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Abstract
Recent high-spatial-resolution regional simulations from the global program, coordinated regional climate downscaling 
experiment-coordinated output for regional evaluations (CORDEX-CORE), are examined to evaluate the capability of 
regional climate models (RCMs) to represent the El Niño–Southern Oscillation (ENSO) precipitation and surface air tem-
perature teleconnections over five regions of the world. We find that the ensemble and individual RCM simulations generally 
preserve the broad regional scale ENSO signal from the general circulation models (GCMs) over different regions around of 
the world, reproducing the majority of the observed regional responses to ENSO forcing. Furthermore, in some cases, the 
RCM ensemble and individual models can improve the spatial pattern of teleconnections and the amplitudes of these patterns 
compared to the driving global models. Among such cases are the precipitation teleconnections over southern Africa, North 
America and the Arabian–Asian region. Our study presents the first analysis of ENSO teleconnections in GCM-driven RCMs 
over multiple regions, and it clearly shows the potential value of using such models non only in a climate change research 
context, but also in seasonal to annual prediction.
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1 Introduction

The El Niño–Southern Oscillation (ENSO) is the world’s 
leading mode of interannual climate variability (Trenberth 
et al. 1998; Langenbrunner and Neelin 2013; Ward et al. 
2014; Chiodi and Harrison 2015). It affects the climate of 
many regions of the world, such as the tropics (Wang et al. 
2004; McPhaden et al. 2006; Kucharski et al. 2007), the 
Pacific–North American region (Wallace and Gutzler 1981; 
Herceg Bulić 2010), South America (Kayano et al. 2009), 
the Arabian Peninsula (Abid et al. 2018) and southern Africa 
(Dieppois et al. 2015). Both ENSO warm (El Niño) and cold 
(La Niña) events can produce floods and droughts over dif-
ferent regions, particularly in the tropics, with large socio-
economic impacts (Ropelewski and Halpert 1987; Philander 

1990; Diaz et al. 2001; King et al. 2016). Consequently, 
recent studies have increasingly focused on investigating the 
ENSO’s connection to climate, towards a better understand-
ings of climate prediction and the effects of climate change 
on ENSO.

In recent decades, the main tools for understanding ENSO 
dynamics and associated teleconnections have been general 
circulation models of the coupled atmosphere–ocean sys-
tem (GCMs; Latif et al. 2001; Guilyardi et al. 2004, 2009; 
Achuta Rao and Sperber 2006; Herceg Bulić and Kucharski 
2012; Bellenger et al. 2013; Weare 2013). Several studies 
showed some ability of GCMs to reproduce ENSO precipi-
tation teleconnections (Joseph and Nigam 2006; Cai et al. 
2010). These studies suggest that the problems demonstrated 
in reproducing ENSO teleconnection patterns can be related 
to the difficulty of the GCMs to represent adequately the 
spatial pattern and amplitude of the main sea surface tem-
perature (SST) anomalies in the equatorial Pacific (Joseph 
and Nigam 2006; Coelho and Goddard 2009).

Other authors have examined simulations of the coupled 
model intercomparison project (CMIP) forced by observed 
SSTs (Spencer and Slingo, 2003; Cash et al. 2005; Lan-
genbrunner and Neelin 2013). These studies have found 
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substantial differences between simulations and observations 
in different teleconnection regions. For example, Langen-
brunner and Neelin (2013) found spatial correlation coef-
ficients less than 0.5 between CMIP5 models and observa-
tions, but with a good agreement in the amplitude of the 
precipitation response. This demonstrates the challenge that 
models face to accurately simulate regional signals.

On the other hand, regional climate models (RCMs) are 
increasingly being used to produce high resolution climate 
change information for impact assessment applications 
and climate service activities (e.g. Giorgi 2019). It is thus 
important that RCMs are able to simulate the regional to 
local teleconnection response of leading modes of climate 
variability such as ENSO. This response is determined by 
two factors: the large scale information entering the RCM 
domain from the lateral boundaries and a possible modula-
tion of this ENSO large scale signal by regional and local 
forcings, such as topography, coastlines and landuse. A 
good simulation of ENSO teleconnections by an RCM thus 
requires, on the one hand, a good simulation of the ENSO 
large scale responses by the driving model (e.g. GCM or rea-
nalysis), and a good performance by the RCM in preserving 
this large scale signal and possibly enhance it through the 
model’s higher resolution.

