
Here, cold biases are simulated by the 0.44◦ CORDEX-CAM 
ensemble (Cavazos et al. 2020) and the CORDEX-CORE 
ensemble. The dry biases in the annual precipitation over 
the NSA region and in the austral summer (DJF) precipita-
tion over the SES region simulated by the CORDEX-CORE 
RCMs are also present in previous 0.44◦ CORDEX-SAM 
simulations (Solman and Blázquez 2019). In contrast, over 
the NES region, where the CORDEX-SAM models show a 

slight wet bias, the CORDEX-CORE ensemble has a larger 
spread in the precipitation biases, showing both wet and 
dry biases. Over the ENA region NA-CORDEX simulation 
with various resolutions (0.44◦ , 0.22◦ , and 0.11◦ ) show a 
wet bias mainly in the winter season (Lucas-Picher et al. 
2017), which can be also observed in the CORDEX-CORE 
ensemble.

The analysis of the IPCC reference regions showed that 
the AR5-GCM ensemble spread of the CCS is well repre-
sented by the selected driving CORDEX-CORE GCMs for 
most of the regions. The interquartile range of the AR5-
GCM ensemble of annual mean CCS for temperature and 
precipitation is covered by the CORE GCM and RCM 
CCS for almost all IPCC reference regions reasonably well 
(Figs. 9 and 11). Exceptions are present, e.g., in the CEU 
region where the precipitation CCS of the selected CORE 
GCMs are located only between the 25th percentile and 
the median of the AR5-GCM ensemble for RCP8.5. In the 
annual cycle plots for CEU (refer to Fig. 12), it is visible that 
the CORDEX-CORE RCMs do not follow the AR5-GCMs 
in simulating the strong decrease in the CCS between June 
and September, which might be one of the reasons for the 
incomplete representation of the full range of the AR5-GCM 
CCS in this case. In this specifc case, the EURO-CORDEX 
ensemble at 0.11◦ resolution ofers already a large ensemble 
of simulations in addition to the CORDEX-CORE simula-
tions to get a good representation of the AR5-GCM ensem-
ble. For other regions, such as EAS, where all CORDEX-
CORE GCMs lie above the AR5-GCM ensemble median 
for temperature CCS, it is important to perform additional 
simulations driven by GCMs diferent to the CORDEX-
CORE GCMs to better cover the lower range of AR5-GCM 
CCS and in order to achieve a better representation of the 
range of possible CCS. Nevertheless, the annual cycles for 
temperature CCS in EAS show that the CCS as simulated 
by the RCMs are located around the median values of the 
GCM CCS throughout the year, confrming the results of 
the boxplots and thus not changing the shape of the annual 
cycle, except for the slight increase in the CCS between July 
and September for the RCMs and the GCM median, which 
indicates a tendency to a prolonged summer season. The 
simulation of the historical period and their relation to the 
reference datasets gives an indication of the performance 
of the simulations in the respective regions (refer to the left 
panel in Figs. 10 and 12). For the temperature annual cycles, 
the representation of the historical annual cycle is compara-
tively good for the AR5-GCM ensemble median and the 
CORDEX-CORE RCMs. In some regions, the CORDEX-
CORE RCMs show the tendency towards warmer annual 
cycles (e.g., in the NEAF region RCM temperatures are 
above the AR5-GCM ensemble median), in other regions 
there is a tendency towards colder annual cycles (e.g., in 
the SCA and ENA regions most RCM simulations show 
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temperatures below the AR5-GCM ensemble median). 
Despite these diferences in the historical annual cycles 
between RCMs and AR5-GCMs, the range in the annual 
cycles of the CCS is not markedly reduced. The same is true 
for the rather wet (ENA and SEA region) or dry (e.g., EAS 
region) historical annual cycles of precipitation, which also 
do not show a reduced range in their respective annual cycles 
of CCS. Nevertheless additional simulations covering the 
respective other part in the historical period (warmer and 
colder or wetter and dryer), could lead to additional CCS 
outside of the simulated range which is shown here.

While the CCS for temperature stays rather constant 
throughout the year for RCP2.6 for all regions, the CCS 
shows a certain seasonality for RCP8.5 for some regions, 
indicating projected changes in the respective annual cycles. 
This is, e.g., the case for the SAS region for RCP8.5, where 
the CCS is elevated from October to April compared to the 
rest of the year for the AR5-GCM median as well as for 
most of the COREX-CORE RCMs. This indicates a ten-
dency towards a weakening of the annual cycles as the cold 
period is projected to get warmer while the warm period is 
projected to get warmer to a lesser extent. This change in 
CCS is similarly projected by the AR5-GCMs as well as by 
the CORDEX-CORE RCMs. In the CAU region, e.g., some 
of the CORDEX-CORE RCMs show an increase in the CCS 
between about July and October, which is only partly visible 
in the GCMs. This might lead to increased southern hemi-
sphere spring temperatures in CAU and thus to a broaden-
ing of the annual cycles. Nevertheless, whether this specifc 
CCS signal is robust, needs to be confrmed by additional 
RCM simulations and the analysis of the underlying physical 
processes that might be better represented by higher resolved 
simulations.

