
1.  Introduction
The decadal climate prediction (DCP) has progressively received more attention during the last years since 
climate information at this time scale has been shown to be particularly relevant in order to develop mitigation 
and adaptation strategies to the short-term climate change (Kushnir et al., 2019; Smith et al., 2018). DCP aims 
at filling the gap between seasonal-to-interannual forecasting and multidecadal-to-century climate projections. 
While the former relies on model initialization to properly forecast the natural climate variability, the latter 
are only externally forced (e.g., with information about anthropogenic changes in concentration of greenhouse 
gases and no observation-based initialization) to capture the long-term signal of climate change. In this context, 
the nature of DCP is twofold: it is not only an initial-condition problem, but also a boundary-condition one 
(Meehl et al., 2021). DCP represents a confluence point where the initialization stage may contribute to enhanc-
ing the magnitude of the predictable signal and reducing the uncertainty in climate change information (Meehl 
et al., 2009, 2014). The model components initialized in DCP are those which have longer climate memory, such 
as the ocean (and potentially sea ice cover and soil moisture content).

Very important advancements in climate modeling have been achieved over the last 30 years in terms of model 
complexity, accuracy and reliability (Randall et  al.,  2019). However, all dynamical models are in essence 
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approximations that contain inherent biases (i.e., errors) which arise from different aspects, such as the selected 
type and order of numerical approximation, coarse spatial and temporal resolution, subgrid-scale parameteriza-
tions and uncertainties in boundary and forcing data (D. Chen et al., 2021). The way of addressing this issue in  the 
framework of DCP has some particularities. There are two main strategies to initialize decadal experiments: the 
“full-field” and the “anomaly” initialization schemes. When a model is initialized following the “full-field” 
approach (Yeager et al., 2012, 2018), that is, using full observational data as initial conditions, the simulation 
always drifts away from the observed climate toward the state systematically preferred by that model given its 
configuration, that is, the model climatology. On the other hand, the “anomaly” approach (Matei et al., 2012) 
attempts to avoid this drift by only using observed anomalies added to the model climatology as initial inputs. 
Later, the model climatology is subtracted from the output to obtain the predicted anomalies. Notwithstanding, 
this method does not account for the inconsistencies which could exist between the model climatology and the 
observed anomalies (Meehl et al., 2014) or because of defining a model climatology under the influence of forced 
climate trends (Yeager et al., 2012), leading to biases in the forecasts again. No strategy consistently performs 
the best, so both are considered in the Decadal Climate Prediction Project (DCPP) contribution to CMIP6 (Boer 
et al., 2016). Regardless of the initialization method, an assessment of the model drift is firmly recommended by 
Boer et al. (2016) prior to carrying out any analysis in order to reduce the lead time-dependent bias in output data.

Although all drift correction procedures share the same fundamental principle, some differences exist among 
them. The simplest method considers removing the lead time-dependent drift in terms of the observed mean 
climate (Boer et  al.,  2016). A more comprehensive approach may be required when discrepancies between 
observed and modeled trends exist (Kharin et al., 2012). In some cases, including information about the observed 
climate at the initialization date might improve the drift detection given the importance of initial conditions in 
this type of experiments (Choudhury et al., 2017; Fučkar et al., 2014). More complex methods opt to consider 
non-monotonous lead time dependencies in the evolving drift (Gangstø et al., 2013; Kruschke et al., 2016) or 
make use of Principal Component Analysis to perform the correction (Paeth et al., 2019). In all cases, using a 
wide set of retrospective forecasts initialized every year is suggested to avoid sampling biases in the drift assess-
ment (Choudhury et al., 2016) and to properly evaluate the skill of the product (Goddard et al., 2013). Choudhury 
et  al.  (2017) carried out an extensive study to evaluate the performance of some of those methodologies in 
different CMIP5 decadal data sets. They concluded that the choice of a specific approach to remove the drift can 
depend on multiple factors, such as the metric chosen for evaluation, the region or even the climate model.

The level of trustworthiness in DCP is linked to the amplitude of climate signal which can be predicted versus 
the amplitude of background noise related to both model biases and the chaotic nature of weather and climate. 
This relationship is known as the signal-to-noise ratio. Likewise systematic model errors can be reduced to 
some extent through drift correction, an ensemble of experiments generated by perturbing initial conditions is 
used to deal with the bias due to sensitivity of predictions to uncertainties in observational initial state (Meehl 
et al., 2014). A considerable amount of ensemble members is needed to reveal the predictable signal masked by 
the unpredictable noise (Smith et al., 2019). By using a conceptual model to analyze the effect of the ensemble 
size on predictive skill, Sienz et al.  (2016) concluded that an ensemble of at least 10 members is required to 
conduct a robust assessment of the skill. This is also endorsed by Boer et al. (2016) under the CMIP6 proto-
col, who recommend considering an ensemble of 10 members (even more if possible) for every experiment 
yearly initialized from 1960 onwards. When information at finer spatial resolution is requested over a specific 
domain, outputs from global models are regionalized by using downscaling techniques (Giorgi & Mearns, 1991; 
Kotamarthi et al., 2021). Dynamical downscaling (DD) has shown to be skilful at improving the representation of 
physical processes whose impact is more remarkable at local scale (e.g., S. Chen et al., 2019; García-Valdecasas 
Ojeda et al., 2017, 2020a, 2020b; Posada-Marín et al., 2019). In the context of DCP, DD has also been applied to 
produce and assess the skill of large ensembles of high-resolution decadal predictions over Europe (e.g., Ehmele 
et al., 2020; Feldmann et al., 2019; Reyers et al., 2019). The requirement of large ensembles makes the generation 
of operational decadal predictions at regional scale only affordable for those research groups or institutions which 
have substantial computing resources to carry out the simulations, leaving out most of the scientific community 
and significantly delaying advancements in this branch of the climate science.

Given these computing constraints and taking into account that a reduction of the ensemble size inevitably leads 
to the loss of predictive skill, the main aim of this study is to provide guidance for the selection of a 3-member 
sub-ensemble (ENS3) from the Decadal Prediction Large Ensemble (DPLE; Yeager et al., 2018) which is repre-
sentative of the performance of the whole 40-member ensemble (ENS40) to some extent for several areas of 
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interest. The selected sub-ensemble could be used to conduct DD simulations in future studies, minimizing the 
computing requirements to conduct the downscaling while reducing as much as possible the loss of predictive 
skill in the final product and still allowing a representation of the uncertainty in the predictions comparable to that 
of the full ensemble. DPLE has been chosen in this analysis since it is the only decadal prediction system which, 
to the best of our knowledge, publicly provide all the input fields required to run a regional model for decadal 
experiments initialized every year and several members of the ensemble (see https://www2.cesm.ucar.edu/
projects/community-projects/DPLE/DPLE_output_fields/). Although the DPLE is composed of 40 members, 
only 10 are available as input for DD simulations (ENS10). DD simulations require a large set of variables from 
a global model with specific time aggregations (e.g., 6-hourly frequency) and at several height/soil levels to run 
the regional model. Since the storage requirements to save all these variables are highly expensive, global models 
generally save only a selection of output fields which exclude data with shorter time aggregation.

The procedure to follow in this research encompasses two steps:

1.	 �Selection of the most appropriate method of drift correction to minimize the model drift in ENS40.
2.	 �Selection of members to build ENS3 and evaluation of the impact of ensemble size on the sub-ensemble 

performance.

Three climate fields have been evaluated: sea surface temperature (SST), near-surface temperature anomaly 
(NSTA) and sea level pressure (SLP). Moreover, several climate indices computed with these fields have also 
been analyzed. Since the skill of correction methods could vary through the global domain, the study has been 
addressed by considering several regions of interest in the context of DD: the European (EUR), South-American 
(SA), and North-American (NA) domains from the Coordinated Regional Climate Downscaling Experiment 
(CORDEX; Giorgi et al., 2009).

This document is organized as follows. Section 2 contains an overview of the data sets considered in this study, 
the drift correction techniques used to remove model drift, the description of the climate indices analyzed 
and the predictive skill evaluation methodology. Section 3 presents the results obtained from drift correction, 
sub-ensemble selection, impact of ensemble size on performance and the discussion. Finally, the conclusions of 
this work are summarized in Section 4.

