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1.  Introduction
Sea surface temperature (SST) in the North Atlantic region has been shown to influence climate both lo-
cally and remotely, particularly temperature over Europe (Gastineau & Frankignoul, 2015; Sutton & Hod-
son, 2005) and northeast Asia (Monerie et al., 2018), the West African Monsoon (Dunstone et al., 2011), 
or the probability of occurrence of extremely warm summers in the Northern Hemisphere (Borchert 
et al., 2019a). Understanding and predicting North Atlantic SST variations is therefore an interesting and 
important scientific challenge. In this paper, we explore the advances that have been made in the prediction 
of decadal variations of North Atlantic SST from the Coupled Model Intercomparison Project (CMIP) phase 
5 (Taylor et al., 2012) to 6 (Eyring et al., 2016).

Climate prediction several years ahead, so-called decadal climate prediction, has been a prominent topic in 
climate research for more than a decade (Marotzke et al., 2016; Pohlmann et al., 2005; D. Smith et al., 2007). 
Studies on such predictions commonly utilize coupled global climate models, simulating predictions of 
known past climate (re-forecasts or hindcasts) to examine the capability of these predictions to reproduce 
observed climate variations (their so-called skill). Initialized hindcasts (HCs) (which include information of 
the observed past climate) were mostly found to show improved decadal HC skill compared to uninitialized 
historical simulations (that only rely on external forcing of the climate system) (e.g., Befort et al., 2020; Boer 
et al, 2016; Brune & Baehr, 2020; Marotzke et al., 2016; Mignot et al., 2016; D. M. Smith et al., 2019).

Abstract  Due to its wide-ranging impacts, predicting decadal variations of sea surface temperature 
(SST) in the subpolar North Atlantic remains a key goal of climate science. Here, we compare the 
representation of observed subpolar SST variations since 1960 in initialized and uninitialized historical 
simulations from the 5th and 6th phases of the Coupled Model Intercomparison Project (CMIP5/6). 
Initialized decadal hindcasts from CMIP6 explain 88% of observed SST variance post-1980 in the 
subpolar gyre at lead years 5–7 (77% in uninitialized simulations) compared to 42% (8%) in CMIP5, 
indicating a more prominent role for forcing in driving observed subpolar SST changes than previously 
thought. Analysis of single-forcing experiments suggests much of this correlation is due to natural 
forcing, explaining ∼55% of the observed variance. The amplitude of observed subpolar SST variations is 
underestimated in historical simulations and improved by initialization in CMIP6, indicating continued 
value of initialization for predicting North Atlantic SST.

Plain Language Summary  Sea surface temperature (SST) fluctuations in the North Atlantic 
region are known to influence climate around the globe. Comparing retrospective predictions of North 
Atlantic SST with observations, we show that the most state-of-the-art climate models have improved in 
predicting North Atlantic SST for up to 10 years ahead compared to the previous generation of climate 
models. This recent improvement can be traced back to particularly well-predicted variations of North 
Atlantic SST after 1980. During this time, reactions to large volcanic eruptions and changes in solar 
activity, as well as inherent unforced variations, play an important role for the predictability of North 
Atlantic SST. Here, not only direct radiative forcing changes play a role, but there is also a dynamical 
response of the ocean that influences the final climate response. This study inspires hope that current 
climate models will show improved capability in predicting North Atlantic SST changes up to a decade 
ahead, particularly following large volcanic eruptions, but also otherwise.
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In CMIP5, skill improvement through initialization was particularly high in the North Atlantic subpolar 
gyre (SPG) region (Matei et al., 2012; S. G. Yeager & Robson, 2017). Predictions of decadal SPG SST variations 
were found to improve because initialization synchronized modeled fluctuations in the Atlantic Meridional 
Overturning Circulation (AMOC) and associated ocean heat transport with observations (e.g., Borchert 
et al., 2018; Robson et al., 2014; Swingedouw et al., 2013; S. Yeager et al., 2012; J. Zhang & Zhang, 2015). 
Moreover, North Atlantic SST variations were recently found to be caused by anthropogenic aerosol forcing 
except in the subpolar region (M. Watanabe & Tatebe, 2019). Such findings were commonly interpreted 
to illustrate that decadal SPG SST variations were primarily a product of internal climate variability. This 
notion, however, has been challenged by recent work arguing that multiannual SPG SST changes can also 
arise from external forcing (Haustein et al., 2019; Swingedouw et al., 2015). As such, it appears apposite to 
revisit the prediction skill of North Atlantic SPG SSTs in updated simulations for CMIP6.

