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Atlantic influence on anomalous European temperature in 
the initialized multimodel is positive and statistically dis-
tinguishable from zero throughout the 9-year forecast for 
the full field case. On the other hand, a continent-wide 
forecast (i.e., without any regional information) of future 
European precipitation departures associated with North 
Atlantic SST variability is skillful throughout the 9-year 
forecast for the full field case—once the model remote 
influence is corrected by the observed. For the detrended 
case, the forecasts of the influence of the North Atlantic 
SSTs on both interannual temperature and precipitation 
departures in Europe show residual skill—which means 
that the multimodel is able to predict part of them beyond 
the trend. However, the forecasts of the North Atlantic 
influence on precipitation departures in the Sahel turn out 
not to be skillful.

Keywords North Atlantic · Decadal climate prediction · 
Sea surface temperature · Climate variability · Europe · 
Sahel · CMIP 5

1 Introduction

Seasonal to decadal climate prediction employing global 
coupled models—initialized with the “best guess” of the 
observed state—are relatively recent fields of research. 
Early seasonal climate prediction systems, i.e., to forecast 
the future few months of the Tropical Pacific, emerged 
in the 1990s (e.g., Barnston et al. 1994; Stockdale et al. 
1998) and their forecast quality have since been improved. 
Recently, the forecast range of these systems has been 
extended to 10 years (Du et al. 2012; Merryfield et al. 
2013) or decadal prediction systems have been developed 
from scratch (e.g., Smith et al. 2007; Chikamoto et al. 

Abstract The quality of a multimodel of six coupled 
climate forecast systems initialized with observations—
relative to the accompanying uninitialized system—to 
re-forecast the future annual-mean North Atlantic sea sur-
face temperature (SST) departures is described. The study 
concludes that, measured by the anomaly correlation (AC) 
skill, the evolution of the leading two empirical orthogo-
nal function modes of North Atlantic SSTs are skillfully 
forecast throughout the 9-year forecast range. This skill 
results in part from the predictions of the trend. The skill 
of the detrended modes, i.e., in absence of SST variabil-
ity generated by the trend, is reduced, but still statistically 
distinguishable from zero throughout the 9-year forecast 
for the first mode and exclusively in the first two forecast 
years for the second mode. The initialization effect on the 
AC skill in the initialized system is statistically distinguish-
able from the one without initialization for the detrended 
first mode during the first three forecast years and the first 
forecast year only when the trend in North Atlantic SSTs 
is included. All six initialized systems of the multimodel 
are capable to skillfully forecast the shift of the full first 
mode of North Atlantic SST anomalies in the mid 1990s 
at all leads with HadCM 3 and EC-Earth 2.3 outperform-
ing other systems. All systems share an intrinsic bias in 
simulating annual-mean SST variability in the North Atlan-
tic. The study finds that the area-average AC skill (i.e., of 
a forecast containing regional information) of the North 
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2013). Potential predictability studies show that climate in 
the North Atlantic appears to contain a part that is predict-
able at the decadal time scale (e.g., Boer 2004; Branstator 
et al. 2012).

While seasonal forecast quality for sea surface tem-
peratures (SSTs) is relatively high in the Pacific—due to 
El Niño Southern Oscillation (ENSO) and its response in 
the North and South Pacific (Alexander et al. 2002)—it 
is notoriously low in the North Atlantic (Stockdale et al. 
2011). On the other hand, high decadal forecast quality 
in the Pacific (Lienert and Doblas-Reyes 2013) is limited 
to the first few years, while in the North Atlantic is found 
throughout the decadal forecast (Smith et al. 2007; García-
Serrano and Doblas-Reyes 2012; Hazeleger et al. 2013). 
This difference may be due to the fact that in the Pacific, 
only a shallow layer of the ocean interacts with the atmos-
phere (Lienert et al. 2011) providing seasonal forecast skill 
limited by unpredictable atmospheric weather “noise”. In 
the Atlantic, however, the interaction with the atmosphere 
involves also deeper ocean layers (Timmermann et al. 
1998). This coupled system comprises longer memory and 
therefore provides higher decadal forecast skill than in the 
Pacific.

SSTs in the North Atlantic basin exhibit prominent fluc-
tuations on interannual and decadal time scales (e.g., Deser 
and Blackmon 1993; Trenberth and Shea 2006). Various 
studies have investigated the variability internal to the cli-
mate system based on coupled climate models with con-
stant external forcings. Knight et al. (2005) showed that 
North Atlantic SST variability in their coupled climate 
model is driven by variations in the strength of the Atlan-
tic meridional overturning circulation (AMOC). Variations 
in atmospheric forcing such as wind stress and freshwater 
input or the ocean circulation trigger feedbacks involving 
the interaction of both the ocean and atmosphere that gen-
erate AMOC variability (Timmermann et al. 1998). The 
long-term global mean temperature increase, i.e., the exter-
nal forcings (Trenberth and Shea 2006), as well as human 
emissions of aerosols (Booth et al. 2012) also appears to 
contribute to North Atlantic SST variability.

Previous studies have used the Atlantic Multidecadal 
oscillation (AMO) to identify SST variability in the North 
Atlantic (e.g., García-Serrano and Doblas-Reyes 2012; 
Hazeleger et al. 2013; Doblas-Reyes et al. 2013). In this 
study, however, the leading two empirical orthogonal func-
tion (EOF) modes of detrended annual-mean SST depar-
tures are used to describe North Atlantic SST variability 
(Fig. 1). The two modes combined account for about 43 % 
of the total detrended SST variance, which is in line with 
the potential predictability estimate expecting that up to 
roughly half of the variance in the basin may be predict-
able (Boer 2004). The two modes of North Atlantic annual-
mean SSTs correspond to physical phenomena that have 
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Fig. 1  Map of observed spatial patterns of the leading two modes 
Ex
1
,Ex

2
 (31 %, 12 % variance explained) of detrended annual-mean 

North Atlantic (0–80◦N; 80◦W–40◦E) SST anomalies—the first mode 
(top) and the second mode (bottom) in 1960 (Nov)–2011 (Oct) on the 
EC-Earth grid (T106)
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Fig. 2  Observed time series of the first North Atlantic mode px
1
 (top), 

the second North Atlantic mode px
2
 (middle) for the full field (solid 

line) and the detrended case (dashed line). For comparison, the AMO 
index is illustrated in the bottom panel
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been documented previously (cf. Figure 1 in Deser and 
Blackmon 1993)—including a description of the different 
regimes in the interaction with the atmosphere for each 
mode. This study is therefore based on the leading modes, 
because one index inferred from the mean of the whole 
basin such as the AMO does not appear to be sufficient 
to characterize the state of North Atlantic SSTs and the 
atmospheric response.