2.  Data and Methodology
2.1.  The CESM Decadal Prediction Large Ensemble

The DPLE (Yeager et al., 2018) is a set of global near-term climate simulations conducted by using the Commu-
nity Earth System Model version 1.1 (CESM), developed by the National Center for Atmospheric Research 
(NCAR). The project encompasses a collection of 62 experiments, spanning 122 months, initialized every year in 
November from 1954 to 2015, for each ensemble member. The ensemble is composed of 40 members generated 
by randomly perturbing the initial atmospheric conditions. The model configuration in DPLE is the same as in 
the previous Large Ensemble Project (LE; Kay et al., 2015), primarily focused on historical and long-term climate 
simulations. The Community Atmosphere Model version 5 (CAM5; Hurrell et al., 2013), run at nominal 1° hori-
zontal resolution and 30 vertical levels, is the atmosphere component. The ocean component is the Parallel Ocean 
Program, version 2 (POP2; Danabasoglu et al., 2012), run at nominal 1° horizontal resolution and 60 vertical 
levels. Los Alamos National Laboratory Community Ice Code, version 4 (CICE4; Hunke & Lipscomb, 2008) is 
the sea ice component and was run at the same resolution as the ocean component. Finally, the land component 
is the Community Land Model, version 4 (CLM4; Lawrence et al., 2011). The fundamental difference between 
CESM-LE and CESM-DPLE is the “full-field” initialization of the ocean and sea ice components. The initial 
states for both components were obtained from a forced ocean-sea ice (FOSI) simulation driven by atmospheric 
reanalysis data (Yeager et al., 2018). The radiative forcing used to drive the DPLE simulations is historical up to 
2005 (Lamarque et al., 2010) and follows the representative concentration pathway 8.5 (RCP8.5; Meinshausen 
et al., 2011) from 2006 onwards. Further details on the experimental design and initialization methodology can 
be found in Kay et al. (2015) and Yeager et al. (2018).

DPLE data used in this study to address the drift correction comprise the whole ENS40 for the decadal experi-
ments, initialized every year, starting from 1960 to 2009. However, as mentioned in Section 1, only the members 
of ENS10 provide all variables required with the most appropriate time frequency to conduct DD simulations. For 
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this reason, only those 10 members have been considered to build ENS3 and assess the impact of ensemble size 
on the sub-ensemble performance. The data sets used in this study have been downloaded from the Earth System 
Grid Federation (ESGF) platform (Danabasoglu, 2019).

2.2.  Reference Data Sets

The reference data used in this study can be divided into two categories: the data used in drift correction and the 
data used in skill evaluation. The ERA5 reanalysis (Hersbach et al., 2020, 2023) has been chosen as reference 
data set to carry out the drift correction. ERA5 is the latest state-of-the-art reanalysis produced by the European 
Center for Medium-Range Weather Forecasts (ECMWF). All fields are supplied at 0.25° × 0.25° grid resolu-
tion, although they have been interpolated on the DPLE grid (1° horizontal resolution) before applying the drift 
correction techniques. As stated in Section 1, the analysis has been focused on SST, NSTA, SLP and several 
climate indices. However, in the context of DD, the adjustment of the drift would be applied to all input fields in 
the simulations to keep the physical coherence between them (Paeth et al., 2019). Thus, ERA5 has been consid-
ered as the reference data set because it provides enough information to correct all input variables in DD simu-
lations at multiple height and soil levels. To evaluate the SST predictive skill, the Extended Reconstructed SST 
version 5 (ERSSTv5; Huang et al., 2017a, 2017b) has been used. The Goddard Institute for Space Studies Surface 
Temperature Analysis version 4 (GISTEMP4; GISTEMP Team, 2023; Lenssen et al., 2019) has been chosen in 
the evaluation of NSTA over land. Since there are gaps with unavailable data in NSTA time series over some grid 
points, the locations considered in the analysis of NSTA are at least 70% completed to obtain the multi-year lead 
time series (see Section 2.5). For SLP, the near-real-time update of Hadley Center's monthly historical mean SLP 
(HadSLP2r; Allan & Ansell, 2006) has been selected. These data sets are provided with different spatial resolu-
tion. The DPLE adjusted data have been interpolated on the reference data set grids before predictive skill eval-
uation. While SST and NSTA have been interpolated on a 2° × 2° resolution grid, SLP has been interpolated on 
a grid of 5° × 5° resolution. Both drift correction and evaluation have been performed in the period 1960–2019.

2.3.  Drift Correction Methods

The drift correction methods used in this study are described in this section. Although they have been applied 
to correct the drift only for SST, NSTA, and SLP variables, the method which performs the best is intended to 
be used to correct the drift in all input fields of DD simulations. A multivariate correction approach is expected 
to minimize the artificial drift in DD input data while maintaining the physical coherence between the fields 
involved (Paeth et  al.,  2019). All methods described in the following have been applied in a cross-validated 
manner (CLIVAR, 2011). In other words, the information used to reduce the drift in an experiment starting at a 
certain date does not include the information of that specific experiment in order to avoid an artificial enhance-
ment of the predictive skill.

2.3.1.  Mean Drift Correction

The mean drift correction method (MDC; Boer et al., 2016) aims at removing the lead time-dependent model 
drift with respect to the reference mean fields. Let Ykjτ be a decadal climate forecast, where k is the member of the 
ensemble, j stands for the initial date and τ denotes the lead time. Consider the ensemble mean {Y}jτ, calculated 
as follows:

{𝑌𝑌 }𝑗𝑗𝑗𝑗 =
1

𝑁𝑁𝑒𝑒𝑒𝑒𝑒𝑒

𝑁𝑁𝑒𝑒𝑒𝑒𝑒𝑒
∑

𝑘𝑘=1

𝑌𝑌𝑘𝑘𝑘𝑘𝑘𝑘 ,� (1)

where Nens is the number of ensemble members. The lead time-dependent forecast climatology is calculated as

{

�
}

� =
1
��

�2
∑

�=�1

{� }�� ,� (2)

where δ1 is the initial date for the chronologically first decadal forecast of the set, δ2 identifies the initial date for 
the last forecast and Nd is the number of initial dates between δ1 and δ2.

On the other hand, let Xjτ be the reference data used to correct the model drift. Note that this data set is a contin-
uous time series which spans the whole period considered in the correction (from 1960 to 2019). Thus, the 
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reference data set cannot be associated with specific initial dates j or lead times τ in the same way as the decadal 
forecasts. Here, Xjτ does not denotes the reference information at lead time τ in an experiment initialized on the 
date j, but the reference information in that continuous series at the time which corresponds to the initial date 
j and lead time τ in the ensemble mean {Y}jτ. Thus, the procedure to obtain the lead time-dependent reference 
climatology is

𝑋𝑋𝜏𝜏 =
1

𝑁𝑁𝑑𝑑

𝛿𝛿2
∑

𝑗𝑗=𝛿𝛿1

𝑋𝑋𝑗𝑗𝑗𝑗� (3)

The model drift at lead time τ is given by

�MDC
� =

{

�
}

� −��� (4)

Finally, the corrected forecast for the ensemble member k and initial date j at lead time τ is calculated by removing 
the drift in Ykjτ:

𝑌𝑌 𝑀𝑀𝑀𝑀𝑀𝑀

𝑘𝑘𝑘𝑘𝑘𝑘
= 𝑌𝑌𝑘𝑘𝑘𝑘𝑘𝑘 − 𝑑𝑑𝑀𝑀𝑀𝑀𝑀𝑀

𝜏𝜏� (5)

2.3.2.  Trend-Based Drift Correction

A model which does not properly capture long-term climate trends, such as the global warming, could produce 
decadal hindcasts which drift away from the observations showing dependency on the initialization time. Since 
the MDC cannot be suitable for addressing this sort of bias, Kharin et al. (2012) proposed a new trend-based drift 
correction method (TrDC) which also considers climate trends in the assessment of the model drift. Following 
their approach, the ensemble mean {Y}jτ in Equation 1 and the reference data Xjτ can be written in terms of a 
first-order approximation with the initial date j as independent variable:

{𝑌𝑌 }𝑗𝑗𝑗𝑗 = 𝛼𝛼𝑌𝑌
𝜏𝜏 + 𝛽𝛽𝑌𝑌

𝜏𝜏 𝑗𝑗 + 𝜖𝜖𝑌𝑌𝑗𝑗𝑗𝑗

𝑋𝑋𝑗𝑗𝑗𝑗 = 𝛼𝛼𝑋𝑋
𝜏𝜏 + 𝛽𝛽𝑋𝑋

𝜏𝜏 𝑗𝑗 + 𝜖𝜖𝑋𝑋𝑗𝑗𝑗𝑗
�

where ��
� =

{

�
}

� − ���
�  and 𝐴𝐴 𝐴𝐴𝑌𝑌

𝜏𝜏 = Cov

[

{𝑌𝑌 }𝑗𝑗𝑗𝑗 , 𝑗𝑗
]

∕Var[𝑗𝑗] denote the intercept and slope coefficients for the 
decadal forecast, respectively, while 𝐴𝐴 𝐴𝐴𝑋𝑋

𝜏𝜏 = 𝑋𝑋𝜏𝜏 − 𝑗𝑗𝑗𝑗𝑋𝑋
𝜏𝜏  and 𝐴𝐴 𝐴𝐴𝑋𝑋

𝜏𝜏 = Cov

[

𝑋𝑋𝑗𝑗𝑗𝑗 , 𝑗𝑗
]