Here, we examine decadal predictions of North Atlantic SST in a multimodel ensemble of 30 CMIP5 and 28 
CMIP6 models across initialized and noninitialized simulations over their common time period since 1960.

2.  Models and Methods
Our analysis is based on simulations from a total of 58 global climate models (Table S1). We use a set of 
6 initialized decadal prediction ensembles from CMIP5 (henceforth HC5), and 7 initialized decadal pre-
diction ensembles from CMIP6 (henceforth HC6). In addition, historical ensembles with 30 models from 
CMIP5 (henceforth HIST5) and 28 models from CMIP6 (henceforth HIST6) are considered. Finally, to study 
the contribution of individual forcings to observed climate variations, we also examine simulations from 
nine models contributing to the Detection and Attribution Model Intercomparison Project (DAMIP; Gillett 
et al., 2016) of CMIP6 (similar to a method employed by Bellucci et al. [2017] using CMIP5 models). Unless 
otherwise noted, the multimodel mean of the annual mean individual model ensemble means is considered 
(one-model-one-vote). An alternative choice whereby all ensemble members for all models are weighted 
equally (i.e., one-member-one-vote) has little impact on the results (Figure 2b).

The historical (HIST5/6) simulations rely on external forcing to simulate observed climate (Eyring 
et al., 2016). DAMIP simulations are run with individual sets of external forcings over the historical peri-
od (1850–2014) while all others are kept constant, enabling a separate analysis of the impact of different 
forcings on climatic variability. The individual forcings considered in this study are greenhouse gas emis-
sions (hist-GHG), anthropogenic aerosols (hist-aer), and natural forcings, that is volcanic and solar forcing 
(hist-nat). HC simulations are initialized from initial conditions including observations to improve their 
capability to reproduce internal climate variability (e.g., Brune & Baehr, 2020; Doblas-Reyes et al., 2013). 
All HC simulations considered here are run for 10 years, initialized every year from 1960 to 2005 (CMIP5) 
or 2014 (CMIP6). As in the historical simulations, all HC simulations include the real-world evolution of 
external forcings whereas a true future forecast would only be able to include projected estimates of these 
forcings. This approach allows for a more precise isolation of the effect of initialization but may also result 
in an overestimation of the decadal HC skill, in particular due to short-term volcanic forcing (Hermanson 
et al., 2020).

SST observations are obtained from the Hadley Centre Ice and Sea Surface Temperature (HadISST) data set 
(Rayner et al., 2003). SST from all models and observations were remapped to a regular 1° × 1°grid prior 
to analysis. We define the North Atlantic SPG region as 50°W-10°W, 45°N-60°N (cf. Figures 1e–1h). Area 
averages are performed as area-weighted averages over the remapped data. We apply no detrending to the 
considered time series. We focus here on the fifth to seventh year after initialization (lead years 5–7) which 
reflects a balance between decadal-scale lead-time and moderate time-averaging, but our results are not 
particularly sensitive to the choice of this lead-time or the length of the averaging window considered (not 
shown). To match the 3-year mean applied in the HCs, all other multimodel ensemble means and observa-
tions are smoothed with a 3-year running mean. As the first decadal HCs in DCPP are started in 1960 (i.e., 
the first year described by the HCs is 1961) and we utilize lead years 5–7, our analysis begins in 1965–1967. 
The end points for our analyses are defined by the end of reconstructed forcing in CMIP experiments (2005 
for CMIP5 and 2014 for CMIP6) so as to not contaminate our analysis with a projected forcing. We thus 
analyze the time frame 1965–2014 for CMIP6 and 1965–2005 for CMIP5, assessed as anomalies against the 
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average over the CMIP5 period in the individual model ensemble means (which equates to a lead-time-de-
pendent mean bias correction).