The observed expansion coefficients of the two modes 
in Fig. 2 (top and middle) show that they are closely related 
with the AMO (Fig. 2, bottom). The correlation between 
the AMO and the first mode, i.e., ρ = 0.78, indicates that 
it explains about 60 % of the AMO variance while the 
correlation between the AMO and the second mode, i.e., 
ρ = 0.48, indicates that it explains only about 23 % of the 
AMO variance. Two two modes combined explain roughly 
80 % of the AMO variance. They decompose most of the 
AMO variability. In the first mode, the well documented 
AMO regime transition toward negative values around 
1970 with a global temperature signature as well as the 
sudden temperature rebound in the subpolar gyre in the 
mid 1990s, are found. These events have been previously 
described (cf. Figure 3 in Thompson et al. 2010) and (cf. 
Figure 3 in Robson et al. 2012).

The re-organization of the preferred atmospheric circula-
tion regimes depending on the spatial distribution of ocean 
surface fluxes (Yu et al. 2009) allows the North Atlantic to 
remotely influence climate over land (Rodwell et al. 2004; 
Hodson et al. 2010). For example, the state of the North 
Atlantic serves as a predictor for the amount of rainfall in 
the Sahel (e.g., Knight et al. 2006; Giannini et al. 2013).

This study seeks to answer the question of whether 
state-of-the-art coupled climate forecast systems initialized 
with observational estimates are capable to forecast the 
future interannual evolution of the leading EOF modes of 
North Atlantic SSTs as well as their remote influence on 
temperature and precipitation. After introducing the climate 
forecast systems, observational datasets and the statistical 
techniques used in this paper, the results section starts with 
the verification (taking into account the role of the trend) 
of the re-forecasts in the North Atlantic (Sect. 3.1). The 
remote observed North Atlantic influence on temperature 
and precipitation is described in Sect. 3.2. The section con-
cludes with a verification of the North Atlantic influence on 
temperature and precipitation—presented in Sect. 3.3.

2  Methods

2.1  Forecast systems

In seasonal to decadal climate prediction studies, the fore-
cast quality is usually inferred from historical forecasts 

(re-forecasts, also known as “hindcasts”) that are verified 
against the observational reference. In this study, we use 
decadal re-forecasts from six climate forecast systems that 
contributed to the (“near-term”) climate prediction exercise 
of CMIP 5, i.e., EC-Earth 2.3 (5 ensemble members) (Du 
et al. 2012), MIROC 5 (3 ensemble members) (Chikamoto 
et al. 2013), GFDL 2.1 (10 ensemble members) (Zhang 
et al. 2007), CanCM 4 (10 ensemble members) (Merry-
field et al. 2013), HadCM 3 (10 ensemble members) (Smith 
et al. 2013) and MPI-OM (3 ensemble members) (Müller 
et al. 2012).

The 10-year-long forecasts are initialized from global 
gridded datasets on January 1st each year from 1961–2006 
while the ones of EC-Earth 2.3 are initialized on Novem-
ber 1st each year from 1960–2005. These simulations are 
referred to as Init. A parallel set of simulations (NoInit) is 
produced without initial state information, i.e., using initial 
states from freely running historical simulations as opposed 
to model states initialized with observations. The compari-
son between Init and NoInit allows estimating the benefit 
of the initialization. NoInit simulations start from the tran-
sient simulations on January 1st each year from 1961–2006 
while the ones of EC-Earth 2.3 start on November 1st each 
year from 1960–2005. The radiative forcing in all experi-
ments—Init and NoInit—is calculated within each model 
based on the identical transient observed composition of 
atmospheric greenhouse gases, i.e., similar as in historical 
simulations. The volcanic aerosol load is prescribed from 
observations in both Init and NoInit, which means that the 
systems are provided with the information of future vol-
canic eruptions that are not predictable.

2.2  Model bias in North Atlantic SST variability

The leading two EOF modes of detrended North Atlan-
tic SST anomalies (forecast year one) in the CMIP 5 cli-
mate prediction systems (Fig. 4 illustrates NoInit) bear no 
resemblance whatsoever with what is being observed in 
nature (Fig. 4, top showing the observed patterns on the 
common grid for easy comparison)—regardless of whether 
the systems are initialized (not shown) or not (Fig. 4). At 
longer leads, Init tends to display a pattern similar to that 
of NoInit (not shown). Note that the signature of the model 
global-mean near-surface air temperature (GMT) trend in 
North Atlantic SSTs is removed prior to the EOF analysis.

In general, the models tend to generate excessive 
annual-mean SST variance at high latitudes, which is why 
the leading two EOF modes show centers of action that 
are shifted poleward. In contrast, in the observational SST 
dataset (Fig. 4, top) the centers of action involve also the 
Tropical and Subtropical North Atlantic. The eastern Arctic 
North Atlantic, e.g., the Barents Sea is a region where sea 
ice dynamics play an important role for the local ocean heat 
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budget (Koenigk et al. 2009). Climate models may be over-
estimating sea ice concentration variability which in turn 
could lead to overestimated SST variability. In this paper, 
sea ice temperatures (i.e., less than −1.9 ◦C) are excluded 
from the simulated SST fields. In the North Pacific, climate 
models also suffer from biases, however, the multimodel 
pattern of the PDO (leading mode of detrended SSTs), 
e.g., is realistically simulated (cf. Figure 4 in Lienert et al. 
2011).