∕Var[𝑗𝑗] identify such coefficients for 
reference data. The higher-order errors are represented by 𝐴𝐴 𝐴𝐴𝑌𝑌

𝑗𝑗𝑗𝑗
 and 𝐴𝐴 𝐴𝐴𝑋𝑋

𝑗𝑗𝑗𝑗
 . In this case, the model drift is given by

𝑑𝑑𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇
𝑗𝑗𝑗𝑗 = 𝛼𝛼𝑌𝑌

𝜏𝜏 + 𝛽𝛽𝑌𝑌
𝜏𝜏 𝑗𝑗 −

(

𝛼𝛼𝑋𝑋
𝜏𝜏 + 𝛽𝛽𝑋𝑋

𝜏𝜏 𝑗𝑗
)

=

= 𝑑𝑑𝑀𝑀𝑀𝑀𝑀𝑀
𝜏𝜏 +

(

𝛽𝛽𝑌𝑌
𝜏𝜏 − 𝛽𝛽𝑋𝑋

𝜏𝜏

)

(

𝑗𝑗 − 𝑗𝑗

)� (6)

where 𝐴𝐴 𝐴𝐴𝑀𝑀𝑀𝑀𝑀𝑀
𝜏𝜏  is the model drift calculated in Equation 4. Note that if there are no differences between the slope 

coefficients, the trend-based drift is reduced to the mean drift previously calculated. The corrected forecast for the 
ensemble member k, initial date j and at lead time τ is calculated by removing the drift from Ykjτ:

𝑌𝑌 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇

𝑘𝑘𝑘𝑘𝑘𝑘
= 𝑌𝑌𝑘𝑘𝑘𝑘𝑘𝑘 − 𝑑𝑑𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇

𝑗𝑗𝑗𝑗� (7)

2.3.3.  Initial Condition-Based Drift Correction

As TrDC, the initial condition-based drift correction (ICDC; Fučkar et  al.,  2014) attempts to correct long-
term climate trends. Additionally, this method also attempts to take advantage of the relevance that an accurate 
representation of the climate state at the initialization stage exhibits on the drift and predictive skill. Therefore, 
in this case the independent variable in the first-order approximation is the climate state in the reference data set 
ηj = Xj,τ = 1 at the initial date j. Note that ηj does not necessarily correspond to the same observed initial conditions 
used to initialize the decadal predictions. Instead, ERA5 provides the climate state at time of initialization used 
for ηj in all fields (see Section 2.2). The equations of the ensemble mean {Y}jτ and reference data Xjτ can be written 
as follows:

{𝑌𝑌 }𝑗𝑗𝑗𝑗 = 𝛼̃𝛼𝑌𝑌
𝜏𝜏 + 𝛽𝛽𝑌𝑌

𝜏𝜏 𝜂𝜂𝑗𝑗 + 𝜖𝜖𝑌𝑌𝑗𝑗𝑗𝑗

𝑋𝑋𝑗𝑗𝑗𝑗 = 𝛼̃𝛼𝑋𝑋
𝜏𝜏 + 𝛽𝛽𝑋𝑋

𝜏𝜏 𝜂𝜂𝑗𝑗 + 𝜖𝜖𝑋𝑋𝑗𝑗𝑗𝑗
�
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where 𝐴𝐴 𝐴𝐴𝐴𝑌𝑌
𝜏𝜏 =

{

𝑌𝑌

}

𝜏𝜏

− 𝜂𝜂𝛽𝛽𝑌𝑌
𝜏𝜏  and 𝐴𝐴 𝛽𝛽𝑌𝑌

𝜏𝜏 = Cov

[

{𝑌𝑌 }𝑗𝑗𝑗𝑗 , 𝜂𝜂𝑗𝑗
]

∕Var

[

𝜂𝜂𝑗𝑗
]

 are the intercept and slope coefficients for the 
decadal forecast, 𝐴𝐴 𝐴𝐴𝐴𝑋𝑋

𝜏𝜏 = 𝑋𝑋𝜏𝜏 − 𝜂𝜂𝛽𝛽𝑋𝑋
𝜏𝜏  and 𝐴𝐴 𝛽𝛽𝑋𝑋

𝜏𝜏 = Cov

[

𝑋𝑋𝑗𝑗𝑗𝑗 , 𝜂𝜂𝑗𝑗
]

∕Var

[

𝜂𝜂𝑗𝑗
]

 correspond to the reference data, and 𝐴𝐴 𝐴𝐴𝐴𝑌𝑌
𝑗𝑗𝑗𝑗

 and 𝐴𝐴 𝐴𝐴𝐴𝑋𝑋
𝑗𝑗𝑗𝑗

 
are the higher-order errors. Proceeding in the same way as in the TrDC case:

𝑑𝑑𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼
𝑗𝑗𝑗𝑗 = 𝛼̃𝛼𝑌𝑌

𝜏𝜏 + 𝛽𝛽𝑌𝑌
𝜏𝜏 𝜂𝜂𝑗𝑗 −

(

𝛼̃𝛼𝑋𝑋
𝜏𝜏 + 𝛽𝛽𝑋𝑋

𝜏𝜏 𝜂𝜂𝑗𝑗
)

=

= 𝑑𝑑𝑀𝑀𝑀𝑀𝑀𝑀
𝜏𝜏 +

(

𝛽𝛽𝑌𝑌
𝜏𝜏 − 𝛽𝛽𝑌𝑌

𝜏𝜏

)(

𝜂𝜂𝑗𝑗 − 𝜂𝜂
)�

where d MDC is the model drift calculated in the Equation 4. The corrected forecast for the ensemble member k, 
initial date j and at lead time τ is calculated by removing the drift from Ykjτ:

� ICDC
��� = ���� − �ICDC

��� (8)

2.4.  Complements for the Conventional Methods

2.4.1.  Polynomial Fitting

In addition to the conventional methods described above, there are other techniques which can be used to complement 
drift correction conducted through those methods. One of them is the polynomial fitting (FIT; Gangstø et al., 2013; 
Kruschke et al., 2016). FIT is expected to reduce the sampling uncertainty in drift correction and is built upon the 
idea of a non-monotonous lead time-dependent drift possibly existing in decadal experiments. The drift is given by

�FIT
�� = �0,�� + �1,��� + �2,���2 + �3,���3,� (9)

where ai,jτ are non-stationary coefficients which change over time t (a function of j and τ). A first-order approxi-
mation is considered for them:

�FIT
�� = (�0 + �1��� ) + (�2 + �3��� )� +

+ (�4 + �5��� )�2 + (�6 + �7��� )�3
� (10)

The coefficients in Equation 10 are obtained by adjusting the polynomial to the drift calculated through a conven-
tional procedure. The corrected forecast for the ensemble member k, initial date j and at lead time τ is calculated 
by removing the drift from Ykjτ:

� ���
��� = ���� − ����

��� (11)

2.4.2.  K-Nearest Neighbors

The k-nearest neighbors approach (kNN) was proposed by Choudhury et al. (2017) and, in the same vein as ICDC, 
aims at taking advantage of the influence the initial state could have on the model drift (Fučkar et al., 2014). The 
purpose of this method is to improve the drift calculation by using only a composite of initialized experiments. 
The selected experiments are those whose initial conditions are the most similar to the observed initial state in the 
corrected decade. The procedure is the following:

1.	 �Let j be the initialization date of the decadal experiment whose drift will be removed. Consider ηj as the initial 
observed state in j and ηi≠j as the initial observed state in the other decades.

2.	 �Select the m closest ηi≠j values to ηj. As in Choudhury et al. (2017), m = 60% has been chosen.
3.	 �These m decades constitute the subset used to remove the model drift by using any of the conventional meth-

ods described above.

The corrected forecast for the ensemble member k, initial date j and at lead time τ is calculated by removing the 
drift from Ykjτ:

� ���
��� = ���� − ����

��� (12)

2.5.  Skill Evaluation

Since the ultimate goal of the study is to build ENS3 with three drift-corrected DPLE members to carry out DD 
simulations, the outcomes from drift correction have been evaluated within some of the regional domains defined 
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by the Coordinated Regional Climate Downscaling Experiment (CORDEX; Giorgi et al., 2009) which are consid-
ered of special interest for our purposes: the European (EUR), South American (SA), and North American (NA) 
domains. Several lead time windows spanning 1, 4, and 8 years have been considered in the analysis to evaluate 
the dependence of the predictive skill on the lead time, as suggested by Goddard et al. (2013).