Despite the importance of ENSO teleconnections for 
local impacts and the increasing use of RCM information 
for impact studies, the literature on analyses of ENSO tel-
econnections in RCMs is relatively scarce. Several studies 
have analysed ENSO signals in RCMs driven by reanalysis 
data as initial and lateral boundary conditions. They have 
found that the RCMs can simulate the main features of the 
ENSO precipitation teleconnection response in different 
regions of the world when realistic large scale variability 
drives the models (e.g. Tourigny and Jones 2009; Mariotti 
et al. 2011; McGlone and Vuille 2012; Boulard et al. 2012; 
Endris et al. 2013; Llopart et al. 2014; Zaroug et al. 2014; 
Whan and Zwiers 2016; Ratna et al. 2017; King and Vin-
cent 2018). Fewer studies have addressed the issue of ENSO 
teleconnections in RCMs driven by GCMs either for pre-
sent day conditions or within a climate change context. For 
example, Meque and Abiodun (2015) analyzed the ENSO-
precipitation teleconnection signal over Southern Africa in 
an ensemble of 10 RCM simulations driven by analyses of 
observations and different GCMs and found widely vary-
ing performance across the models, strongly depending on 
the driving fields. Similar conclusions were found by Jiang 
et al. (2013), who investigated the performance of 10 GCM-
driven RCM simulations over North America. Endris et al. 
(2018) assessed the ENSO signal over Eastern Africa and 
its changes for the late twenty-first century in an ensemble 
of 2 RCM simulations driven by 4 GCMs, again finding 
widely varying response associated both to the differences 
in the driving GCMs and nested RCM physics. Da Rocha 

et al. (2014) have used three GCM downscaled by RegCM4 
and they found that both GCMs and RegCM4 members are 
able to capture the ENSO driven anomalies in present day 
climate but RegCM4 improves the signal over southeastern 
South America (SA). Both ensembles project the same kind 
of precipitation anomalies change (increase over southeast-
ern SA and decrease over northern–northeastern SA) with a 
weaker relation between ENSO and precipitation compared 
to the present day. Clearly, there is a need of further and 
more systematic investigations on how GCM-RCM systems 
can simulate regional ENSO teleconnection patterns around 
the globe.

A good opportunity for such a study is given by the recent 
completion of a coordinated set of RCM projections as part 
of the coordinated regional climate downscaling experi-
ment (CORDEX-CORE) program (Gutowski et al. 2016; 
Giorgi and Gutowski 2015). It consists of simulations for 
the period 1970–2099 with two RCMs, the RegCM4 (Giorgi 
et al. 2012) and REMO (Jacob et al. 2012 and Remedio 
et al. 2019), run at 25-km grid spacing over nine CORDEX 
domains for two greenhouse gas concentration scenarios, 
where each RCM is driven by three GCMs, In this study, 
we thus examine the capability of these GCM-RCM systems 
to reproduce the impact of ENSO teleconnections over dif-
ferent domains, with the ultimate goals of (i) identifying 
whether the driving GCMs reproduce the observed large 
scale ENSO teleconnection patterns; (ii) assess whether the 
ENSO signal propagates correctly from the driving GCMs 
to the RCMs; (iii) assess whether the higher resolution of 
the RCMs locally modulates the ENSO signal. Specifically, 
we examine the spatial patterns and magnitude of the ENSO 
effects on precipitation and surface air temperature, and 
focus on five regions where ENSO effects are important.

Here we focus only on present day conditions, since this 
analysis is necessary before examining eventual changes in 
the characteristics of ENSO and its teleconnections in future 
climate projections, work which is under way and will be 
presented in future papers. Compared to previous studies, we 
use for the first time a consistent analysis of a coordinated 
multi GCM-RCM high resolution ensemble over multiple 
domains, and our study is especially important as a reference 
for the use of the CORDEX-CORE dataset in impact and 
vulnerability assessments.

We begin our analysis with a description of the data and 
methods in Sect. 2 followed by a discussion of the results in 
Sect. 3 and main conclusions in Sect. 4.

2  Datasets and analysis

In this study, ENSO precipitation teleconnection patterns 
are studied for RCM and GCM simulations over the period 
1975–2004, focusing on the December–January–February 
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(DJF) season. We emphasize that this analysis period is 
taken from uninitialized GCM projections with no assimi-
lation of observations, and therefore the simulations are 
not expected to capture individual specific events (e.g. the 
El Nino of 1998) but can be assessed only in a statistical 
sense. We compare the model simulations with observed 
monthly mean SST and precipitation data during DJF for 
the years 1981–2010. For SST observations, we use the 
Hadley Centre Sea Ice and SST analysis dataset, HadISST 
(Rayner et al. 2003), while monthly precipitation is from 
the multi-source weighted-ensemble precipitation (MSWEP) 
V2 dataset, which is based on a combination of rain-gauge 
measurements, satellite products and reanalysis data (Beck 
et al. 2017a, b). This dataset showed good performance in 
describing precipitation over tropical regions (Zhang et al. 