A similar diferential CCS can also be seen in the annual 
cycles of precipitation for RCP8.5 in some regions (refer 
to Fig. 12). In the region SCA, e.g., a CCS of decreasing 
precipitation is simulated for RCP8.5 in about the frst half 
of the year, while increasing precipitation is simulated in the 
second half of the year for the AR5-GCMs and most of the 
CORDEX-CORE RCMs. In this case the precipitation in the 
dry season between December and April would be reduced, 
while precipitation would be partly increase at the end of the 
wet season, which in addition is projected to be prolonged 
by some of the simulations.

In the above described cases, using only the CORDEX-
CORE simulations might lead to an underestimation of the 
respective climate change signals or of projected changes in 
the seasonality. This needs to be taken into account when 
using the CORDEX-CORE ensemble for further analysis or 
VIACS applications. Additional assumptions will have to be 
made in order to refect the larger range of CCS in the AR5-
GCM ensemble. The analysis might also guide regional 
modellers to create their modelling strategy, specifcally in 

the selection of additional GCMs for downscaling climate 
projections in the respective regions.

The CCS of the driving CORDEX-CORE GCMs seem 
to be reproduced by the CORDEX-CORE RCMs in many 
areas, especially in tropical and subtropical regions. This 
indicates that the processes leading to the spatial and tem-
poral mean CCS in these regions are captured by the GCMs. 
The RCMs do not seem to alter them by using higher spatial 
and temporal resolutions, as well as diferent parameteriza-
tions for physical processes adapted to the higher resolution. 
The larger temperature bias of the CORDEX-CORE GCMs 
compared to the CORDEX-CORE RCMs discussed above, 
seem to play a minor role and cancel out in the calculation of 
the CCS at this temporal and spatial scale. In contrast, over 
a specifc IPCC reference region larger diferences between 
CORDEX-CORE GCM and RCM CCS indicate that some 
processes are not captured by the GCMs and that the higher 
temporal and spatial resolution or a diferent description of 
the physical processes seem to be important. This is, e.g., 
the case for the EAS region. Here, the climate change sig-
nal shows an increase in precipitation for the medium ECS 
GCM and a decrease for the RCM REMO simulation. The 
RCM simulations for low and high ECS GCMs change the 
signal in the same direction, but show a much lower pre-
cipitation increase than their driving GCMs in this region. 
The sign of the signal is not changed. Regional processes 
at smaller scales seem to play a major role in determining 
the CCS even when aggregated over a comparatively large 
region and a period of 30 years. To further investigate the 
causes of these discrepancies between GCM and RCM cli-
mate change signals, an analysis of the signal changes on 
higher spatial and temporal scales, e.g., process based stud-
ies of phenomena like monsoon, response to ENSO, storm 
track changes, is needed for the individual regions. In addi-
tion, the importance of the resolution of climate models to 
simulate spatial and temporal mean regional climate change 
in specifc regions could be further elucidated when compar-
ing high-resolution GCMs with RCMs, including analysing 
the infuence of the better resolved large scale forcing. This 
was to some extent done in a study over Europe and could 
possibly be extended over some of the regions investigated 
in this study (Demory et al. 2020). Also, in the case of the 
low radiative forcing of the RCP2.6 scenario, the RCMs fol-
low the CCS of the driving CORDEX-CORE GCMs quite 
closely.

Similar to the evaluation of the biases for the current cli-
mate, it is not straight forward to compare the CORDEX-
CORE results to studies from other CORDEX simulations 
as the setup of the simulation and the analysis are diferent. 
Nevertheless, we want to give a few examples for a com-
parison of the CCS in specifc regions in order to get an 
impression of diferences and similarities. For India, which 
is located in the WAS region, Kulkarni et al. (2020) showed 
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that the CORDEX-SA projected an increase in annual pre-
cipitation, with both increases in the summer monsoon 
season (June to September) and winter monsoon season 
(December to January). Based on the CORDEX-CORE 
ensemble, increases as well as decreases are projected for 
the far future, highlighting the large uncertainty for precipi-
tation changes in this region. Additionally, a robust shift 
in the timing of monsoon is noted, which is attributed to 
pre-monsoon drying (Ashfaq et al. 2020). Similarly, Dash 
et al. (2015) linked the decreases in a previous RegCM 
experiment to weaker monsoon circulations. The increase 
in precipitation in the ENA region in winter simulated by 
the CORDEX-CORE ensemble is consistent with the results 
of the NA-CORDEX simulations (Karmalkar 2018). The 
CORDEX-CORE projections show precipitation increases 
over Indochina similar to the projections by the 0.22◦ COR-
DEX-SEA ensemble (Tangang et al. 2020). The increasing 
trend of precipitation for the Maritime Continent is only 
present in the REMO projections while RegCM shows both 
increases and decreases.