2.5.1.  Evaluation of Drift Correction Methods

The first part of this study consists in evaluating each drift correction method to determine which gives the best 
results in the predictive skill of SST, NSTA, SLP and climate indices for ENS40. DCPs are skilful inasmuch 
as they can reproduce not only the observed climate variability, but also the magnitude of that change. These 
features can be quantified by using two deterministic metrics (Jolliffe & Stephenson, 2012): the anomaly correla-
tion coefficient (ACC) and the root squared mean error (RMSE), respectively. Considering the ensemble average 
of forecasts 𝐴𝐴 {𝑌𝑌 }

𝐷𝐷𝐷𝐷
𝑗𝑗𝑗𝑗  , drift-corrected by using one of the aforementioned procedures, and the reference data Xjτ, 

the  averages along a given lead time period are

{

�̂
}��
� = 1

�2 − �1 + 1

�2
∑

�=�1

{� }��
��

�̂� =
1

�2 − �1 + 1

�2
∑

�=�1

���

� (13)

where θ1 and θ2 are the first and last time steps, respectively, of the lead time period. The RMSE is calculated as 
follows:

RMSE =

√

√

√

√

√

∑�2
�=�1

(

{

�̂
}��
� − �̂�

)2

��

� (14)

The ACC is obtained by using

ACC =

∑�2
�=�1

(

{

�̂
}��
� −

{

�̂
}

��)(

�̂� − �̂
)

√

∑�2
�=�1

(

{

�̂
}��
� −

{

�̂
}

��)2
∑�2

�=�1

(

�̂� − �̂
)2

� (15)

After calculating both metrics for each grid point, the spatially weighted averages 〈RMSE〉 and 〈ACC〉 have been 
computed over the CORDEX domains. The best qualified methods have been selected to build ENS3 afterward. 
A non-parametric bootstrap approach has been applied to address the statistical significance of these results. 
In order to check if ACC outputs significantly positive (or negative) values at the 95% confidence level, boot-
strapped distributions of 5,000 scores have been computed at each grid point by resampling with replacement 
forecasts 𝐴𝐴 {𝑌𝑌 }

𝐷𝐷𝐷𝐷
𝑗𝑗𝑗𝑗  across initialization date and ensemble member dimensions, following instructions outlined by 

Goddard et al. (2013). The same procedure has been followed to assess the statistical significance of the ACC 
scores for the climate indices and the confidence intervals for the averaged scores 〈RMSE〉 and 〈ACC〉.

2.5.2.  Climate Indices

In addition to the analysis of SST, NSTA, and SLP, ACC scores for several climate indices have been also used 
as a decision factor when assessing the performance of the drift correction methods. Climate indices allow us 
to include in the analysis the representation of large-scale patterns of climate variability which influence on 
local climate, enabling a broader assessment which is not only constrained to the CORDEX regions. Several 
El Niño/Southern Oscillation (ENSO) indices have been considered alongside the North Atlantic Oscillation 
(NAO) and the Atlantic Multidecadal Variability (AMV) indices. The ENSO oceanic component is character-
ized by the emergence of SST anomalies across tropical Pacific and influence on the weather worldwide (e.g., 
Brönnimann et al., 2006; Infanti & Kirtman, 2016), although its effect is more perceptible in South America (Cai 
et al., 2020). Since ENSO SST patterns are spatially variant, various ENSO indices calculated over different areas 
have been considered in this study: Niño 1 + 2, Niño 3, Niño 3.4, Niño 4, and Trans-Niño indices (Trenberth & 
Stepaniak, 2001).
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On the other hand, NAO is one of the most important atmospheric circulation modes in the Northern Hemisphere, 
described by changes in geopotential height or SLP over the action centers located at the Azores and Iceland, 
with influence on temperature, precipitation and winds along the whole hemisphere (Hurrell et al., 2003; Smith 
et al., 2019). Finally, AMV consists in an SST variability pattern over the North Atlantic, which has been associ-
ated to the formation of hurricanes or changes in rainfall in the Northern Hemisphere (Knight et al., 2006; Smith 
et al., 2020).

All indices have been calculated for boreal winter months (December, January, and February) by using SST, 
excepting the NAO index, for which SLP is used instead. The regions from which the indices have been calcu-
lated are shown in Table 1. Niño 1 + 2, Niño 3, Niño 3.4, and Niño 4 indices have been computed by calculating 
the anomalies of the SST averaged in the corresponding region for each lead time series, while Trans-Niño 
Index (TNI) has been calculated as the standardized Niño 4 index minus the standardized Niño 1 + 2 index 
(Trenberth & Stepaniak, 2001). To calculate the NAO index, the anomalies of the spatially-averaged SLP in the 
Iceland region has been subtracted to the anomalies of the spatial average in the Azores region, applying the 
definition used in other studies which assessed the predictive skill of different decadal prediction systems (Smith 
et al., 2019, 2020). Following the same approach of Trenberth and Shea (2006) and Smith et al. (2020), the AMV 
index have been calculated as the difference between the SST averaged in the North Atlantic region and the SST 
global average.

2.5.3.  Evaluation of Single Members and Sub-Ensemble Predictive Skill

To select the members which have been used to build ENS3, the analysis has been focused on 〈ACC〉 calculated 
for SST at lead years 2–9 for each domain separately. This lead time period has been chosen to examine the 
performance at decadal time scale (when the trend component of the skill becomes more important) rather than 
accounting for the skill arising from multi-year variability. Moreover, the skill which arises from seasonal  to 
annual variability is avoided by removing the first year from the assessed period. This assessment has been 
centered on SST because of the particularly relevant role the ocean component of the climate system plays in 
the predictive skill of DCPs. As stated in Section 2.1, only 10 out of the 40 members of DPLE (ENS10) provide 
enough data to conduct DD simulations, so the member selection has been constrained to those suitable members.

ENS3 has been constructed with the member showing the largest skill in reproducing the observed SST variabil-
ity (the “best”), the member showing the lowest skill (the “worst”) and a member with an intermediate behavior. 
A similar approach was used by Paeth et al. (2017) to carry out their study about the decadal predictability of 
the West African monsoon. With this strategy, a representative sub-ensemble of the whole ensemble can be 
constructed. By selecting members with heterogeneous skill levels, we expect to retain to some extent part of the 
spread of ENS40, or at least ENS10, since these members cover the whole range of possible single performances 
among the 10 members available for DD.

In the analysis of ENS3 performance, the following key points have been addressed:

1.	 �How much does 〈ACC〉 of SST depend on ensemble size?
2.	 �Does confidence interval of the sub-ensemble 〈ACC〉 contain the result obtained for ENS10 (the maximum 

ensemble size attainable by dynamically-downscaled DPLE) and ENS40 (the maximum ensemble size attain-
able by DPLE)?

Index Region

Niño 1 + 2 0°S–10°S, 90°W–80°W

Niño 3 5°N–5°S, 150°W–90°W

Niño 3.4 5°N–5°S, 170°W–120°W

Niño 4 5°N–5°S, 160°E−150°W

Trans-Niño Index (TNI) 0°S–10°S, 90°W–80°W (Niño 1 + 2 region) and 5°N–5°S, 160°E−150°W (Niño 4 region)

North Atlantic Oscillation (NAO) 36°N–40°N, 28°W–20°W (Azores) and 63°N–70°N, 25°W–16°W (Iceland)

Atlantic Multidecadal Variability (AMV) 0°N–60°N, 80°W–0°W, (North Atlantic) and 60°S–60°N, 180°E−180°W (global average)

Table 1 
Definition of Regions to Calculate the Climate Indices
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3.	 �Is the spread of members in the sub-ensemble suitable to quantify the uncertainty in the sub-ensemble predic-
tive skill?

By addressing the first question, the unavoidable loss of predictive skill, consequence of reducing the ensemble 
size to three members, can be quantified. At first, 〈RMSE〉 and 〈ACC〉 have been calculated for ensemble sizes 
ranging from 3 to 10. These ensembles have been constructed by the same bootstrap approach described in 
Section 2.5.1, but considering only the 10 members available for DD. Second, the results have been compared 
against those for ENS3 and ENS40. To conduct the bootstrapping for these ensembles, 3 (the “best,” the “worst,” 
and “intermediate”) and 40 members have been used, respectively.

The answer to the second question shows if the predictive skills which can be potentially achieved by ENS10 
and ENS40 are covered by the confidence intervals obtained for sub-ensembles with different sizes. Again, a 
bootstrap strategy has been applied for ensemble sizes ranging from 3 to 10, alongside our ENS3, to calculate 
〈RMSE〉 and 〈ACC〉. For every sub-ensemble, the bootstrapping has been repeated 5,000 times in order to calcu-
late the percentage of ENS10 and ENS40 skill score coverage that the confidence intervals get. This methodology 
was also used by Sienz et al. (2016) to explore the skill of small sub-ensembles, but considering a conceptual 
model to calculate the skill score which have to be covered by the confidence intervals.