2019; Torres-Alavez et al. 2020), and its horizontal resolu-
tion is 25 km, same as the grid size of the RCM simulations. 
For surface air temperature assessment, we use data from the 
ERA5 reanalysis (Hersbach and Dee 2016).

The CMIP5 and CORDEX-CORE simulations are 
detailed in Tables 1 and 2. The regional climate simulations, 
six per domain, were performed with the latest version of the 
ICTP Regional Climate Model (RegCM4; Giorgi et al. 2012) 
and REMO (Jacob et al. 2012; Remedio et al. 2019) fol-
lowing the specifications of the CORDEX-CORE protocol. 
The CORDEX-CORE initiative is aimed at providing a set 
of homogeneous, downscaled regional climate projections 
over nine domains covering the majority of land areas of the 
world for use in impact and adaptation studies (Gutowski 
et al. 2016). In particular, as mentioned, we focus on four 

Table 1  GCMs and RegCM4 configurations used in this study

Domain/LLJ Driving GCMs/resolution Physics scheme Namelist option Reference

Africa Boundary layer Holtslag Holtslag et al. (1990)
HadGEM2-ES (Jones et al. 2011)/1.25° × 1.85° Cumulus (land) Tiedtke Tiedtke (1996)
MPI-ESM-MR (Stevens et al. 

2013)/1.8653° × 1.875°
Cumulus (ocean) Kain–Fritsch Kain and Fritsch (1990), Kain (2004)

NorESM1-M (Zhang et al. 2019)/1.8947° × 2.5° Microphysics SUBEX Pal et al. (2000)
Ocean flux Zeng et al. Zeng et al. (1998)

Central America 
and North 
America

Boundary layer Holtslag
HadGEM2-ES/1.25° × 1.85° Cumulus (land) Emanuel Emanuel (1991)
MPI-ESM-MR/1.8653° × 1.875° Cumulus (ocean) Kain–Fritsch
GFDL-ESM2M (Dunne et al. 

2012)/2.0225° × 2.5°
Microphysics SUBEX

Ocean flux Zeng et al.
South America Boundary layer Holtslag

HadGEM2-ES/1.25° × 1.85° Cumulus (land) Tiedtke
MPI-ESM-MR/1.8653° × 1.875° Cumulus (ocean) Kain–Fritsch
NorESM1-M/1.8947° × 2.5° Microphysics SUBEX

Ocean flux Zeng et al.
Asia Boundary layer UW PBL Grenier and Bretherton 

(2001), Bretherton and Park 
(2009), Bretherton et al. (2004)

MPI-ESM-MR/1.8653° × 1.875° Cumulus (land) Emanuel
NorESM1-M/1.8947° × 2.5° Cumulus (ocean) Tiedtke
MIROC5 (Watanabe et al. 

2010)/1.4008° × 1.40625°
Microphysics SUBEX

Ocean flux Zeng et al.

Table 2  GCMs and REMO-GERICS configurations used in this study

Driving GCMs Physics scheme Parametrization Reference

HadGEM2-ES (Jones et al. 2011) Boundary layer Monin–Obukhov similarity theory Louis (1979)
NorESM1-M (Bentsen et al. 2013) Cumulus Tiedtke with modifications Tiedtke (1989)

Nordeng (1994) and Pfeiner (2006)
MPI-ESM-LR (1.8° × 1.8°) (Giorgetta 

et al. 2013)
Microphysics Lohmann and Roeckner Lohmann and Roeckner (1996)



1448 J. A. Torres-Alavez et al.

1 3

Fig. 1  DJF mean precipitation for: a MSWEP, b HadGEM2-ES 
and MIROC5 GCMs, d RegCM4 HadGEM2-ES and RegCM4 
MIROC5, f MPI-ESM-MR GCM, h RegCM4 MPI-ESM-MR, j 
NorESM1-M and GFDL-ESM2M GCMs, and l RegCM4 NorESM1-
M and RegCM4 GFDL-ESM2M; and precipitation differences for 
c HadGEM2-ES and MIROC5 GCMs minus MSWEP, e RegCM4 