We assess the skill of the model simulations against HadISST using a suite of skill metrics, namely the Pear-
son correlation coefficient (or anomaly correlation coefficient, ACC; Jolliffe & Stephenson, 2003), residual 
ACC score (D. M. Smith et al., 2019) and the Mean Square Skill Score (MSSS; e.g., D. M. Smith et al., 2020). 
Formulas used to calculate these skill scores are given in the supporting information. The ACC measures 
whether a linear relationship exists between modeled and observed anomalies, while MSSS measures the 
absolute difference between modeled and observed anomalies. We use observed climatology over the pe-
riod 1965–2005 as a benchmark for our MSSS calculation. The residual ACC aims to measure skill in the 
internally generated signal. This is achieved by removing the forced component, estimated as the historical 
multimodel ensemble mean, from both HC and observations prior to calculation of the correlation (D. M. 
Smith et al., 2019). All indices indicate perfect agreement between model and observations when they take 
the value 1, and lower skill at lower values. We use ACC2 to analyze the observed variance explained by the 
different model simulations. Statistical significance of prediction skill estimates is assessed using a Mon-
te-Carlo process of 1,000 bootstraps with replacement on the time-dimension using blocks of 3 years to take 
the low-pass filtering into account (Jolliffe & Stephenson, 2003).

We also assess the possible effect of larger ensemble sizes in CMIP6 than in CMIP5 on our results. We 
resample the CMIP6 ensembles based on individual ensemble members 10,000 times with replacement, 
decreasing the CMIP6 ensemble size to the respective CMIP5 ensemble size, and calculate ACC during 
each iteration. This results in distributions of possible skill estimates from CMIP6 models using CMIP5 
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Figure 1.  Multimodel ensemble mean decadal prediction skill (anomaly correlation coefficient; ACC) for annual mean nondetrended SST. (a) Skill of CMIP5 
initialized decadal hindcasts at lead year 5–7 for the period 1965–2005, compared to skill in the multimodel ensemble mean of (b) CMIP5 historical simulations 
(1965–2005), (c) CMIP6 initialized hindcasts (1965–2014), and (d) CMIP6 historical simulations (1965–2014). The historical ensemble means are based on the 
same model subset as the HC5 and HC6 means, which were selected based on availability of simulations in HC5 (6 models) and HC6 (7 models) (Table S1). 
Skill differences are shown for the common period 1965–2005 between (e) HC5 and HIST5, (f) HC6 and HIST6, (g) HC6 and HC5, and (h) HIST6 and HIST5. 
Stippling shows where correlation or correlation differences are significantly different from zero (95% confidence, see Section 2). The box outlined in black in 
(e)–(h) shows the area used to calculated the SPG index.
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ensemble sizes, while allowing for individual models to be excluded altogether. Two standard deviations 
around the mean of these distributions are defined as the likely range of skill found in CMIP6 models with 
CMIP5 ensemble sizes. If the actual skill diagnosed in CMIP5 models lies outside that range, it is defined as 
significantly different from the skill diagnosed in CMIP6.

We use time-dependent HC skill (Borchert et al., 2019b; Brune et al., 2018) over a rolling 20-year time win-
dow across the time series to highlight time periods of particularly high or low skill (so-called windows of 
opportunity; Mariotti et al., 2020), and to attribute skill in these periods to particular forcings.