The third question tests if the sub-ensemble spread is appropriate to represent the range of possible individual 
predictions over time, that is, how reliable the sub-ensemble predictions are. Following Goddard et al. (2013), reli-
ability of decadal predictions can be analyzed through the Continuous Ranked Probability Skill Score (CRPSS):

CRPSS = 1 −

∑�2
�=�1

CRPS��

∑�2
�=�1

CRPS��

,� (16)

where CRPS�� and CRPS�� are the Continuous Ranked Probability Score for hindcast and reference distributions. 
The CRPS can be interpreted as the mean square error in the probabilistic space and is given by:

CRPS

(

𝑌𝑌 𝐷𝐷𝐷𝐷

𝑘𝑘𝑘𝑘
, 𝑋̂𝑋𝑗𝑗

)

= ∫
∞

−∞

[(𝑌𝑌 𝐷𝐷𝐷𝐷

𝑘𝑘𝑘𝑘

)

−(

𝑋̂𝑋𝑗𝑗

)]2

𝑑𝑑𝑑𝑑𝑑� (17)

where 𝐴𝐴  and 𝐴𝐴  are the cumulative distribution functions of the hindcasts (as cumulative Gaussian distribution) 
and the observations (as the Heaviside function), respectively. For a 𝐴𝐴 (𝑌𝑌 𝐷𝐷𝐷𝐷

𝑘𝑘𝑘𝑘

)

 as a Gaussian distribution of mean 

𝐴𝐴
{

𝑌𝑌𝑗𝑗

}𝐷𝐷𝐷𝐷

𝑁𝑁𝑒𝑒𝑒𝑒𝑒𝑒
 (the ensemble mean of an ensemble with size Nens) and variance σ 2, Equation 17 turns into (Gneiting & 

Raftery, 2007):

����
(

�
(

{

�̂�
}��

����
, �2

)

, �̂�

))

=

= �
⎡

⎢

⎢

⎣

1
√

�
− 2�

⎛

⎜

⎜

⎝

�̂� −
{

�̂�
}��

����

�

⎞

⎟

⎟

⎠

−
⎛

⎜

⎜

⎝

�̂� −
{

�̂�
}��

����

�

⎞

⎟

⎟

⎠

⎛

⎜

⎜

⎝

2�
⎛

⎜

⎜

⎝

�̂� −
{

�̂�
}��

����

�

⎞

⎟

⎟

⎠

− 1
⎞

⎟

⎟

⎠

⎤

⎥

⎥

⎦

� (18)

where φ and ϕ denote the Gaussian probability distribution function and cumulative distribution function, respec-
tively. In Equation 16, the mean of the hindcast and reference distributions is 𝐴𝐴

{

𝑌𝑌𝑗𝑗

}𝐷𝐷𝐷𝐷

𝑁𝑁𝑒𝑒𝑒𝑒𝑒𝑒
 , while the variance of the 

hindcast distribution is given by Goddard et al. (2013):

𝜎𝜎2

𝐻𝐻
=

1

𝑁𝑁𝑑𝑑

𝛿𝛿2
∑

𝑗𝑗=𝛿𝛿1

1

𝑁𝑁𝑒𝑒𝑒𝑒𝑒𝑒 − 1

𝑁𝑁𝑒𝑒𝑒𝑒𝑒𝑒
∑

𝑘𝑘=1

(

𝑌𝑌 𝐷𝐷𝐷𝐷

𝑘𝑘𝑘𝑘
−

{

𝑌𝑌𝑗𝑗

}𝐷𝐷𝐷𝐷

𝑁𝑁𝑒𝑒𝑒𝑒𝑒𝑒

)2

� (19)

and the variance of the reference distribution is:

𝜎𝜎2

𝑅𝑅
=

∑𝛿𝛿2

𝑗𝑗=𝛿𝛿1

(

{

𝑌𝑌𝑗𝑗

}𝐷𝐷𝐷𝐷

𝑁𝑁𝑒𝑒𝑒𝑒𝑒𝑒
− 𝑋̂𝑋𝑗𝑗

)2

𝑁𝑁𝑑𝑑 − 2

� (20)

The optimal value in Equation 16 is CRPSS = 0. It is attained for σH = σR, when the hindcast and reference 
distributions are equal and, therefore, the ensemble spread is certainly adequate to quantify the uncertainty. The 
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sub-ensembles of different sizes from 3 to 10 members have been constructed by the same bootstrap approach 
described above, applied only for initial dates, while the members of the sub-ensembles have been randomly 
selected by combinations without repetitions of 3 members for ENS3, and 10 members for ensembles sizes from 
3 to 10. For ENS40, all members of the ensemble have been considered.

3.  Results
3.1.  Evaluation of the Drift Correction Methods

As detailed in Section 2.5.1, this Section is devoted to the analysis of the added value of the drift correction 
methods to the predictive skill of SST, NSTA, SLP and several climate indices for ENS40. The assessment of 
the method performances has been focused on three CORDEX regions: the EUR, the SA and the NA domains.

3.1.1.  European Domain

The spatially averaged scores for SST over the EUR domain per drift correction method along lead time are 
depicted in Figure 1. Red lines within boxes denote averages, boxes identify the 50% confidence interval and 
whiskers correspond to the 95% confidence interval. All methods have performed very well in terms of 〈RMSE〉 
and none substantially have achieved better results than the others. The highest 〈RMSE〉 values have been found 
during the first year. 〈RMSE〉 for uncorrected data (RAW) is around 0.76 K, whereas values below 0.45 K are 
depicted when a drift correction method is applied. At lead years 2–5 and 6–9, a decrement in 〈RMSE〉 can be 
observed, while the lowest values are shown at decadal scale. In the results for 〈ACC〉, ICDC-like methods have 
outperformed the rest at lead year 1 and have shown the narrower confidence intervals. No differences are found 
among the ICDC-like methods. At this time scale, the initialization fingerprint is more prominent than afterward, 
so techniques which incorporate information about initial conditions in drift correction are candidates to perform 
the best. On the other hand, only MDCkNN and TrDCkNN give slightly better results than RAW, apart from ICDC-
like methods. Although MDC is not expected to improve RAW performance in terms of 〈ACC〉, it is so for TrDC. 
Nevertheless, the introduction of the trend component leads to slightly poorer scores with respect to RAW and 
MDC. According to Equation 6, the drift in TrDC is calculated as the drift in MDC added to a component which 
accounts for the differences in trends between model and reference data. Since MDC neither improves nor wors-
ens RAW 〈ACC〉, the slight decrease in the skill after applying TrDC is entirely caused by this trend component 
and may be due to minor discrepancies between ERA5 (reference data set in drift correction) and ERSSTv5 
(reference data set in skill evaluation) SST trends. At multi-year scale, ICDC-like methods keep performing the 
best although less differences are found among other methods. ICDC-like methods give 〈ACC〉 scores around 
0.9. At lead years 2–9, the situation is similar with 〈ACC〉 scores near 0.95 for ICDC-like methods. The results for 
NSTA are depicted in Figure S1 in Supporting Information S1. Correction methods generally do not provide an 
added value to prediction skill, except for lead year 1. For the rest of lead times, skill scores between the methods 
and RAW are very similar. Since the field corrected is an anomaly, the mean field along the analyzed period in 
reference data set for drift correction (ERA5) and hindcasts is the same. Therefore, very similar 〈RMSE〉 scores 
have been found between correction methods and RAW. On the other hand, 〈ACC〉 scores for RAW are very 
high at multi-year and decadal scales, so the added value of correction methods is minimal for this variable. In 
the analysis of SLP, whose results are depicted in Figure S2 in Supporting Information S1, ICDC-like methods 
continue giving the best results, although 〈ACC〉 scores are lower than for SST and NSTA. In addition, the high-
est 〈ACC〉 scores are found at lead year 1 for ICDC-like methods and they decrease along lead time. Since the 
climate change trend is stronger for temperature fields than for SLP, these outcomes were expected.

In Europe, it is also interesting to evaluate how well these techniques perform in the prediction of the NAO and 
AMV indices. 〈ACC〉 scores for each drift correction method and several lead times (multi-year and decadal) 
are depicted in Figure 2. In terms of NAO, results for ICDC-like methods are very promising at all multi-year 
lead times and also highly optimistic when comparing with other studies at lead years 2–9. While 〈ACC〉 of 0.85 
are found for ICDC and ICDCkNN, Smith et al. (2019) found an 〈ACC〉 of 0.49, using a multi-model ensemble 
composed by 71 members, and an 〈ACC〉 of 0.79 was found by Smith et al. (2020) for a higher ensemble size of 
169 members after post-processing the NAO time series to rescale the signal. In this study, the predictive skill 
is higher at the beginning of the decade and decrease with lead time, as happened for SLP. The contrast between 
the high ACC scores for NAO and the low 〈ACC〉 scores for SLP is due to the fact that 〈ACC〉 for SLP has been 
calculated with annual averages, while ACC for NAO has been calculated in boreal winter months, when results 
for SLP are much more optimistic (Figure S3 in Supporting Information S1). TrDC-like methods only show 
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statistically-significant results in the earliest years at multi-year scale and at decadal scale too. 〈ACC〉 scores 
are too low for MDC-like methods and barely show statistical significance. Much higher correlations have been 
obtained in the analysis of AMV, as expected given that this index depends entirely on SST. Although generally 
〈ACC〉 is above 0.70 almost for all methods and lead times, the most promising scores have been found for ICDC-
like methods, with values above 0.90 for all lead times from 2 to 5 years ongoing and at decadal scale.