HadGEM2-ES and RegCM4 MIROC5 minus MSWEP, g MPI-
ESM-MR GCM minus MSWEP, i RegCM4 MPI-ESM-MR minus 
MSWEP, k NorESM1-M and GFDL-ESM2M GCMs minus 
MSWEP, and m RegCM4 NorESM1-M and RegCM4 GFDL-
ESM2M minus MSWEP. The units are mm/day

Fig. 2  DJF mean precipitation for: a MSWEP, b HadGEM2-ES 
GCM, d REMO HadGEM2-ES, f MPI-ESM-LR GCM, h REMO 
MPI-ESM-LR, j NorESM1-M GCM, and l REMO NorESM1-M; and 
precipitation differences for c HadGEM2-ES GCM minus MSWEP, e 

REMO HadGEM2-ES minus MSWEP, g MPI-ESM-LR GCM minus 
MSWEP, i REMO MPI-ESM-LR minus MSWEP, k NorESM1-M 
GCM minus MSWEP, and m REMO NorESM1-M minus MSWEP. 
The units are mm/day
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domains where ENSO effects are stronger: Africa, Central/
North America, South Asia and South America.

For each domain, the models are driven by three different 
GCMs from the CMIP5 ensemble (Taylor et al. 2012) and use 
a horizontal grid spacing of ~ 25 km. Each RCM has capabil-
ity of using different physics parameterizations, and Table 1 
reports the choice of scheme made for each domain based on 

preliminary test simulations aimed at optimizing the model 
performance. The GCMs were chosen based on two criteria: 
(1) they approximately cover the range of climate sensitivi-
ties in the CMIP5 ensemble (Taylor et al. 2012), since they 
have a low-(NorESM1-M), medium-(MPI-ESM-MR), and 
high-(HadGEM2-ES) equilibrium climate sensitivity; and (2) 
they show a generally good performance over the different 

Fig. 3  As in Fig. 1, but for 2-m air surface temperature. The units are °C

Fig. 4  As in Fig. 2, but for 2-m air surface temperature. The units are °C
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CORDEX domains (e.g. Elguindi et al. 2014). However, for 
some domains, exceptions occur. Specifically, over the South 
Asia domain, HadGEM2-ES does not have a good simula-
tion of the Indian monsoon (Ashfaq et al. 2017) and over the 
Central America domain NorESM1-M does not have a good 
representation of the dynamics of the region, in particular 
concerning the generation of tropical storms (McSweeney 
et al. 2015). For these reasons a choice was made within the 
RegCM4 community to use MIROC5 as driver over the South 
Asia domain and GFDL-ESM2M over the Central America/
North America domain, models that in both cases exhibit a 
better performance based on some preliminary analysis.

All simulated precipitation data are regridded to the 
MSWEP grid prior to calculating the teleconnection patterns 
to facilitate the direct comparison of simulated and observed 

teleconnections. Linear regression is used to calculate the 
DJF precipitation (temperature) teleconnection patterns by 
projecting the normalized Niño-3.4 index (average SST from 
5° S to 5° N and 190° to 240° E) onto the precipitation (tem-
perature) field. A permutation test is applied to calculate the 
statistical significance of the regression coefficients (Manly 
1997). The test first computes the regression coefficient for 
the original data. Then, a permutation resampling from the 
data without replacement is performed and the regression 
coefficient in the permuted data is re-computed. This is 
repeated n times, and for our study we generated 2000 per-
mutations, as done in Taylor and MacKinnon (2012). The 
significance value is the proportion of permuted regression 
coefficients higher than the original regression coefficient.

Fig. 5  Regression analysis of the El Niño 3.4 index to the boreal 
winter SST for a observations from HadISST during 1981–2010; b 
HadGEM2-ES; c MPI-ESM-MR; d MIROC5; e MPI-ESM-LR; f 

NorESM1-M; and g GFDL-ESM2M. The stippling indicates the 
point where the regression coefficient is statistically significant at a 
95% confidence level. The units are K
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Finally, we analyze the results of a multi-model ensemble 
following Langenbrunner and Neelin (2013), who perform 
the regression over all the models’ simultaneously concat-
enated time series.