3.  Decadal Prediction Skill for SST in the North Atlantic Region
We first analyze ACC skill for North Atlantic SST in multimodel ensembles based on the 6 (7) models for 
which yearly initialized simulations for HC5 (HC6) were available, along with the corresponding historical 
simulations of the same models in HIST5 (HIST6). North Atlantic SST simulated by CMIP5 models gener-
ally correlates less well with observations than that simulated by CMIP6 models (Figures 1a–1d). While the 
HC5 ensemble mean shows generally higher correlation with the observations than the corresponding mul-
timodel mean of HIST5 (Figures 1a and b), the same comparison of the ensemble means of HC6 and HIST6 
yields less clear results (Figures  1c and 1d). This indicates reduced improvement through initialization 
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Figure 2.  Multimodel mean time-dependent prediction skill at lead years 5–7 and nondetrended time series of the SPG SST index. (a) ACC for a rolling 20-year 
window (full/empty circles) in HC5 (cyan), HIST5 (blue), HC6 (black), and HIST6 (red), positioned over the last year of the respective 20-year period. Circles/
dots in lighter shades show skill for the model subset used in Figure 1. Circles/dots on the left show skill for the full CMIP5 and CMIP6 periods as well as the 
period since 1980, specified above. Full circles indicate significant skill, empty circles indicate that skill is not significantly different from 0 (95% confidence, see 
Section 2). (b) ACC for the (from left to right) CMIP5 period using the one-model-one-vote hierarchy and (twice) the one-member-one-vote hierarchy, as well 
as the pre-1980 and post-1980 period using the one-member-one-vote hierarchy. Shading illustrates the likely range around CMIP6 skill if the corresponding 
CMIP5 ensemble sizes were used. (c) and (d) same as (a), but evaluating skill using the residual ACC and MSSS skill metrics, respectively (see Section 2). Note 
that calculating residual ACC involves subtracting the historical simulation time series from the initialized one, eliminating the need to illustrate historical skill 
which equals 0 by design. (e) Time series of SPG SST anomalies in observations (thick black), HC5 (cyan), HIST5 (blue), HC6 (black), and HIST6 (red). Shading 
shows the spread of the single model ensemble means represented in the multimodel ensemble mean.
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in CMIP6 compared to CMIP5 for the ACC metric. The North Atlantic SPG region is emblematic for this 
result: for the CMIP5 period until 2005, CMIP5 models show particularly strong improvement of ACC 
through model initialization for SST there (Figure 1e), while CMIP6 models display much smaller and only 
marginally significant SPG SST ACC improvement (Figure 1f).

These findings do not mean a degradation of skill in the initialized predictions from CMIP5 to CMIP6. In 
fact, HC6 predicts SST variations in the Labrador Sea, Gulf Stream region, and around the northern edge of 
the SPG significantly better than HC5 (Figure 1g). In the SPG region, both HC5 and HC6 show high skill, 
with improvements toward CMIP6. The decreased improvement of SPG SST skill through initialization in 
CMIP6 compared to CMIP5 mainly originates from an improved capability of HIST6 to reproduce SPG SST 
changes compared to HIST5 (Figure 1h). Consequently, new models indicate that forced SST changes (rep-
resented by the HIST experiments) might have played a larger role in North Atlantic SST variations since 
the 1960s than previously thought.

4.  SST Skill in the Subpolar Gyre Region
We now focus on the skill increase from CMIP5 to CMIP6 in North Atlantic SPG SST. For predictions of SPG 
SST for the CMIP5 period (1965–2005, Figure 2a), the HC5 (6 models; 37% observed variance explained), 
HIST5 (30 models; 37%), HC6 (7 models; 72%), and HIST6 (28 models; 47%) multimodel ensembles, as well 
as the HIST5 and HIST6 model subset used in the previous analysis (6 and 7 models, respectively) (Table S1), 
show significant ACC skill. Available simulations show higher ACC for the CMIP6 period (1965–2014), with 
larger amounts of observed variance explained (HIST6: 65%, HC6: 81%).

Initialized and historical simulations from both model generations capture climate variations particularly 
well after 1980 (Figure 2a). This is also reflected in the explained variances at 50% for HIST5, 42% for HC5, 
65% for HIST6, and 88% for HC6. While the 6-model HIST5 subset shows much lower skill after 1980 than 
the corresponding HC5, the full available 30-model HIST5 ensemble shows high correlation to observa-
tions. The strong increase of correlation from the 6-model HIST5 subset to the full 28-model HIST5 ensem-
ble points to a relevant effect of ensemble size in our findings.