This intrinsic model bias is one of the reasons why the 
verification in this paper uses the projection of both fore-
cast and observed SST anomalies onto the observed EOF 
patterns to obtain the forecast and observed PCs. In this 
way, the remaining forecast SST anomalies associated 
with the observed modes are identified, despite the bias in 
the leading two modes. The positive AC skill in this paper 
shows that the systems simulate interannual SST variability 
that has similarities with what is being observed.

2.3  Forecast quality

In this study, the Met Office Hadley Centre’s sea ice and 
SST (HadISST 1.1) observational dataset (Rayner et al. 
2003), which corrects for errors due to different in-situ SST 
measurement methods on US and UK ships (Thompson 
et al. 2008), is used as the SST reference from 1961–2011, 
the verification period. The forecast started in 2005 is there-
fore verified in the first 6 years only, the one started in 2004 
in the first 7 years, etc. If the verification is repeated against 
the extended reconstructed SST version 3b (ERSST3b) 
observational SST dataset (Smith et al. 2008) very simi-
lar results are obtained, which is consistent with the fact 
that the density of in-situ observations is high in the North 
Atlantic (Deser et al. 2010). The observed near-surface 
land temperature (1961–2011) is from the Global Histori-
cal Climatology Network and Climate Anomaly Monitor-
ing System (GHCN + CAMS, Fan and Dool 2008). The 
observed precipitation (1961–2011) is from the Global Pre-
cipitation Climatology Centre (GPCC version 6, Schneider 
et al. 2008).

The confidence intervals for the scores (anomaly cor-
relation, AC) of time series in this paper are based on the 
bootstrap where re-forecast/reference pairs have been 

resampled 500 times with replacement (Lanzante 2005; 
Jolliffe 2007). Blocks of four consecutive years are selected 
for the bootstrap in order to take into account that the con-
secutive years are not independent of each other. In this 
manner, the method accounts for serial correlation (Zwi-
ers 1990). The estimated confidence level is then computed 
from the scores of each of the 500 samples. The average 
correlation between swapping forecast members treated 
as “observations” and the ensemble mean of the remain-
ing members yields our potential skill estimate (similar to 
the one in Doblas-Reyes et al. 2009; Kharin et al. 2009). 
It provides an estimate of the perfect model skill (based on 
the spread of the model ensemble), that may be reached 
after improvements to the forecast system—only to the 
extent that the model behaves sufficiently similar to the 
real system. The confidence intervals for the scores (AC) 
of regions are based on 500 resamplings of the spatial pat-
terns of blocks of four consecutive years with replacement 
followed by the area-weighted average of the scores over 
the region concerned and the computation of the estimated 
confidence level.

By applying the method of Lienert and Doblas-Reyes 
(2013) to the North Atlantic, the verification is carried out 
based on the spatial patterns of the observed modes. The 
main modes of variability are identified as the leading two 
EOFs of detrended annual-mean (Jan–Dec) observed North 
Atlantic SST anomalies (80◦W–40◦E; 0–80◦N). To detrend 
the SST field, the linear regression of observed SST anom-
alies X against the observed GMT anomaly, relative to 
the verification period, from the Hadley Centre/Climatic 
Research Unit (HadCRUT3, Brohan et al. 2006) dataset is 
removed at each grid point

where Xg is the global mean anomaly, A the local regres-
sion parameter on the global mean and the EOF expansion 
is 
∑n

i=1 p
x
i (t)E

x
i (�,φ). To obtain the principal components 

(PCs), the projection is calculated as follows pxi = �X ′Ex
i � , 

typically pxi p
x
j = (pxi )

2δ
j
i and �Ex

i E
x
j � = δ

j
i where the over-

bar is a time average and 〈 〉 a area-weighted space average. 
If so, then �X ′2

� =

∑n
i=1 (p

x
i )

2
=

∑n
i=1 σ

2
pi

. Each Ex
i  have 

(1)X = A(�,φ)Xg + X ′
= A(�,φ)Xg +

n∑

i=1

pxi (t)E
x
i (�,φ)

Fig. 3  Observed map of full σX 
(left) and detrended σX ′ (right) 
annual-mean interannual SD 
for North Atlantic (0–80◦N; 80◦

W–40◦E) SST anomalies (K) in 
1960 (Nov)–2006 (Oct)
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Fig. 4  Map of first (left) and 
second (right) observed (top, 
30 %, 14 % variance explained) 
versus forecast EOFs (fore-
cast year one) of detrended 
annual-mean North Atlantic 
(0–80◦N; 80◦W–40◦E) SST 
anomalies—for EC-Earth 2.3 
NoInit (second row, 23 %, 
14 % variance explained), 
MIROC 5 NoInit (25 %, 
13 % variance explained), 
GFDL 2.1 NoInit (21 %, 
15 % variance explained), 
CanCM 4 NoInit (17 %, 10 % 
variance explained), HadCM 
3 NoInit (20 %, 11 % variance 
explained), MPI-OM NoInit 
(bottom, 18 %, 9 % variance 
explained)
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been normalized by its spatial variance so that �(Ex
i )

2
� = 1. 

Figure 3 illustrates the maps of the full σX versus detrended 
σX ′ interannual standard deviation in the observational 
dataset. The temporal evolution of the PCs of the two lead-
ing North Atlantic modes px1, p

x
2 (Fig. 2) shows that the 

detrended versions of the modes (dashed line) are similar, 
but their variance is smaller than their full field versions 
(solid line). The full field projection yields PCs that are 
the sum of the detrended PCs pxi  and a trend term that is 
not modal, since Xg tends to increase over the verification 
period f xi = �XEx

i � = Xg�AE
x
i � + pxi = gi + pxi .

It has been documented previously that besides the infor-
mation on the initial state, the long-term GMT trend due to 
increasing greenhouse gases also contributes to the forecast 
performance (Murphy et al. 2010)—even at the seasonal 
time scale (Doblas-Reyes et al. 2006). In decadal predic-
tion the trend may turn out to be an even larger contributor 
to forecast quality. As in Lienert and Doblas-Reyes (2013), 
the predictive skill of the six systems is therefore assessed 
in two ways: (1) the full field case and (2) the detrended 
case where the effects of the trend on North Atlantic SSTs 
are removed. For the full field case, the time series of the 
forecast pyi  and observed pxi  modes are computed by pro-
jecting the full forecast or observed anomalies onto the 
observed spatial EOF patterns. For the detrended case, the 
linear regression of forecast SST anomalies against the 
forecast GMT (dependent on the forecast year) is removed 
from the forecast at each grid point (Y = B(�,φ)Yg + Y ′) 
prior to the projection. The regression coefficients are esti-
mated as a function of forecast year across all forecasts 
(i.e., started in 1960–2005).