3  Results

3.1  Basic performance evaluation of the RCMs

In this section we present a first order evaluation of the 
DJF model precipitation and temperature climatologies as 
reference for the ENSO analysis to follow. The spatial dis-
tribution of the December–February (DJF) precipitation, 
as obtained from the MSWEP observations, the GCM and 
RegCM4 ensembles, and the corresponding bias, are pre-
sented in Fig. 1. In the observed field (MSWEP, Fig. 1a), 
the highest values of precipitation occur over Amazonia, 
southern Africa and the Maritime Continent. Both the 
GCMs and RegCM4 capture the main features of pre-
cipitation, as depicted by the observed dataset. However, 
the GCMs (Fig. 1c, g, k) show biases in some regions, 

particularly an underestimation over South America, Cen-
tral America and the Maritime Continent, and an overesti-
mation over southern Africa, with the largest bias for the 
NorESM1-M. In the RegCM4 simulations (Fig. 1e, i, m) 
the signs of the bias are similar to those in the GCMs in 
almost all the regions, with the exception of the Maritime 
Continent, where the RegCM4 shows a smaller bias. Over 
Mexico and southern Africa, the RegCM4 also show a 
smaller bias than the GCMs, particularly for the GFDL-
ESM2M. However, over the northern part of South Amer-
ica, the dry bias is larger in the RegCM4 simulations.

Figure 2 shows the same information as in Fig. 1, but 
for the REMO simulations. REMO exhibits an overesti-
mation of precipitation over Mexico, South America and 
southern Africa, and an underestimation in the Maritime 
Continent and in the equatorial part of South America and 
Africa. Comparing the biases between the RegCM4 and 
REMO simulations, the latter show a smaller bias over 
Africa and India, while the RegCM4 simulations show 
better performance over Mexico, the USA and the Mari-
time Continent. Over the northern part of South America, 
both RCMs show a dry bias, larger in the RegCM4 while 
REMO exhibits a wet bias over La Plata Basin.

Figure 3 shows the DJF surface air temperature for 
the ERA5 reanalysis, GCM and RegCM4, as well as 
the simulation biases relative to the ERA5. The ERA5 
(Fig. 3a) exhibits the highest temperatures in the southern 
hemisphere and the equatorial region of Africa and South 
America and minimum temperatures in the USA, Canada 
and Himalayas. The HadGEM2-ES GCM (Fig. 3c) and 
NorESM1-M GCM (Fig. 3k) show a cold bias over North 
America, Africa and parts of Asia, particularly for the 
NorESM1-M. The RegCM4 simulations reduce the bias 
over North America, the Andes and southern Africa, while 
India and the Arabic Peninsula show a larger cold bias 
than the GCMs. Over the Sahara, the GCMs and RegCM4 
show different biases, with a warm bias for the RegCM4. 
Figure 4 is similar to Fig. 3 but for the REMO model. 
The REMO simulations show a better representation of 
temperature than the GCMs in almost all regions, except 
the Sahara. For the surface air temperature, the biases are 
generally smaller in the REMO than the RegCM4 runs, 
particularly over the Arabic Peninsula, India and the La 
Plata Basin. Only over the southern part of Africa does the 
RegCM4 show lower biases. 

Overall, as generally found in these types of analyses, 
the models reproduce the basic features of the observed 
climatologies, but with biases that vary from region to 
region both in sign and magnitude, and it is difficult to 
attribute model errors to specific causes. Other papers in 
this special issue, and most noticeably Teichmann et al. 
(2020) and Coppola et al (2020), present a more compre-
hensive analysis of different aspect of model performance, 

Fig. 6  Regression analysis of the El Niño 3.4 index to the boreal 
winter precipitation for a observations from MSWEP in the period 
1981–2010; b GCM ensemble and c RCM ensemble. The stippling 
indicates the grid point where the regression coefficient is statistically 
significant at a 95% confidence level. The units are mm/day
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from means to extremes. Here we focus on the interan-
nual variability as affected by the ENSO phenomenon, as 
detailed in the next sections.