The increase in ensemble size from CMIP5 to CMIP6 partly explains the skill increase from HIST5 to HIST6 
in the CMIP5 period (Figure 2b), indicating that only part of the skill increase is attributable to forcing-re-
lated improvements from CMIP5 to CMIP6 over the entire CMIP5 period. Both HC6 and HIST6 simulations 
show high ensemble size-related uncertainty in skill estimates pre-1980. ACC for HIST5 falls within the 
spread of HIST6 ACC pre-1980, indicating insignificant difference between the two. Conversely, ACC in 
both CMIP6 ensembles stands out significantly from that in CMIP5 post-1980 (Figure 2b). The significant-
ly improved correlation in HIST6 over HIST5 in the post-1980 period is therefore robust for equally sized 
ensembles and thus cannot only be explained by ensemble size increase. Meanwhile, model initialization 
robustly improves ACC for SPG SST in the 1960s and 1970s and after 1980, as well as for the full CMIP5 and 
CMIP6 periods (Figure 2a). This skill improvement is highest in CMIP5 post-1980, taking the average skill 
from statistical insignificance to significance. As noted above, lower skill improvement through initializa-
tion in CMIP6 than in CMIP5 originates from the generally very high skill in the HIST6 ensemble, which is 
found to be particularly high after 1980. Applying a Fisher transform to the correlation values, we find that 
the skill increase from initialization is similarly high between CMIP5 and CMIP6 for the CMIP5 period, 
while the correlation increase through initialization in the post-1980 period is much lower in CMIP6 than in 
CMIP5. This emphasizes the particularly high correlation of simulated SPG SST in HIST6 to observations.

Analyzing other skill metrics for SPG SST highlights the continued importance of model initialization for 
decadal prediction skill in CMIP6, even after 1980. Residual ACC for HC6 is comparable to the full ACC, 
indicating a strong signal beyond the forced component that can be reproduced in initialized decadal pre-
dictions (Figure 2c), which is far better than in HC5, indicating a potential improvement in the initialization 
schemes of HC6, based on this metric. Initialization also appears to be important in capturing the full am-
plitude of the SPG SST signal, as highlighted by the MSSS improvement for both HC5 and HC6 (compared 
to the corresponding subset of HIST5 and HIST6; Figure 2d), albeit a stronger improvement is found in 
CMIP6. Both initialized and noninitialized CMIP6 simulations show improved capability to capture the 
full amplitude of decadal SPG SST changes over CMIP5 simulations (Figure 2d), so the MSSS is generally 
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significant in CMIP6 simulations. Finally, in contrast with CMIP5, initialization strongly decreases the in-
termodel spread in SPG SST in CMIP6 (HC6: 0.7 K vs. HIST6: 1.4 K; HC5: 1.5 K vs. HIST5: 1.6 K), making 
predictions more robust (i.e., less sensitive to the effects of individual models, Figure 2e). In HC6, intermod-
el spread is particularly low, which indicates exceptionally robust decadal North Atlantic SST predictions 
in CMIP6 among different models. This effect is particularly strong in, but not entirely dominated by, the 
prominent shift in North Atlantic SPG SST between 1995 and 1999 (observed: 1 K, HC6: 0.5 K, HC5: 0.2 K, 
HIST6: 0.2 K, HIST5: 0.1 K) (e.g., S. Yeager et al., 2012).

5.  Contributions of Different Forcings to Decadal SPG SST Variations
The improved capability of HIST6 (compared to HIST5) to capture SPG SST variations since 1980 in the full 
ensembles indicates an improved response of CMIP6 models to forcing during that time. Using a 9-model 
ensemble of the DAMIP simulations (see Section 2), we attempt to disentangle the contributions of different 
forcings to the SPG SST signal, investigating whether the high skill in HIST6 after 1980 can be attributed 
to the response to an individual forcing. For consistency, we here use a subset of HIST6 that only contains 
those 9 models that provide DAMIP simulations (Table S1).