3  Results

3.1  Interannual North Atlantic SST forecast

The multimodel climate forecast quality—comprising a 
total of 41 members of six CMIP 5 decadal climate predic-
tion systems—in the North Atlantic is considered based on 
the extensive set (i.e., 46) of 9-year long re-forecasts. The 
multimodel ensemble anomalies are calculated by subtract-
ing the model climatology of each system from the direct 
model output of each member—without correcting for any 
bias in the climatology.

The verification of CMIP 5 based on AC skill as a func-
tion of forecast time for the full time series (top four pan-
els) and for the detrended time series (bottom four panels) 
in CMIP 5 Init (left column) and CMIP 5 NoInit (right col-
umn) is shown in Fig. 5. The ensemble-mean skill (solid 
red line) of CMIP 5 Init to forecast the full evolution of 
the first North Atlantic mode (Fig. 5, top left) measured 
by the AC is statistically distinguishable from zero on a 

95 %-confidence level (shading) throughout the 9-year 
forecast, because the shading is above zero. The average 
skill over the 9-year forecast range (filled red circle, con-
fidence interval) is therefore positive. The skill of the ini-
tialized system outperforms persistence (dash-dotted black 
line), computed as the projection of the observed SST 
anomalies from the previous year onto the leading EOF 
pattern, independently of the forecast lead. The average 
persistence skill over the 9-year forecast range (filled black 
circle) is thus below the actual skill.

Without initial state information (CMIP 5 NoInit), 
the forecast starts less skillful than Init (solid red line) 
while the uncertainty in the AC skill estimate (shading) is 
increased dramatically during the first part of the forecast 
(Fig. 5, top right). During the second part, the AC skill 
is picking up the prediction of the signature of the GMT 
trend in North Atlantic SSTs becoming more skillful with 
decreased uncertainty (shading). The potential skill (dashed 
red line) is virtually the same as the actual skill for both 
CMIP 5 Init and NoInit. For the second mode, similar fore-
cast quality is obtained for the full time series in CMIP 5 
Init, but Init does neither increase the skill nor substantially 
reduce the uncertainty compared the NoInit (Fig. 5, second 
row).

Once the GMT trend signature in North Atlantic SSTs 
is removed at each grid point, the AC skill of the first mode 
in CMIP 5 Init decreases, but it remains still statistically 
distinguishable from zero throughout the 9-year forecast 
(Fig. 5, right panel in third row) outperforming both per-
sistence and potential skill. However, for the second mode, 
AC skill is positive until forecast year two before drop-
ping to values statistically not distinguishable from zero at 
longer leads (Fig. 5, bottom right). In CMIP 5 NoInit for 
the detrended case, residual AC skill is obtained for the two 
modes (Fig. 5, right panels in third and bottom row).

The observed linear trends of the full time series 
f xi = αx

i t are compared against the predictions of the CMIP 
5 systems at various leads f yi = α

y
i t in Fig. 6, top four pan-

els. Both observed and predicted slopes of PC 1 in Init 
tend to grow with forecast time (top left). Most systems 
are overestimating the slope in forecast year one—when 
their model state is closer to the initialized state—while 
the slope prediction becomes more skillful (i.e., are closer 
to the diagonal) at longer leads. In NoInit (top right), the 
spread increases, but slope predictions appear to be organ-
ized along the diagonal as well. In contrast (second row), 
the predicted slopes of PC 2 in both Init and NoInit are 
underestimated by most systems. On the other hand, the 
detrended observed time series still comprise a small trend 
pxi = βx

i t at some forecast leads, which is predicted by 
some systems pyi = β

y
i t (Fig. 6, bottom four panels) con-

tributing to the multimodel residual AC skill. This is not the 
case for all systems. EC-Earth 2.3 NoInit, e.g., has small px2 
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slopes βy
2 when the trend is removed, which is why virtu-

ally no residual AC skill is obtained for that system (not 
shown).

Besides the contribution of the trend to predictive skill 
of the main North Atlantic SST modes—the careful ini-
tialization with the “best-guess” of the observed state of 
each system of the multimodel generally leads to improved 

forecast quality. The initialization effect in CMIP 5 Init is 
most noticeable—i.e., statistically distinguishable from 
CMIP 5 NoInit—for the detrended first mode where the 
p values (two-sided with 95 %-confidence) of the differ-
ences of Init versus NoInit ACs are smaller than 0.1 during 
the first three forecast years, which means that in 10 % of 
the start years no difference between the Init and NoInit is 

Fig. 5  (Top four panels) Cross-
validated anomaly correlation 
skill of the ensemble mean for 
the annual-mean first (top row) 
and the second North Atlantic 
modes (second row) as a func-
tion of forecast year for the full 
SST field from CMIP 5 Init (left 
column), CMIP 5 NoInit (right 
column). (Bottom four panels) 
Anomaly correlation skill of the 
annual-mean first (third row) 
and the second North Atlantic 
modes (bottom row) of CMIP 
5 Init (left column), CMIP 5 
NoInit (right column) with 
the signature of global mean 
temperature in North Atlantic 
SSTs removed. The solid line 
indicates the mean estimate, 
the shades the 95 %-confidence 
interval. The filled red circle, 
vertical line indicates the mean 
skill estimate, 95 %-confidence 
interval averaged over the fore-
cast range (9 years). The dashed 
red line shows the potential 
skill, the maximal possible skill 
with this system, based on the 
model spread. Persistence skill 
is shown by the dash-dotted 
black line. The open red (black) 
circle indicates the potential 
(persistence) skill averaged over 
the forecast range
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found. On the other hand, for the full field case, the p values 
of the difference of the ACs are small (0.1) exclusively in 
the first forecast year for the first mode.