3.2  Representation of ENSO SST anomalies 
in the GCMs

Before examining the teleconnection patterns in the 
RCMs, it is important to evaluate the ability of the CMIP5 
models driving the RCM simulations in representing the 
El Niño 3.4 SST variability. DJF SST regressions with 

the El Niño 3.4 index for observations and CMIP5 mod-
els are shown in Fig. 5, where areas are highlighted in 
which the regression is significant at the 95% level. Note 
that the MIROC5 and GFDL-ESM2M are only used over 
two domains (Table 1) for the RegCM4 simulations. As 
expected, observed amplitudes are largest in the eastern 
equatorial Pacific (~ 2 K), with negative responses over 
the South and North Pacific and significant warming over 
the Indian Ocean. Overall, the simulated pattern and mag-
nitude are comparable to those observed. However, almost 
all models show a westward extension of the positive SST 

Fig. 7  Regression analysis of the Niño 3.4 index to the precipitation 
for a RegCM4 ensemble, the RegCM4 driven by b HadGEM2-ES; 
c MPI-ESM-MR; d NorESM1-M, e REMO-GERICS ensemble and 
REMO-GERICS driven by f HadGEM2-ES; g MPI-ESM-LR; and h 

NorESM1-M. The stippling indicates the grid point where the regres-
sion coefficient is statistically significant at a 95% confidence level. 
The units are mm/day
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anomalies, with the exception of the NorESM1-M, which 
simulates a confinement of SST warming to the equatorial 
latitudes. In fact, this model shows a weak response every-
where else. The MIROC5 and GFDL-ESM2M regressions 
are excessively strong, particularly in the Pacific Ocean, 
while the MPI-ESM-MR ones are weak. With the excep-
tion of the North Pacific Ocean, the HadGEM2-ES exhib-
its reasonable distributions in most ocean basins.

3.3  Precipitation teleconnection patterns

Figure 6 shows the DJF precipitation regression pattern for 
the MSWEP data (Fig. 6a), the GCM (Fig. 6b) and RCM 
(Fig. 6c) ensembles onto the El Niño 3.4 index for a 30-year 
period. As can be seen in Fig. 6a, ENSO leads to a sub-
stantial reduction of precipitation over southern Africa, the 
northern part of South America and a large portion of the 
Maritime Continent, with an opposite pattern over the Ara-
bian Peninsula, Eastern China, subtropical North America 
and La Plata Basin. The agreement between models (GCMs 
and RCMs) and observations is overall very good, as both 
ensembles (Fig. 6b, c) show the correct spatial patterns, 
but with a weak signal compared to the observations. The 

ensemble of RCMs improves the amplitude of the precipi-
tation response of the GCMs over southern Africa, Cen-
tral America and South America, North India and South of 
China, although deficiencies of both ensembles are found 
over North America and North Africa.

Towards a more detailed understanding of the telecon-
nection patterns in the RCM ensemble, Fig. 7 shows indi-
vidual RCM simulation patterns (Fig. 7a–h). It shows that 
ENSO precipitation has a realistic amplitude in the RegCM4 
(Fig. 7a–d) simulations, especially over Africa, Asia and 
South America, even producing regions of statistical sig-
nificance. The REMO simulations (Fig. 7e–h), in contrast, 
produce a relatively weak ENSO signal in Africa, China and 
the Middle East, explaining the smoothed teleconnection 
patterns in the RCM ensemble mean.

To estimate potential improvements of dynamic down-
scaling in reproducing the ENSO signal, we compared 
the signal of the DJF precipitation regression pattern for 
the GCM (Fig. 8) and RCM (Fig. 7) simulations. For the 
HadGEM2-ES, both RCMs improve the amplitude and 
spatial pattern of the signal produced by the GCM in dif-
ferent regions. The RegCM4 driven by HadGEM2-ES pro-
duces a better response over southern Africa (although not 

Fig. 8  Regression analysis of the Niño 3.4 index to the precipita-
tion for a HadGEM2-ES GCM; b MPI-ESM-MR GCM; c MIROC5 
GCM; d MPI-ESM-LR GCM; e NorESM1-M GCM and f GFDL-

ESM2M GCM. The stippling indicates the grid point where the 
regression coefficient is statistically significant at a 95% confidence 
level. The units are mm/day
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significant at the 95% confidence level in all regions), and 
the Maritime Continent, while in the USA, Mexico and the 
La Plata basin, both RCMs show a better spatial pattern than 
the HadGEM2-ES, but the amplitude produced in REMO is 
closer to the observations. The RegCM4 simulations driven 
by MPI-ESM-MR show a more realistic and significant sig-
nal than the GCMs over southern Africa, South America 
and the Middle East. On the other hand, the REMO simula-
tions driven by the MPI-ESM-LR do not show a significant 
improvement with respect to the GCM. The RCMs driven by 
NorESM1-M exhibit a signal amplitude that is substantially 
greater and closer to the observations than that of the GCM, 
particularly the RegCM4 over southern Africa and the Mid-
dle East. In particular, over the Middle East, the RegCM4 
driven by MIROC5 show a stronger and more significant 
signal compared to the MIROC5 GCM, while over North 
America the GFDL-ESM2M GCM show a slightly stronger 
and realistic signal than the RegCM4 GFDL-ESM2M.