5 � Conclusions

In this paper, we show that the CORDEX-CORE ensem-
ble reproduces the AR5-GCM ensembles temporal and 
spatial mean climate change signals for temperature and 
precipitation for most IPCC reference regions across the 
world. Nevertheless, in a few IPCC reference regions, the 
AR5-GCM ensemble of climate change signals is not rep-
resented to the full extent by the CORDEX-CORE GCMs 
and RCMs. In these IPCC reference regions, it is advisable 
to perform additional simulations to extend the CORDEX-
CORE ensemble to improve the coverage of possible AR5-
GCM climate change signals. We also found that the lack in 
coverage of the AR5-GCMs historical annual cycles by the 
CORDEX-CORE RCMs, does not seem to lead to a reduced 
range in the RCM CCS. While the CORDEX-CORE RCMs 
simulate a rather fat annual cycle of CCS for RCP2.6 for 
temperature and precipitation, for RCP8.5 a varying CCS is 
simulated by the AR5-GCMs and CORDEX-CORE RCMs 
in the course of the year in some of the investigated regions. 
This could potentially lead to a respective qualitative change 
in the annual cycle, e.g., prolonging wet or dry periods. In 
some regions, the annual cycle of the RCMs refect what is 
projected by the AR5-GCMs, but in other regions the CCS 
of AR5-GCMs and RCMs are qualitatively diferent.

To assess the causes of regional diferences in AR5-GCM 
and CORDEX-CORE RCM projected CCS and to inves-
tigate in detail the physical processes is out of the scope 
of this paper, which is rather to give an overview over the 
performance and the projected changes in the different 
regions of the world. For many applications and analyses, 

CORDEX-CORE ofers a reasonable ensemble of climate 
simulations, particularly in regions where up to now only 
a limited number of regional climate model simulations 
were available. In contrast to the GCM simulations, the 
CORDEX-CORE ensemble provides simulations on higher 
spatial and temporal resolutions, allowing for regional to 
local climate and impact assessments, as well as VIACS 
applications in the major inhabited regions of the world, 
while being at the same time consistent with the large scale 
AR5-GCM CCS. This is supported by Ciarlo` et al. (2020), 
who compared simulated precipitation from the EURO-
CORDEX and CORDEX-CORE ensembles to the precipi-
tation from the respective driving GCMs and found an added 
value mainly in complex topographical areas, coastal areas, 
islands and tropical regions, especially for extremes. Nev-
ertheless, in order to fll the presented knowledge gaps and 
to get a better understanding of the origins of regional fea-
tures, we encourage further regional process studies using 
CORDEX, CORDEX-CORE and ideally additional even 
higher resolved regional climate simulations. Ideally these 
additional simulations are guided by VIACS applications. 
This study focuses on temperature and precipitation varia-
bles. The coverage of the ensemble spread of the AR5-GCM 
ensemble might be diferent for other variables or indices 
and should be assessed before using the CORDEX-CORE 
ensemble. This is to some extent done in other papers of this 
special issue (e.g., Coppola et al. 2020).

We conclude that the CORDEX-CORE ensemble is a 
solid starting point to provide the major inhabited areas 
of the world with a reasonable core ensemble of climate 
simulations.

We want to encourage the regional scientifc communities 
and experts to make use of the CORDEX-CORE ensemble 
with their modelling experiences, observations and expertise 
to identify and analyse in detail regional features together 
with historical climate and climate change signals. Regional 
studies which are focusing on one domain and make use 
of the CORDEX-CORE ensemble, can set their results in 
relation to other domains via the fndings presented in this 
study and assess their transferability. These assessments 
will then be of great additional beneft for regional VIACS 
communities as well as for regional modellers to further 
develop and improve regional climate models and to thus 
better represent climate change in regions all over the world 
in future simulations.

The CORDEX-CORE ensemble shall be extended in the 
future by additional regional simulations, in order to further 
increase the ensemble size and thus the regional representa-
tion of possible future climate change pathways.
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