The observed first mode experiences a regime shift 
in 1995, which has been a topic in previous prediction 
studies (Robson 2010; Yeager et al. 2012; Chikamoto 
et al. 2012). A t test shows that the years 1984–1994 ver-
sus 1995–2005 are statistically significantly different 
(p ≈ 3× 10−6) in the time series that includes the trend. 
CMIP 5 Init forecasts appear to skillfully predict the nega-
tive period in 1984–1994 as well as the positive period in 
1995–2005 at different leads. Since small and thus signif-
icant p values are found for all the six CMIP 5 Init sys-
tems at all leads (p < 5× 10−5), it is concluded that they 
are capable to forecast the shift of the first mode in the mid 
1990s 1–9 years ahead of time. However, both EC-Earth 
2.3 Init and HadCM 3 Init provide more skillful predic-
tions with smaller spread. Their forecasts (colored dots) 
versus the observed values (black dots) for all start dates 
for forecast year seven are illustrated in Figs. 7 and 8. In 
forecast year seven, e.g., the p values for both systems are 
roughly 15 orders of magnitudes smaller compared to other 
systems. This indicates an enhanced ability to forecast the 
regime shift for these systems in this particular case. For 
HadCM 3 Init this is a major improvement compared to the 
previous system (Robson 2010), which could only produce 
skillful predictions with a range of up to 2 years. 

When the multimodel is verified based on seasonal 
(JFM, JAS) instead of annual means of North Atlantic 
SSTs to investigate the seasonality of the results, similar 
results are found (not shown) with the observed seasonal 
modes being virtually identical to the annual (not shown). 
This means that the main modes of North Atlantic SSTs do 
not exhibit much seasonal variations.

3.2  Remote North Atlantic influence over land

Because of the limited seasonal to decadal climate memory 
on the continents, a skillful climate forecast on interannual 
time scales over land relies on the remote climate memory in 
the ocean (e.g., in the form of persistent heat content anoma-
lies). The atmospheric link between North Atlantic vari-
ability and the surrounding continents forms part of a chain 
of processes to finally obtain potentially meaningful future 
climate information over land. The re-organization of the 
preferred atmospheric circulation regimes depending on the 
spatial distribution of ocean surface fluxes (cf. Figure 1 in 
Yu et al. 2009) allows the North Atlantic to remotely influ-
ence terrestrial climate (Rodwell et al. 2004; Knight et al. 
2006; Hodson et al. 2010). The state of the North Atlantic 
is therefore a possible predictor for climate departures over 
land. Establishing the observed influence of North Atlantic 
annual-mean SSTs on terrestrial near-surface air temperature 
and precipitation is important for the selection of the regions 
for the influence verification in the next subsection.
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Fig. 6  (Top four panels) Observed αx
i  versus forecast slopes αy

i  of 
North Atlantic PC 1 (top row) and PC 2 (second row) as a function of 
forecast year for the full SST field for CMIP 5 Init systems (left col-
umn), CMIP 5 NoInit systems (right column). (Bottom four panels) 
Observed βx

i  versus forecast slopes βy
i  of North Atlantic PC 1 (third 

row) and PC 2 (bottom row) of CMIP 5 Init systems (left column), 
CMIP 5 NoInit systems (right column) with the signature of global 
mean temperature in North Atlantic SSTs removed. The color code 
represents the nine forecast years, starts with warm colors (red for 
forecast year one) and ends with cold colors (pink for forecast year 
nine)
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The normalized linear regression coefficients (i.e., b in 
x = a+ bf xi  where y denotes the observed anomaly over 
land and f xi  the time series of the concerned North Atlantic 

mode) in Figs. 9, 10, 11 and 12 are based on a 51-year long 
dataset of annual-means (Jan–Dec) and show the full f xi  
versus the residual influence pxi  of the EOF modes of SSTs 

Fig. 7  EC-Earth Init forecast 
(colored dots) evolution of the 
annual-mean first North Atlantic 
mode f y

1
 (full field case) in 

forecast year 7. The black dots 
indicate the observed evolu-
tion f x
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Fig. 8  HadCM3 Init forecast 
(colored dots) evolution of the 
annual-mean first North Atlantic 
mode f y

1
 (full field case) in 

forecast year 7. The black dots 
indicate the observed evolu-
tion f x
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Fig. 9  Observed full influence (trend and internal variability) of 
North Atlantic SST variability on terrestrial climate. Slope of linear 
regression of annual-mean observed temperature anomalies normal-
ized by the local standard deviation against the evolution of first (top) 
and the second North Atlantic mode (bottom) in 1961–2011. The cor-
relation coefficients show the expected local response for a departure 
of each index of one standard deviation. The dashed line shows 1− p 
(0.8, 0.9, 0.95, 0.99) on the 95 %-confidence level, p being the prob-
ability that the local correlation coefficient is zero with eight (top) or 
six (bottom) degrees of freedom of the PCs
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Fig. 10  Observed residual influence of North Atlantic SST variabil-
ity on terrestrial climate. Slope of linear regression of annual-mean 
observed temperature anomalies normalized by the local standard 
deviation against the evolution of first (top) and the second North 
Atlantic mode (bottom) in 1961–2011 with the effects of the long-
term trend linearly removed. The correlation coefficients show the 
expected local response for a departure of each index of one standard 
deviation. The dashed line shows 1− p (0.8, 0.9, 0.95, 0.99) on the 
95 %-confidence level, p being the probability that the local correla-
tion coefficient is zero with 20 (top) or 27 (bottom) degrees of free-
dom of the PCs
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in the North Atlantic when GMT is linearly removed from 
North Atlantic SSTs at each grid point. Despite the fact that 
these figures are no proof for causality—it is assumed that 
they illustrate the expected temperature and precipitation 
response for a departure of one standard deviation of each 
detrended mode. To put the numbers of the linear response 
to the modes in context with the total variability, we nor-
malized the anomalies locally by their standard deviation 
(correlation)

Much of the full response rfi  of, e.g., land temperature is 
thus due to the response Rl to the GMT trend.

The dashed lines indicate various levels of 1− p on the 
95 %-confidence level, p being the probability that the local 
correlation coefficient is zero. The p values account for 
serial correlation depending on the degrees of freedom in 
the observed time series that is inferred from autocorrela-
tion at each grid point (Guemas et al. 2013).