For a more detailed regional analysis, we focus on five 
regions of robust and significant ENSO response in observa-
tions enclosed in the boxes shown in Fig. 6a. They include 
(a) southern Africa (AFR); (b) North and Central America 
(CAM); (c) South America (SAM); (d) Southeast Asia 
(SEAS); (e) Arabian–Asian region (AAS). The first four 
regions are characterized by a north–south dipole pattern of 
ENSO precipitation response signal, while the AAS shows 
a positive DJF ENSO signal. Figure 9 presents the Taylor 
diagrams for each of these regions. These diagrams show the 
spatial correlations between observed and simulated ENSO 
precipitation response for each model plotted against the 
spatial standard deviation normalized by the observed one. 
The latter is used as a measure of the spatial variability of 
the teleconnection amplitude. Note that each RCM simula-
tion is forced by a different GCM in a given region (Tables 1, 
2), and individual simulations with small negative correla-
tions with observations are not displayed in the diagrams.

Fig. 9  Taylor diagrams for the standardized amplitude and spatial 
correlation of precipitation teleconnections in five regions, a south-
ern Africa (AFR), b North and Central America (CAM), c South 
America (SAM), d Southeast Asia (SEAS) and e Arabian–Asian 
region (AAS). On the Taylor diagrams, angular axes show spatial 
correlations between modeled and observed teleconnections; radial 

axes show spatial standard deviation (root-mean-square deviation) 
of the teleconnection signals in each area, normalized against that of 
the observations. Black, red, blue, green and orange circles denote 
each of the GCM, RegCM4, REMO-GERICS, and GCM and RCM 
ensemble, respectively. Red and blue triangle denote RegCM4 and 
REMO-GERICS ensemble, respectively
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Overall, the RCMs’ spatial variation of the signal’s 
amplitude is substantially greater than that of the GCMs, 
and it is closer to observations in every region, with the 
exception of the Southeast Asia region. Concerning cor-
relations, the differences between GCMs and RCMs are 
more mixed across models and regions. In almost all 
regions, the RegCM4 and REMO ensembles are more 
accurate in reproducing spatial patterns than most of 
the GCMs; specifically, the RegCM4 ensemble shows 
the best performance for Africa and the Arabian–Asian 
region and the REMO ensemble over South America. 
Overall, the correlations with observations are not very 
high, less than 0.7.

3.4  Two‑meter surface air temperature 
teleconnection patterns

The observed and simulated changes in 2-m temperature 
anomaly patterns associated with ENSO are shown in 
Fig. 10. The observed ENSO response is characterized by a 
warming over southern and western Africa, northern South 

America, Central America and southeastern Asia, with a 
significant cooling impact over Mexico and the southern 
United States, Northeast African and the Arabian Peninsula 
(Fig. 10a). The ENSO teleconnection is reasonably well sim-
ulated by both the GCMs and RCMs, except for the cooling 
pattern over Northeast Africa, the Arabian Peninsula, the 
region of the North America monsoon and southern South 
America. In addition, both ensembles show a slightly weaker 
signal than observed in the region of strong warming over 
southern Africa. The magnitude of the signal in the RCM 
ensemble matches better the observed pattern than do the 
GCMs over western Africa, northern South America and 
the United States. In addition, the GCMs show regions with 
teleconnection signals at the 95% confidence level non pre-
sent in the observations over the North Sahara, southeastern 
United States and India, the latter two being present also in 
the RCM ensemble.

Essentially, all individual simulations clearly show sig-
nals and patterns that generally match the observed ones 
over almost all the regions (Fig. 11). An exception is the 
Arabian–Asian region, which is only reproduced by the 
RCM simulations driven by the HadGEM2-ES. In fact, the 
HadGEM2-ES has considerably better ENSO signals in all 
the domains compared to the other GCMs (Fig. 11b, e). 
Also, the RCMs are able to simulate some teleconnection 
signals significant at the 95% confidence level displayed in 
the observations (e.g. Africa and South America).