A decomposition of the different forcing contributions to the total ACC in HIST6 can only explain the full 
historical signal if the different forcings combined result in similar skill as HIST6. The 9-model HIST6 en-
semble subset we use in this analysis shows no pronounced ACC differences to the full CMIP6 historical 
ensemble (Figure 3a; compare to Figure 2a). A linear sum of the multimodel ensemble mean anomalies 
for the individual forcing simulations (hist-aer, hist-GHG, and hist-nat) shows both comparable full-period 
and time-dependent skill as HIST6 (Figure 3a). The time series of the combined forcings also resembles 
the HIST6 multimodel ensemble mean (Figure 3b). The forcing decomposition of SPG SST variations using 
DAMIP experiments is thus approximately linear and appropriate for our purpose.

Correlations of the simulations with isolated hist-aer, hist-GHG, and natural (hist-nat) forcings to observa-
tions indicate the degree to which the individual forcings explain observed variability. We find a number of 
somewhat consistent signals among models. Several of the single models agree that anthropogenic aerosols 
only explain an insignificant amount of observed SPG SST annual variability until very recently (Figure 3c, 
3d); greenhouse gas forcing explains a significant amount of SPG SST variations during a very short time 
window around the 1990s (Figure 3e,3f); and natural forcing explains much of the SPG SST variations ob-
served since the 1980s, but not before that (Figure 3g, 3h). Due to the substantial amount of model spread 
found in this analysis, however, these findings are sensitive to the set of models used in the analysis. After 
1980, hist-aer, hist-GHG, and hist-nat explain 0% (two standard deviation spread of resampling the individ-
ual models 10,000 times with replacement: −6 to 10%), 16% (−1 to 35%), and 55% (34%–59%) of the observed 
SST variance, respectively. These findings implicate natural forcing over the other examined forcings as an 
important driver of the high skill in HIST6 after 1980.

The results from our analysis of DAMIP simulations illustrate that recently observed variations of SPG SST 
do not exclusively originate from internal variability, but are also strongly related to response to natural 
forcing. In the past, changes in SPG SST have been associated with AMOC variations, leading to prediction 
skill (e.g., Borchert et al., 2018; S. G. Yeager & Robson, 2017; R. Zhang, 2008). For the 6-model set of hist-nat 
simulations used by Menary et al. (2020), we find a strong lagged relationship between AMOC at 35°N and 
SPG SST (Figure S1) when AMOC leads by about 4 years (details on this analysis can be found in Text S2, 
supporting information). The conceptual model of harmonic AMOC response to major volcanic eruptions 
developed in Swingedouw et al. (2015) well represents decadal AMOC variability in hist-nat (Figure S1), 
indicating that volcanic eruptions contribute strongly to the simulated natural forcing-related SPG SST var-
iations from the hist-nat simulations (as also suggested by Hermanson et al. [2020]) through a dynamical 
mechanism involving ocean circulation. It is therefore possible that a mechanism of major volcanic erup-
tions leading to a strengthening of the AMOC that subsequently warms the SPG (Swingedouw et al., 2015) 
explains a relevant portion of the observed post-1980 SPG SST variations as a response to the eruptions of 
Mt. Agung in 1963, El Chichon in 1982, and Mt. Pinatubo in 1991 (Santer et al., 2016). Note that the dy-
namical adjustment timescale of Atlantic circulation can be up to 15 years according to Mignot et al. (2011) 
and Swingedouw et al. (2015), thereby emphasizing the possible role of early eruptions such as Mt. Agung, 
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as well as possible interferences, either constructive (El Chichon) or destructive (Pinatubo, cf. Figure S1) 
between the eruption responses as shown in Swingedouw et al. (2015; their Figure 9).