The influence pattern, i.e., the response to trend and 
internal variability, of the full field first North Atlantic 

r
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mode that includes the SST trend (positive phase as shown 
in Fig. 1) on terrestrial temperature is illustrated in Fig. 9, 
top. It shows warmer-than-normal conditions in most 
parts with hotspots in Northern Brazil, Africa and Asia. 
The pattern of the land temperature response (Fig. 9, bot-
tom) to the full field second mode of the North Atlantic 
(positive phase as shown in Fig. 1) also shows warmer-
than-normal conditions in most parts with hotspots in 
Eurasia.

The residual influence pattern of the detrended first 
North Atlantic mode on terrestrial temperature is illus-
trated in Fig. 10, top. It shows that warmer-than-normal 
conditions over Northern Brazil, Africa and Arctic North 
America coincide with cooler-than-normal conditions over 
the South-Eastern US and Siberia, which is consistent with 
previous studies (e.g., Trenberth and Shea 2006; Rod-
well et al. 2004). On the other hand, the influence of the 
detrended second mode is most prominent in Europe. The 
pattern of the land temperature response (Fig. 10, bottom) 
to the second mode of the North Atlantic shows mainly 
warmer-than-normal temperatures over large parts of Eura-
sia and South-Eastern US.
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Fig. 11  Observed full influence (trend and internal variability) of 
North Atlantic SST variability on terrestrial climate. Slope of linear 
regression of annual-mean precipitation anomalies normalized by 
the local SD against the evolution of first (top) and the second North 
Atlantic mode (bottom) in 1961–2011. The correlation coefficients 
show the expected local response for a departure of each index of one 
standard deviation. The dashed line shows 1− p (0.8, 0.9, 0.95, 0.99) 
on the 95 %-confidence level, p being the probability that the local 
correlation coefficient is zero with eight (top) or six (bottom) degrees 
of freedom of the PCs
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Fig. 12  Observed residual influence of North Atlantic SST vari-
ability on terrestrial climate. Slope of linear regression of annual-
mean precipitation anomalies normalized by the local standard 
deviation against the evolution of first (top) and the second North 
Atlantic mode (bottom) in 1961–2011 with the effects of the long-
term trend linearly removed. The correlation coefficients show the 
expected local response for a departure of each index of one standard 
deviation. The dashed line shows 1− p (0.8, 0.9, 0.95, 0.99) on the 
95 %-confidence level, p being the probability that the local correla-
tion coefficient is zero with 20 (top) or 27 (bottom) degrees of free-
dom of the PCs
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The residual positive standard anomalies over North-
ern Brazil and North-Eastern North America associated 
with the positive phase of the first North Atlantic mode 
(at 95 % confidence (1− p) that the correlation coefficient 
is not equal to zero) reach roughly 0.6. The residual posi-
tive standard anomalies over Europe associated with the 
positive phase of the second North Atlantic mode (at 95 % 
confidence) reach roughly 0.5. These values are higher in 
most parts when the GMT trend in North Atlantic SSTs is 
included.

The observed full field influence, i.e., the response 
to trend and internal variability, of the first North Atlan-
tic mode (positive phase as shown in Fig. 1) on terrestrial 
precipitation is established in Fig. 11, top. In this case, 
it shows that at times when the Sahel region and Europe 
tend to experience wetter-than-normal conditions Tropical 
South America tends to experience drier-than-normal con-
ditions, which is in line with previous studies (e.g., Knight 
et al. 2006; Rodwell et al. 2004). In contrast, the influence 
of the full field second North Atlantic mode (positive phase 
as shown in Fig. 1) illustrates a dipole over Europe with 
above normal precipitation in the northern coinciding with 
below normal precipitation in the southern part (Fig. 11, 
bottom). In the western US, the second mode tends to sup-
press precipitation as well.

The residual precipitation response to the first North 
Atlantic mode is illustrated in Fig. 12, top. The pattern is 
similar to the full field but the magnitude is increased with 
higher confidence (1− p) that the correlation coefficient is 
not equal to zero. The trend may be counteracting the resid-
ual response. It also shows that at times when the Sahel 
region (about 0.5 at 90 % confidence) and Europe (about 
0.4 at 90 % confidence) experience wetter-than-normal 
conditions Tropical South America (about 0.3 at 80 % con-
fidence) tends to experience drier-than-normal conditions. 
Finally, the residual precipitation response to the second 
North Atlantic mode is illustrated in Fig. 12, bottom. The 
pattern is again similar to the full field but the magnitude 
is increased with higher confidence that the correlation 
coefficient is not equal to zero. It also shows a dipole over 
Europe (about 0.3 at 80 % confidence) with above normal 
precipitation in the northern part coinciding with below 
normal precipitation in the southern part. In the western 
US, the second mode tends to suppress precipitation as 
well (about 0.3 at 80 % confidence).

The second mode tends to increase the number of cases 
with enhanced atmospheric meridional surface pressure 
gradients over the North Atlantic and vice versa (Deser 
and Blackmon 1993). At times when the second mode is 
positive, the probability of the atmosphere to strengthen 
the westerly wind circulation, which advects relatively 
warm and moist air towards Northern Europe, is there-
fore increased. On the other hand, at times when the 

second mode is negative the probability of the atmosphere 
to weaken the westerly wind circulation is increased allow-
ing more polar cold and dry air to enter the continent in 
a southward flow. This explains why Europe tends to have 
warmer-than-normal conditions (Fig. 10, bottom) and the 
southern part tends to receive less and the northern part 
more precipitation (Fig. 12, bottom) and vice versa.

3.3  Interannual forecast of North Atlantic influence 
over land

The observed temperature response to the main North 
Atlantic modes is prominent, i.e., large relative to the local 
variance, over Europe—where the systems may be able to 
predict it. Forecast temperature anomalies in Europe may 
respond to the remaining forecast SST anomalies asso-
ciated with the observed modes, despite the bias in the 
leading two modes. The positive AC skill in this paper 
shows that the systems simulate interannual SST variabil-
ity that has similarities with what is being observed. The 
performance of CMIP 5 Init to re-forecast the full and the 
residual, i.e., the detrended, interannual influence of North 
Atlantic SSTs on European near-surface air temperature 
(11◦W–44◦E; 34–71◦N) is therefore verified.