Comparing the DJF 2-m temperature anomaly patterns 
associated with ENSO in the RCMs (Fig. 11) and GCMs 
(Fig. 12), the HadGEM2-ES GCM shows a more realis-
tic amplitude over Africa than the RCMs, which exhibit a 
weaker signal there than the GCMs, particularly REMO, 
which produces non-significant signals. Over North America 
and South America, the amplitude of the signal is conserved 
from the GCM to the RCMs for both the HadGEM2-ES and 
MPI-ESM driven runs. In these simulations, the spatial pat-
tern and amplitude of the signal are similar for the GCMs 
and RCMs. For the NorESM1-M, the RCM simulations con-
serve the spatial pattern of the GCM but with a stronger sig-
nal and closer to the observations. The RegCM4 MIROC5 
simulation also shows a stronger and realistic signal over the 
Middle East and Arabian Peninsula than the MIROC5 GCM, 
while over North America, the RegCM4 GFDL-ESM2M 
weakens the amplitude of the teleconnection pattern of the 
GCM.

Figure 13 shows the Taylor diagrams for the response 
of surface temperature to ENSO over the various hot-spot 
regions. In this case, RCM and GCM ensembles show com-
parable skills and the correlations are mostly lower than 0.8. 

Fig. 10  As in Fig.  6, but for 2-m air surface temperature. The units 
are °C
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Overall, according to our results for ensembles and indi-
vidual simulations, the RCM with higher resolution does not 
always produce more accurate ENSO temperature telecon-
nection patterns compared to the driving GCMs. We also 
note that, although REMO tends to produce lower tempera-
ture biases than RegCM4 (see Sect. 3.1), it does not produce 
consistently better teleconnection responses.

4  Concluding remarks

We analyzed the ENSO teleconnection patterns for boreal 
cold season (DJF) precipitation and surface air temperature 
in an ensemble of CORDEX-CORE historical simulations 
with two RCMs driven by 3 GCMs. The focus of the analy-
sis is on five regions where the ENSO signal is strong. In 
general, we find that the RCMs preserve the broad scale 

teleconnection signals of the driving GCMs despite the use 
of large, continental scale domains. Therefore, the interan-
nual variability of the GCMs is not substantially modified 
by the RCM nesting. Another general conclusion is that the 
ensemble averages and the individual simulations show tel-
econnection signals statistically significant at the 95% sig-
nificance level, over most of the regions analysed.

For temperature both the GCM and RCM ensembles, as 
well as most individual simulations exhibit a good perfor-
mance in reproducing the ENSO signal over different regions 
of the World, with some statistically significant responses. 
However, we do not find a clear added value in the use of 
RCMs because the signal itself has a broad regional scale 
structure. For precipitation, the models also show a good 
performance in reproducing most of the observed regional 
scale teleconnection signals. In these cases, the signals 
are characterized by finer scale structure, which is better 

Fig. 11  As in Fig. 7, but for 2-m air surface temperature. The units are °C
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captured over most regions by the RCMs, in particular con-
cerning the magnitude of the spatial variability of the signal. 
Comparing the performance of the RegCM4 and REMO, we 
found that the RegCM4 ensemble produced a more realistic 
ENSO signal in precipitation and temperature over Africa 
and the region composed of Mexico and the southern United 
States, while REMO has a better signal over Southeast Asia, 
particularly for temperature. In addition, the RegCM4 simu-
lations mostly exhibit a more accurate amplitude in telecon-
nection patterns.

In general, it is difficult to identify the origins of specific 
differences between GCMs and RCMs and across the two 
different RCM ensembles, because these may depend on a 
multiplicity of causes, such as resolution, use of different 
physics schemes and local morphological features. This is 

particularly the case in view of the fact that there are not 
systematic differences across models, but these depend on 
the variables and regions considered. Therefore, such identi-
fication requires in-depth targeted analyses which are beyond 
the scope of the present paper. For the same reason, an even-
tual user of the data is encouraged to use the output from 
all models available in order to assess related uncertainties.

Despite this consideration, our study clearly shows that 
GCM-RCM downscaling systems produce a realistic signal 
of ENSO teleconnections over different regions, and thus are 
valuable tools not only in a climate change research context, 
but also in seasonal to annual prediction. In particular, the 
latter is an area that should be better explored in terms of 
RCM application (e.g. Giorgi 2019), especially given that it 
is now possible to run RCMs at convection permitting reso-
lutions (1–3 km) (Coppola et al. 2018), thereby having the 

Fig. 12  As in Fig. 8, but for 2-m air surface temperature. The units are °C
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potential to provide information down to the local scales. We 
plan to extend the present analysis to the twenty-first cen-
tury future segment of the CORDEX-CORE experiments to 
assess simulated changes in ENSO teleconnection patterns.
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