Figure 1.  Spatially averaged root squared mean error in (a), (c), (e), and (g), and anomaly correlation coefficient in (b), 
(d), (f), and (h), for sea surface temperature along lead time over the EUR domain. Results are represented for each drift 
correction method. Red lines within boxes denote averages, boxes identify the 50% confidence interval of the spatial sample 
average and whiskers enclose the 95% confidence interval.
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The dominance of ICDC-like methods leads to considering them as the most appropriate candidates for the EUR 
domain. Among them, ICDC and ICDCkNN give the best results for NAO, although the three techniques perform 
similarly in the analysis of SST, NSTA, and SLP. Bearing in mind that the application of the conventional ICDC 
requires less effort and computing resources, ICDC may be the preferred choice in this area.

3.1.2.  South American Domain

Results for averaged skill scores over the SA domain for SST are depicted in Figure 3. As for the EUR domain, 
drift correction improves 〈RMSE〉 with respect to RAW regardless of the correction method. At lead year 1, 
maximum improvements are nearly 0.20 K, but techniques using polynomial fitting give higher 〈RMSE〉. Differ-
ences among methods are less evident at the other lead times, when reductions in 〈RMSE〉 from 0.80 to 0.30 K 
are found with respect to RAW, approximately. Relevant disparities among method performances are depicted for 
〈ACC〉 scores. As expected, ICDC-like procedures contribute to better capturing the climate variability at lead 
year 1 with outcomes about 0.65. MDC-like and TrDC-like methods achieve similar results among them, with 
〈ACC〉 ranging from 0.48 to 0.56 and with kNN approaches getting higher scores than the others. At lead years 
2–5 and 6–9, ICDC-like methods continue performing better than the others, with scores around 0.54 and 0.52, 
respectively, followed by MDC-like and TrDC-like methods, but the correlations decrease with respect to lead 
year 1. Additionally, 〈ACC〉 for TrDC-like methods is lower than for RAW, as happened for the EUR domain. At 
decadal scale the situation is similar, with 〈ACC〉 scores higher than at multi-year scale, but with lower scores 
than for the first year. In the analysis of the predictive skill for NSTA (Figure S4 in Supporting Information S1), 
all methods give outcomes similar to RAW in 〈RMSE〉, as happened for the EUR domain. Maximum values 
around 0.5 K at lead year 1 and minimum around 0.22 K at lead years 2–9 are observed. The performance in 
terms of 〈ACC〉 is also very similar for all lead times, excepting for lead year 1, when ICDC-like methods get the 
highest correlations around 0.6. At the other lead times, correlations are higher but differences between methods 
are lower. Nevertheless, ICDC-like methods continue performing the best. After examining the results for SLP 
(Figure S5 in Supporting Information S1), similar conclusions have been obtained, although ICDC-like methods 
perform slightly better also at multi-year and decadal scale in terms of 〈ACC〉. As happened in the EUR domain, 
again 〈ACC〉 scores are much lower for SLP than for temperature variables.

The skill to capture the variability of some of the most relevant ENSO indices is also assessed in terms of the 
drift correction method and lead time (Figure 2). In general, the best performance is given by ICDC and ICDCkNN 
methods since very high ACC scores are obtained when they are used to remove the drift. Indeed, these methods 
are the only which consistently show statistically-significant positive ACC scores for the Niño 1, 2, 3, 3.4, 4, and 

Figure 2.  Anomaly correlation coefficient (ACC) computed for climate indices along lead time for each drift correction method. Numerical ACC values are shown 
when correlation is statistically-significant at the 95% confidence level.
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TNI indices. For instance, correlations between 0.57 and 0.78 have been found for Niño 3.4 index with the highest 
values at the last lead time windows of the decade, when the externally forced component become more important 
in the simulation. Even more optimistic results have been found for Niño 4 index and TNI, where values above 
0.8 are found at several lead times throughout the decade. Niño 4 correlations are higher from lead years 4–7 
onwards, while TNI results are better at the beginning of the decade. In both cases, ACC is above 0.7 for almost 
all lead times. These results are very promising in favor of ICDC and ICDCkNN, since they prevent the severe loss 
of the predictive skill of ENSO along lead time highlighted by previous studies (Choi et al., 2016; Gonzalez & 
Goddard, 2016).

Figure 3.  As Figure 1 but for the SA domain.
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Given the performance of ICDC and ICDCkNN, and since there are no large differences between them, ICDC has 
been chosen to carry out the drift correction over the SA domain.

3.1.3.  North American Domain

Spatially averaged scores for SST in NA domain are depicted in Figure 4. The performance in terms of 〈RMSE〉 
is similar to that within the other domains in general. All methods significantly contribute to reducing the bias in 
RAW and there are no big differences among them. 〈RMSE〉 for corrected data is higher at lead year 1 with values 
around 0.45 K, while the lowest values are found at lead years 2–9, ranging from 0.30 to 0.35 K, approximately. 
Again, the analysis of the 〈ACC〉 scores is necessary to choose the most appropriate correction procedure for this 
region. At lead year 1, ICDC-like methods outperform the rest, with values near 0.70. There are no robust differ-
ences between MDC-like and TrDC-like methods, although kNN gives slightly better results than the conven-
tional and polynomial approaches. At lead years 2–5, the gap between ICDC-like and the other methods is larger 
and averages are about 0.72 for ICDC-like techniques, whereas the others do not improve RAW performance. At 
lead years 6–9, the situation is the same but with slightly higher 〈ACC〉 scores. The improvement in predictive 
skill of ICDC-like over the other methods continues existing at lead years 2–9, but differences slightly decrease 
with respect to lead years 6–9. While 〈ACC〉 values are nearly 0.76 for ICDC-like methods, they are below 0.6 
for the rest. In the analysis of NSTA (Figure S6 in Supporting Information S1), results are similar to those for the 
EUR and SA domains. The methods generally give the same results for 〈RMSE〉, although ICDC-like techniques 
are lightly better. While the highest errors have been found at lead year 1, with the lowest value around 1.1 K for 
ICDC-like methods, the lowest is around 0.35 K at decadal scale. In the context of 〈ACC〉 ICDC-like methods 
outperform again the others at lead year 1 with correlations near 0.6, but the differences among them are smaller 
at the other lead times. The highest 〈ACC〉 values are shown at lead years 2–9 for ICDC-like methods and are 
about 0.84. In terms of SLP (Figure S7 in Supporting Information S1), ICDC-like methods also give the best 
results for 〈ACC〉, where the largest scores are observed at lead year 1 around 0.46. On the other hand, the lowest 
correlations have been found at decadal scale, with scores around 0.2. The other methods do not contribute to the 
improvement of RAW performance at any lead time.

Considering the performances of ICDC and ICDCkNN in the analysis of the climate indices (Figure 2) described in 
the previous sections and taking into account that there is no distinction among performances of both procedures, 
ICDC has been selected as the most suitable method to remove the drift over this domain.

RMSE and ACC maps for SST, NSTA, and SLP at lead years 2–9, with ICDC used as the drift correction method, 
are shown in Figure S8 in Supporting Information S1. In terms of ACC, the results obtained for the three domains 
considered in the analysis are maintained at global scale. The highest scores are observed for NSTA, with statis-
tically significant positive values in the whole domain. As observed in Figure S2, S5, and S7 in Supporting 
Information S1, SLP is the field which get the lowest scores, especially in the south of the global domain, where 
significant negative correlations are observed. Results for RMSE show low values for the majority of the global 
domain, although higher values can be found on specific locations depending on the fields analyzed.

3.2.  Evaluation of Single Members and Sub-Ensemble Predictive Skill

3.2.1.  Selection of Single Members to Build ENS3

The predictive skill of the individual members usually varies depending on the field and domain, lead time and 
even skill score under analysis, so the selection of the members to build ENS3 is not straightforward. Since the 
ocean is the main reservoir of memory in the climate system, we have focused on 〈ACC〉 for SST at lead years 
2–9 to choose among the single members. Figure 5 shows 〈ACC〉 scores for SST at lead years 2–9 over the EUR, 
SA and NA domains for ENS40, ENS3 and the 10 single members available for DD, with ICDC used as the drift 
correction method. As stated in Section 2.5.3, the member with the highest predictive skill (“best”), the member 
with the lowest skill (“worst”) and another member with an intermediate behavior (“intermediate”) have been 
chosen to build ENS3 for each domain.