The skill is inferred from the multiple linear regression 
(i.e., Y = a+ bf

y
1 + cf

y
2 ) of the forecast European temper-

ature anomaly Y against the forecast North Atlantic SST 
EOF modes f yi  at each grid point using coefficients esti-
mated from the observations (from X = a+ bf x

1
+ cf x

2 ) 
with 1-year-out cross-validation. Since Y and X are anoma-
lies, a ≈ 0. Both forecast and observed PCs, f yi  and f xi , are 
computed in cross-validation mode by leaving 1 year out 
and projecting the anomalies of the year left out onto the 
observed North Atlantic EOF patterns of the remaining 
years. Then the output of the multiple linear regression of 
the forecast (a+ bf

y
1 + cf

y
2 ) is verified against the refer-

ence anomaly X at each grid point (Fig. 13, middle and bot-
tom). The forecast performance of the North Atlantic influ-
ence is compared to the performance of the direct model 
output over Europe. The direct model output includes both 
temperature departures related to North Atlantic SSTs and 
those that occur independently of the climatic state of the 
North Atlantic (Fig. 13, top). The forecast performance is 
measured by the area-weighted average of European AC 
skill (solid line) as well as the AC of the area-weighted 
averages of the forecast vs. the observed anomaly (dot-
ted line). These scores are obtained by calculating first the 
covariance and variance at each grid point, followed by the 
area-weighted averages of covariance and variance, etc.

The area-average of AC skill (solid red line, shading) in 
CMIP 5 Init between the forecast evolution of the full North 
Atlantic influence over Europe, based on the cross-vali-
dated multiple linear regression model, versus the observed 
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anomalies is positive and statistically distinguishable from 
zero throughout the 9-year forecast (Fig. 13, middle). The 
average skill over the 9-year forecast range (filled red cir-
cle, confidence interval) is therefore positive. The AC skill 
of area-averaged anomalous European temperature (dotted 
red line) is significantly higher, however, such a continent-
wide forecast contains no spatial information on future 
European temperature departures. The skill of the area-
average AC of the direct model output in Europe shown for 
comparison (Fig. 13, top) arises therefore from the predic-
tion of the remote temperature response to the full main 

North Atlantic modes—that are a combination of the trend 
and internal variability. The multiple linear regression fore-
cast skill is statistically indistinguishable from the direct 
model output. The potential skill (dashed red line) indicates 
that there is room for improvements in the forecast system 
throughout the forecast to produce more skillful predic-
tions of North Atlantic associated European temperature 
anomalies.

When the effects of GMT on North Atlantic SSTs are 
removed (Fig. 13, bottom), the detrended AC skill (solid 
red line, shading) is reduced, but remaining statistically 
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Fig. 13  Anomaly correlation skill of European (11◦W–44◦E; 34–71◦

N) temperature (top) versus the cross-validated influence of the full 
leading two North Atlantic modes (middle) and the residual influence 
(effects of the long-term trend linearly removed) of the leading two 
North Atlantic modes (bottom) on European temperature as a func-
tion of forecast year for CMIP 5 Init. The influence is based on a mul-
tiple linear regression model. The solid red line indicates the mean 
estimate, the shades the 95 %-confidence interval. The filled red cir-
cle/line indicates the mean skill estimate/95 %-confidence interval 
averaged over the forecast range (9 years). The dotted red line shows 
the skill of the area-mean anomaly. The dashed red line shows the 
potential skill, the maximal possible skill with this system, based on 
the model spread. The open red circle indicates the potential skill 
averaged over the forecast range
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Fig. 14  Anomaly correlation skill of European (11◦W–44◦E; 34–71◦

N) precipitation (top) versus the cross-validated influence of the full 
leading two North Atlantic modes (middle) and the residual influence 
(effects of the long-term trend linearly removed) of the leading two 
North Atlantic modes (bottom) on European precipitation as a func-
tion of forecast year for CMIP 5 Init. The influence is based on a mul-
tiple linear regression model. The solid red line indicates the mean 
estimate, the shades the 95 %-confidence interval. The filled red cir-
cle/line indicates the mean skill estimate/95 %-confidence interval 
averaged over the forecast range (9 years). The dotted red line shows 
the skill of the area-mean anomaly. The dashed red line shows the 
potential skill, the maximal possible skill with this system, based on 
the model spread. The open red circle indicates the potential skill 
averaged over the forecast range
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distinguishable from zero in forecast years 2–4. The AC 
skill of area-averaged anomalous European temperature 
(dotted red line) is again significantly higher—remaining 
positive throughout the forecast. These residual influence 
skill results show that the multimodel is capable to predict 
part of the North Atlantic associated European interannual 
temperature departures beyond the trend. The potential skill 
(dashed red line) is higher than the actual skill in the first 
year only.

The precipitation response to the main North Atlantic 
modes is prominent over Europe and the Sahel region. As 
for the temperature influence, the ability of CMIP 5 Init to 
re-forecast the full and residual, i.e., the detrended, influ-
ence of North Atlantic SST annual-mean variability on 
precipitation departures in Europe (11◦W–44◦E; 34–71◦N) 
as well as in the Sahel (15◦W–15◦E; 10–18◦N as in García-
Serrano et al. 2013) are verified similarly.

The AC skill of the full North Atlantic influence on 
precipitation departures in Europe (solid red line, shad-
ing) from the multiple linear regression model is statisti-
cally indistinguishable from zero with high potential skill 
(dashed red line) throughout the 9-year forecast (Fig. 14, 
middle). However, the AC skill of area-averaged anoma-
lous European precipitation (dotted red line) shows posi-
tive skill throughout the forecast, explaining the positive 
skill in the direct model output at some lead times (Fig. 14, 
top)—where the multiple linear regression forecast tends to 
outperform the direct model output. For the detrended case, 
the AC skill drops to zero or negative values, the AC skill 
of area-averaged anomalous European precipitation stays 
positive in the first part (Fig. 14, bottom), where the multi-
model is capable to predict part of the area-averaged North 
Atlantic associated European interannual precipitation 
departures beyond the trend. The potential skill is damped, 
but remains positive throughout the 9-year forecast.