A strong combined influence of internal variability and, since 1980, volcanic forcing on SPG SST variations 
can also explain why we find only a surprisingly limited influence of GHG emissions on SPG SST in recent 
years; the GHG signal is masked by a strong influence of other factors on SPG SST variations. The limited 
impact of GHG emissions on SPG SST is in line with findings presented by Bellucci et al. (2017), based on a 
DAMIP-like partitioning of forcing contributions to North Atlantic SST in CMIP5 models.

6.  Discussion
We demonstrate an improvement of decadal North Atlantic SPG SST HC skill across different metrics in 
initialized HCs in CMIP6 compared to CMIP5. For the commonly used correlation-based ACC metric we 
only find limited improvement of SPG SST prediction skill through initialization in CMIP6 after 1980. This 
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Figure 3.  SPG SST ACC skill and time series in a 9-model multimodel ensemble for which DAMIP simulations are available (see Table S1) from (a), (b) HIST6 
(red), and for simulations from the DAMIP scenarios (c), (d) hist-aer (cyan), (e), (f) hist-GHG (purple), and (g), (h) hist-nat (green). The linear sum of the multi 
model ensemble means of hist-aer, hist-GHG, and hist-nat is shown in (a), (b) in yellow. (a, c, e, g) ACC for a rolling 20-year window (dots/circles), positioned 
over the last year of the respective 20-year period. ACC is examined for the multimodel mean (solid colors) and the individual models (shading). Circles/dots 
on the left show skill for the full CMIP5 and CMIP6 periods as well as the period since 1980, specified above. Full circles indicate significant skill, empty circles 
indicate that skill is not significantly different from 0 (95% confidence, see Section 2). (b, d, f, h) Time series of SPG SST anomalies in observations (thick black) 
as well as the multimodel ensemble mean (solid colors) and the individual models (shading).
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can be attributed to particularly skillful CMIP6 historical simulations. These HIST6 simulations show much 
higher ACC for SPG SST than the corresponding simulations from CMIP5 post-1980, which indicates a 
particularly strong role for forcing in modulating SPG SST during this time. Using DAMIP simulations, we 
show that the high skill after 1980 in the HIST6 simulations is likely a result of their accurate response to 
natural forcing.

The central point of this study is that a variety of improvements from CMIP5 to CMIP6 act together to 
enhance the representation of decadal-scale North Atlantic SPG SST variations in initialized and nonini-
tialized simulations in CMIP6. Possible structural improvements in CMIP6 that could have led to this im-
proved prediction of North Atlantic SST include larger ensembles, enhanced horizontal and vertical model 
resolution (e.g., Drews & Greatbatch, 2016), better parametrization schemes, interactive aerosols (Menary 
et al., 2020), more realistic forcing, or, for the initialized HCs, more sophisticated initialization methods 
in CMIP6. The latter is likely to be one cause for the improved SPG SST skill in HC6, as initialized HCs 
from CMIP5 predict SPG SST variations much less skillfully than those from CMIP6 (cf. Figure 2). The 
influence of improved forcing can be illustrated by looking at the CESM1.1 decadal HC simulations used 
in this study as part of HC6, as they are based on a CMIP6 model that was run with CMIP5 forcing (S. G. 
Yeager et al., 2018). Since these simulations show similarly high skill as other CMIP6 HCs (not shown), the 
increased skill in CMIP6 appears to originate from the updated models' improved capability to produce the 
correct response to forcing of SPG SST rather than improvement in the forcing terms themselves. This illus-
tration is, however, only based on one model and thus lacks robustness. Ensemble size explains a part of the 
improvement of SPG SST representation in CMIP6 compared to CMIP5, but this effect is not particularly 
strong in the interesting period after 1980, where ensemble size differences do not explain a significant por-
tion of the skill increase from CMIP5 to CMIP6 (cf. Figure 2b). The most promising candidate to explain the 
improvement in historical simulations from CMIP5 to CMIP6 in representing North Atlantic SST variations 
since the 1980s is therefore improved response to forcing in CMIP6, owing to model improvements. Future 
studies should certainly explore the contributions of individual improvements from CMIP5 to CMIP6 on 
SPG SST representation, as well as highlight models that perform particularly well.