In the EUR domain, ENS3 encompasses member 2 (“best”), member 8 (“worst”) and member 7 (“intermediate”). 
ENS40, ENS3 and single members obtain correlations above 0.85. The highest correlations are depicted for 
ENS40 and ENS3, with values around 0.92 and 0.91, respectively. Only a difference of nearly 0.01 is observed 
between ENS3 and member 2 (the “best”). With respect to the SA domain, member 7 has been chosen as the 
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“best” member, member 2 as the “worst” and member 3 represents an intermediate behavior in the building of 
ENS3. The differences in terms of predictive skill are larger than for the EUR domain, with averaged correlations 
ranging from about 0.42 to 0.54, approximately. Member 7 performs similar as ENS3, getting an 〈ACC〉 around 
0.54, whereas ENS40 shows a value close to 0.58. Finally, member 4 has been chosen as the “best,” member 3 
as the “worst” and member 10 as a member with intermediate performance in the NA domain. Likewise in the 
SA domain, slightly larger differences between single members are observed with respect to the EUR domain, 
with averages scores ranging from 0.61 to 0.74, approximately. In this case, all members are outperformed by 

Figure 4.  As Figure 1 but for the NA domain.
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ENS3, which shows an 〈ACC〉 around 0.75. A gap of near 0.02 is observed between ENS40 and ENS3 averaged 
correlations, with ENS40 getting the highest predictive skill.

3.2.2.  Dependence of SST Predictive Skill on Ensemble Size

The reduction of the ensemble size, as mentioned in Section 1, leads to an inevitably loss of predictive skill with 
respect to the full ensemble. However, the computing constraints and the huge amount of computing resources 
needed to dynamically downscale a large ensemble of decadal predictions complicate this task. Thus, some 
concessions may be made in relation to the number of members considered in hypothetical future DD simula-
tions. In this section, the impact of ensemble size on SST predictive skill has been addressed. Figure 6 depicts 
how 〈RMSE〉 and 〈ACC〉 for SST varies with ensemble sizes from 3 to 10 members over the EUR, SA and NA 
domains at lead years 2–9. Ensemble size 3 with the symbol “*” represents the ENS3 selected in Section 3.2.1, 
while ensemble sizes without the symbols represent sub-ensembles with members randomly selected (see 
Section 2.5.3). Results for ENS40, as the potential predictive skill which can be achieved by DPLE, have also 
been included in the plots for comparison purposes, although only 10 DPLE members are available for DD. In 
addition, the total number of years which must be simulated depending on the ensemble size to generate the set of 
decadal experiments has also been included in the plots. This number has been calculated as:

𝑁𝑁𝑠𝑠𝑠𝑠𝑠𝑠 = 𝑁𝑁𝑦𝑦 ×𝑁𝑁𝑑𝑑 ×𝑁𝑁𝑒𝑒𝑒𝑒𝑒𝑒 = 10 years∕date × 50 dates ×𝑁𝑁𝑒𝑒𝑒𝑒𝑒𝑒 = 500 years ×𝑁𝑁𝑒𝑒𝑒𝑒𝑒𝑒�

where Ny = 10 years/date is the number of years in a decadal experiment, Nd = 50 dates is the number of initial 
dates and Nens is the ensemble size.

In general, there is an improvement in prediction skill with increasing ensemble sizes, as expected. There is not 
any stabilization in the median of the skill scores for an ensemble size of up to 10 members. The median scores in 
the ensemble size of 40 members, the maximum attainable for DPLE, get always the best results. However, these 
differences in 〈RMSE〉 and 〈ACC〉 between different ensemble sizes are very low, and the width of confidence 
intervals is not reduced by increasing the ensemble size. The largest disparities are observed between ENS3 
and ENS40, as expected, but they do not surpass 0.03 K for 〈RMSE〉 and 0.1 for 〈ACC〉 for any domain. When 
focusing on the ensemble averaged scores for ENS3 and ENS10, the differences are even lower. There is a large 
contrast between the gain in predictive skill by increasing the ensemble size and the increase of the number of 
years which have to be simulated. For example, while the added value to 〈ACC〉 of using ENS10 instead of 
ENS3 if about 0.02, 0.04, and 0.02 for the EUR, SA and NA domains, respectively, the number of years to be 
simulated is multiplied by 3.33. These findings show that a large investment in computing resources is needed 
to only get small improvements in predictive skill. Similar outcomes were found by Sienz et al. (2016) in corre-
lations for North-Atlantic SST at lead years 2–5. In the cited study, the added value of increasing the ensemble 

Figure 5.  Spatially averaged anomaly correlation coefficient for sea surface temperature in the EUR (a), SA (b), and NA (c) domains at lead years 2–9 with ICDC 
used as the drift correction method. Results are depicted for ENS40, ENS3, and each single member. Red lines within boxes denote averages, boxes identify the 50% 
confidence interval of the spatial sample average and whiskers enclose the 95% confidence interval.
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size was higher for Central Europe summer temperature, where improvements around 0.1 were found between a 
10-member and a 3-member ensembles. Reyers et al. (2019), using dynamically-downscaled decadal predictions 
over Europe, also analyzed the dependence of prediction skill on ensemble size. They found an small improve-
ment in correlation for air temperature in Europe by increasing the ensemble size from 3 to 10 members with a 
value near 0.03 at lead years 1–5. Added value with respect to uninitialized simulations (with ensemble size of 10 
members) in correlation was observed from a ensemble size of 3 members. However, the improvement in corre-
lation for precipitation by increasing the ensemble size were much larger, with differences of almost 0.4 between 
10-member and 3-member ensembles. In addition, an added value with respect to uninitialized simulations was 
observed in precipitation only for ensemble sizes equal to 7 members and above.

The performance of ENS3 with respect to a 3-member sub-ensemble randomly selected can also be analyzed 
by examining Figure  6. The median values for ENS3 are above and below those for a random 3-member 
sub-ensemble in 〈RMSE〉 and 〈ACC〉 plots, respectively, in the three domains. This can be explained not only by 
the fact that ENS3 encompasses the member with the lowest skill, but also by the number of members considered 
in the bootstraping (3 for ENS3 and 10 for the 3-member sub-ensemble). However, the sub-ensemble averaged 
scores for ENS3 outperforms almost always the median scores of the random sub-ensemble. In other words, 
this simple member selection carried out to build ENS3 performs better than at least the 50% of the random 
3-member  sub-ensembles generated for all domains, except for 〈RMSE〉 in the SA domain.

3.2.3.  Dependence of Skill Score Coverage on Ensemble Size

The bootstrapping conducted in Section 3.2.2 has been repeated 5,000 times in order to get the coverage percent-
age of ENS10 and ENS40 skill scores by confidence intervals of sub-ensembles with different sizes. As can be 
observed in Figure 7, all confidence intervals always cover ENS10 and ENS40 skill scores, excepting the ENS3 
in the SA domain and, with very high coverage percentages, the NA domain. This may mainly be due to the fact 

Figure 6.  On the left axis, dependence of 〈RMSE〉 (a–c) and 〈ACC〉 (d–f) for sea surface temperature on ensemble size over the EUR, SA, and NA domains is 
represented by box plots. ICDC has been used for drift correction. Box plots show the results of a bootstrapping (see Section 2.5.3) where black lines denote the median, 
and boxes and whiskers the confidence intervals at the 50% and 95% levels, respectively. Red lines show the averages for ENS3, ENS10, and ENS40. On the right axis, 
number of years to be simulated per ensemble size is represented by crosses. Ensemble size three with the symbol “*” represents the ENS3 selected in Section 3.2.1.
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that the bootstrapping for ENS3 only considers 3 members, as opposed to the 10 members included in the boot-
strapping of the randomly selected sub-ensembles. In consequence, there is a slight offset of the ENS3 median 
and confidence interval limits with respect to those for the other sub-ensembles, as mentioned in Section 3.2.2. 
When the average scores for ENS10 and ENS40 are very close to the upper boundary of the ENS3 confidence 
intervals in Figure 6, the probability of that these averages are not covered by the ENS3 confidence intervals in a 
bootstrap iteration is very large. For the EUR and NA domains, ENS3 confidence intervals get a 100% coverage 
of ENS10 skill scores, while they get only a 40% for 〈RMSE〉 and around 98% for 〈ACC〉 in the SA domain. In 
the case of the coverage of ENS40 scores, results for the SA domain are even more pessimistic. ENS3 confidence 
intervals show only a 2% coverage of 〈RMSE〉 and around a 60% coverage of 〈ACC〉. The results for the cover-
age of ENS40 scores in the NA domain are more promising, since 〈RMSE〉 coverage is around 92% and 〈ACC〉 
coverage is 100%.