HC skill is particularly high in our analysis in CMIP6 initialized HC, related to large ensemble size, model 
improvements, and careful HC initialization. In particular, initialization is found to improve prediction skill 
whenever comparatively small and short signals are to be predicted (cf. Figure 2). Due to the signal-to-noise 
problem in initialized predictions (e.g., D. M. Smith et al., 2020), however, initialized HCs still underesti-
mate the magnitude of decadal SPG SST variations, and therefore require careful treatment to extract the 
predictable signal.

In our analysis, we find similar time-dependent ACC as previous studies on decadal predictions of North 
Atlantic SST (Borchert et al., 2019b; Brune et al., 2018). This indicates that these previously found win-
dows of opportunity for the period 1960-today are robust beyond the MPI-ESM-LR model suite that was 
employed in both previous studies. As windows of opportunity are here shown to largely coincide between 
CMIP6 initialized HCs and historical simulations (cf. Figure 2a), while windows of opportunity in residual 
ACC that explicitly excludes the forced component do not show strong variations (cf. Figure 2c), the reason 
for changes from low-to-high skill appears to lie in the forcing. Nonetheless, there are two components to 
the high skill post-1980: a predictable forced signal indicated by high skill in HIST6, and a predictable in-
ternal signal indicated by high skill in residual ACC. For times of opposing trends of forced component and 
internal variability like the late 1960s and early 1970s (although barely covered by our analysis because the 
first HCs are started in 1960), we find high skill in initialized HCs and residual ACC, but not in the histor-
ical runs (cf. Figure 2). Understanding the timing of different forcings and internal variability is therefore 
crucial to understand windows of opportunity for decadal HCs (as also argued in S. Yeager et al., 2012).

7.  Conclusions
We analyze a multimodel ensemble of initialized decadal HCs from CMIP5 and CMIP6 to show the in-
creased capability of CMIP6 models to predict decadal variations in SPG SST. CMIP6 HCs explain up to 88% 
of observed North Atlantic SST variance at lead years 5–7, whereas CMIP5 HCs only explain 42% after 1980. 
This improvement can be traced back to a good representation of SPG SST in CMIP6 historical simulations, 
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explaining up to 65% of observed variance after the 1980s, compared to their CMIP5 equivalents which 
explain only 50% of observed variance. This points to a strong role of forcing in SPG SST variations during 
that time period.

Fifty-five percent (two standard deviation spread of resampling the individual models 10,000 times with 
replacement: 34%–59%) of observed SPG SST variance after 1980 in CMIP6 can be attributed to natural forc-
ing. Anthropogenic aerosol and greenhouse gas forcing only explain 0% (−6 to 10%) and 16% (−1 to 35%) 
of observed SST variance, respectively. The main cause for the good representation of observed SPG SST 
variations in CMIP6 historical simulations after 1980 is an accurate response to natural forcing. We suggest 
this response originates from an AMOC-related lagged response to volcanic eruptions, with a possible con-
tribution of solar forcing. Both increased ensemble size in CMIP6 and high prediction skill after the end of 
the CMIP5 period are shown to be a factor for the improved representation of SPG SST in CMIP6 compared 
to CMIP5 as well. While CMIP6 historical simulations are shown to be sufficient to reproduce the sign of 
decadal SPG SST anomalies, model initialization remains important to predict their full amplitude and limit 
the uncertainty of predictions. The significant predictable signal beyond forcing (i.e., residual ACC) empha-
sizes that initialized model simulations continue to be powerful tools to explore climate predictability and 
perform predictions.

Data Availability Statement
Both CMIP5 and CMIP6 outputs were downloaded from the ESGF-IPSL node https://esgf-node.ipsl.upmc.
fr/projects/esgf-ipsl/. HadISST data were obtained from https://www.metoffice.gov.uk/hadobs/hadisst/and 
are © British Crown Copyright, Met Office, 2020, provided under a Non-Commercial Government Licence 
http://www.nationalarchives.gov.uk/doc/non-commercial-government-licence/version/2/.
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