3.2.4.  Dependence of CRPSS on Ensemble Size

Results for the spatially-averaged CRPSS of SST at lead years 2–9 in the EUR, SA, and NA domains are depicted 
in Figure 8. The best results are found for the EUR domain, where the closest median values to zero are shown, 
ranging from −0.092 to −0.088. On the other hand, the most pessimistic values are found for the SA domain, 
where the median values are enclosed in the interval from −0.12 to −0.116. There is not a pronounced depend-
ence of 〈CRPSS〉 on ensemble size in any domain. The 〈CRPSS〉 of ENS3 is always above the median of the 
randomly selected 3-member sub-ensemble. Its value in the EUR domain, about −0.086, is comparable to those 
of ENS10 and ENS40 in the EUR domain. In the SA domain, the 〈CRPSS〉 of ENS3 is lower than that of ENS10 

Figure 7.  Percentage of skill score coverage by confidence intervals for different ensemble sizes. Skill scores have been calculated for sea surface temperature with 
initial condition-based drift correction used as the drift correction method. Red crosses correspond to the coverage of ENS10 skill scores, whereas black crosses 
denotes the results for ENS40. Ensemble size 3 with the symbol “*” represents the ENS3 selected in Section 3.2.1 More information about how the coverage has been 
implemented in Section 2.5.3.
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but higher than that of ENS40, while ENS3 performs better than ENS10 and ENS40 in the NA domain. Never-
theless, as in the EUR domain, there are no large differences between the performances of ENS3, ENS10, and 
ENS40 in the other domains. Finally, even in the case of the EUR domain, the 〈CRPSS〉 values are significantly 
negative for all ensemble sizes at the 95% level (note that 95% confidence intervals are completely below 0) 
and, as consequence, different from 0. As mentioned in Section 2.5.3, the desired value for CRPSS is 0. This 
would be attained for σH  =  σR, from Equations  19 and  20. If the standard error of the ensemble mean with 
respect to the observations over time is equal to the average spread of the ensemble members, the spread of the 
members will represent the true range of possibilities for the predicted climate (Goddard et al., 2013). There is 
a statistically-significant evidence that the results for the spatially-averaged CRPSS depicted in Figure 8 do not 
satisfy that desired condition. Therefore, neither the sub-ensemble nor full ensemble spreads are good representa-
tions of the hindcast uncertainty on average for SST over any domain.

4.  Conclusions
The DCP is one of the branches of climate science in which the research community has been investing many 
efforts during the last years. The DCP builds a bridge between observationally initialized forecasting and long-
term climate projections by taking advantage of both initialization and boundary forcing information in order to 
enhance the magnitude of the predictable signal of climate change at this time scale. Since many decadal exper-
iments are needed to properly evaluate the performance of a decadal prediction system, many research groups 
cannot afford the task of assessing the added value of DCP at regional scale through DD.

In this context, the aim of this study is to select a set of representative sub-ensembles of three members (ENS3) 
from the DPLE to produce decadal climate information at high resolution by DD in future studies, minimizing 
the loss of predictive skill and allowing a similar uncertainty representation to that for the full ensemble. In the 
first part of the study, an analysis to choose the most appropriate method of drift correction to minimize the drift 
in ENS40 has been done. The MDC, TrDC, and ICDC methods have been examined, as in their conventional 
as alternative (FIT and kNN) approaches, in the CORDEX EUR, SA, and NA domains. Several variables have 
been analyzed: SST, NSTA, and SLP. In addition, some climate indices have been considered to enhance the 
assessment of the added value to predictive skill by the methods. The most qualified methods for each domain 
have been chosen to build the ENS3 with the “best,” “worst,” and an “intermediate” members, in terms of their 
predictive skill. In the second part of the study, the performance of ENS3 in the predictive skill of SST has been 
evaluated along with ENS40 and all the 10 single members available for DD. Additionally, the dependence of the 
performance on the ensemble size has been evaluated to assess the loss of skill as consequence of selecting an 
sub-ensemble composed of 3 members.

In the evaluation of the correction methods, ICDC-like methods are considered as the most skilful techniques in 
the three domains: EUR, SA, and NA. Since 〈RMSE〉 scores are very similar at all lead times, this conclusion 

Figure 8.  〈CRPSS〉 of sea surface temperature at lead years 2–9 for different ensemble sizes in the EUR (a), the SA (b), and NA (c) domains. ICDC has been used for 
drift correction. Box plots show the results of a bootstrapping where black lines denote the median, and boxes and whiskers the confidence intervals at the 50% and 95% 
levels, respectively. Red lines show the averages for ENS3, ENS10, and ENS40. Ensemble size 3 with the symbol “*” represents the ENS3 selected in Section 3.2.1.
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is made through analyzing 〈ACC〉 for the prediction of the fields and climate indices. The dependence of the 
model drift on the initial state of the climate system during the initialization may explain the success of ICDC-
like methods with respect to the others. Similar performances among ICDC-like methods have been found in the 
analysis of the climate fields and none of them clearly outperforms the rest. When analyzing the climate indices, 
only ICDC-like methods have shown a good predictive skill, whereas MDC-like and TrDC-like methods gener-
ally does not show statistically-significant correlations. Among ICDC-like methods in this part of the study, FIT 
have been less skilful than the conventional and kNN versions, which have obtained again similar results. The 
results of these two methods are very promising in the prediction of NAO and AMV, for example, getting high 
correlations and multi-year scale along the whole decade and, at decadal scale, higher than those found in previ-
ous studies which used larger ensembles and/or other postprocessing techniques (Smith et al., 2019, 2020). ENSO 
prediction also benefits from the use of these methods as they prevent the strong loss of predictive skill along 
lead time observed in previous studies (Choi et al., 2016; Gonzalez & Goddard, 2016). Since the computation of 
the conventional version is more straightforward than for the kNN version, ICDC have been selected as the most 
appropriate method to correct the model drift for all variables and domains.

The predictive skill of the single members varies depending on the field and domain, lead time and even skill 
score under analysis. Thus, the selection of the members to build ENS3 is not simple. Since the ocean is the 
main reservoir of memory in the climate system, we have focused on 〈ACC〉 of SST at lead years 2–9 to choose 
among the single members. The member with the highest (the “best”), the member with the lowest (the “worst”) 
and a member with intermediate predictive skill have been selected to build ENS3. As expected, there is a loss 
of predictive skill for 〈RMSE〉 and 〈ACC〉 when the ensemble size is reduced. However, the added value of 
increasing the number of ensemble member is very low in comparison with the increase of years which have to 
be simulated. ENS3 always performs better than at least the 50% of randomly generated 3-member ensembles 
in the deterministic skill scores, except for 〈RMSE〉 in the SA domain. Again, ENS3 confidence intervals at the 
95% level cover the average skill scores for ENS10 (the maximum size attainable for dynamically-downscaled 
DPLE) in all domains excepting the SA domain. Finally, although ENS3 shows a performance comparable to 
those of ENS10 and ENS40 in terms of 〈CRPSS〉, results indicate that ensemble spread is not a good measure of 
prediction uncertainty on average, since statistically-significant negative values have been found in all domains.

Results showed by sub-ensemble performances in terms of SST indicate that huge investments in computing 
resources are necessary to get small improvements in predictive skill. This behavior is shared with other temper-
ature variables, as shown by Reyers et al. (2019) and Sienz et al. (2016). Although the predictive skill of fields 
such us precipitation clearly benefits from using larger ensemble sizes (Reyers et al., 2019), the modest ENS3 
could be a good alternative to very large ensembles in case of computing resources constraints when the analysis 
is focused on SST, since it has shown to be a relatively good representation of ENS10 and ENS40 in terms of 
predictive skill in this study.

Data Availability Statement
The DPLE data sets used for the analysis of hindcasts in the study are available at ESGF, with model name 
CESM1-1-CAM5-CMIP5, via https://doi.org/10.22033/ESGF/CMIP6.11552 with CC BY 4.0 license 
(Danabasoglu, 2019). The GISTEMP4 data set used for the analysis of NSTA is available at NASA Goddard 
Institute for Space Studies via https://data.giss.nasa.gov/gistemp (GISTEMP Team, 2023). The HadSLP2r data 
set used for the analysis of SLP and NAO index is available at Met Office Hadley Centre via https://www.metof-
fice.gov.uk/hadobs/hadslp2, subject to Crown copyright protection (Allan & Ansell, 2006). The ERSSTv5 data 
set used for the analysis of SST along with AMV and ENSO indices is available at NOAA National Centers for 
Environmental Information via https://doi.org/10.7289/V5T72FNM (Huang et al., 2017b). The ERA5 datasets 
used for drift correction are available at Climate Data Store via https://doi.org/10.24381/cds.f17050d7, subject to 
the Licence to use Copernicus Products (Hersbach et al., 2023).

The data analysis has been done by using the Python packages Xarray (Hoyer et al., 2022; Hoyer & Hamman, 2017), 
NumPy (Harris et al., 2020; NumPy Developers, 2022), and SciPy (Gommers et al., 2022; Virtanen et al., 2020). 
All figures have been made with the Python packages Matplotlib (Caswell et al., 2022; Hunter, 2007) and Cartopy 
(Elson et al., 2022; Met Office, 2010). Climate Data Operators (Schulzweida, 2022; Schulzweida et al., 2022) 
have also been used for spatial interpolation and time averaging. All software used in this work is free and open 
source.
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