The AC skill of the full North Atlantic influence on pre-
cipitation departures in the Sahel (solid red line, shading) 
from the multiple linear regression model is also statisti-
cally indistinguishable from zero with high potential skill 
(dashed red line) throughout the 9-year forecast (Fig. 15, 
middle). The area-mean direct model output shows posi-
tive skill in the first few forecast years which cannot be dis-
tinguished statistically from zero (Fig. 15, top). Once the 
GMT trend is removed from North Atlantic SSTs, zero or 
negative AC skill is obtained for the detrended case while 
the potential skill is damped, but remains positive through-
out the 9-year forecast (Fig. 15, bottom).

4  Conclusions and discussion

 This study seeks to answer the question of whether state-
of-the-art interannual climate re-forecasts contain useful 

information on the future evolution of the leading two EOF 
modes of North Atlantic SST departures as well as their 
remote influence on land climate on the continents sur-
rounding the basin. The verification has been carried out 
for the initialized versus the uninitialized coupled cli-
mate forecast systems for (1) the full time series and (2) 
for the detrended time series where the long-term trend is 
removed.

The study finds that the full leading two North Atlan-
tic modes are predicted skillfully by the multimodel over 
the course of a 9-year forecast, but this AC skill results in 
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Fig. 15  Anomaly correlation skill of Sahel (15◦W–15◦E; 10–18◦

N) precipitation (top) versus the cross-validated influence of the full 
leading two North Atlantic modes (middle) and the residual influence 
(effects of the long-term trend linearly removed) of the leading two 
North Atlantic modes (bottom) on Sahelian precipitation as a function 
of forecast year for CMIP 5 Init. The influence is based on a multiple 
linear regression model. The solid red line indicates the mean esti-
mate, the shades the 95 %-confidence interval. The filled red circle/
line indicates the mean skill estimate/95 %-confidence interval aver-
aged over the forecast range (9 years). The dotted red line shows the 
skill of the area-mean anomaly. The dashed red line shows the poten-
tial skill, the maximal possible skill with this system, based on the 
model spread. The open red circle indicates the potential skill aver-
aged over the forecast range
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part from the predictions of the trend. The AC skill of the 
detrended modes is reduced, but it is still statistically dis-
tinguishable from zero throughout the 9-year forecast for 
the first mode and exclusively in the first two forecast years 
for the second mode. In this case, the multimodel is thus 
capable to predict part of the North Atlantic modes beyond 
the trend.

The careful initialization with the “best-guess” of the 
observed state of each system of the multimodel is gener-
ally leading to improved forecast quality. The initialization 
effect on the AC skill in CMIP 5 Init is most noticeable—
i.e., statistically distinguishable from CMIP 5 NoInit—
for the detrended first mode during the first three forecast 
years. On the other hand, for the full field case, the initiali-
zation effect is leading to statistically significantly different 
AC skill exclusively in the first forecast year for the first 
mode. It is of major importance that the forecast quality of 
both North Atlantic modes are improved in future systems, 
because the forecast quality of especially the second mode 
is rather poor.

All six systems of the CMIP 5 Init multimodel are capa-
ble to skillfully forecast the shift of the full first mode of 
North Atlantic SST anomalies in the mid 1990s at all 
leads—because their predictions for the 1984–1994 period 
can be distinguished statistically from the ones for the 
1995–2005 period. However, in forecast year seven, e.g., 
both HadCM 3 Init and EC-Earth 2.3 Init show higher 
forecast quality compared to other systems.

All six systems share an intrinsic bias in the North 
Atlantic. The leading two EOF modes of detrended North 
Atlantic SST anomalies bear no resemblance whatsoever 
with what is being observed in nature—no matter whether 
the systems are initialized or not. At longer leads, Init tends 
to NoInit. They tend to generate excess annual-mean SST 
variance at high latitudes which is why the leading two 
EOF modes show centers of action that are shifted pole-
ward, compared to the observed patterns. This intrinsic 
model bias is one of the reasons why the verification in 
this paper uses the projection of both forecast and observed 
SST anomalies onto the observed EOF patterns to obtain 
the forecast and observed PCs. In this way, the remain-
ing forecast SST anomalies associated with the observed 
modes are identified, despite the bias in the leading two 
modes. The positive AC skill in this paper shows that the 
systems simulate interannual SST variability that has simi-
larities with what is being observed. It is important that the 
physical origins of this bias are addressed in future sys-
tems, because a more realistic North Atlantic climate may 
improve forecast quality.

Since seasonal to decadal climate memory on the con-
tinents is limited, a skillful climate forecast on interannual 
time scales over land relies on the remote climate memory 
in the ocean (e.g., in the form of persistent heat content 

anomalies). The study finds that the area-average AC skill 
(i.e., of a forecast containing regional information) of the 
North Atlantic influence on anomalous European tempera-
ture in CMIP 5 Init based on the cross-validated multiple 
linear regression model is positive and statistically distin-
guishable from zero throughout the 9-year forecast for the 
full field case. The fact that it does not outperform the direct 
model output skill means that the models capture the remote 
influence. In this case, the AC skill of area-averaged anoma-
lous European temperature is significantly higher, however, 
such a continent-wide forecast contains no spatial informa-
tion on future European temperature departures. Part of this 
influence skill is due to the predictions of the trend. For the 
detrended case, the AC skill is reduced, but remaining statis-
tically distinguishable from zero in forecast years 2–4. The 
AC skill of area-averaged anomalous European temperature 
is again significantly higher—remaining positive throughout 
the forecast. These residual influence skill results show that 
the multimodel is able to predict part of the North Atlan-
tic associated European interannual temperature departures 
beyond the trend. In other words, the multimodel is there-
fore capable to produce useful interannual North Atlantic 
influence forecasts of, e.g., the likelihood of European heat 
waves or cold spells to occur—for the continent as a whole 
as well as with regional information.

On the other hand, the cross-validated CMIP 5 Init re-
forecasts of the combined influence of the leading two EOF 
modes of North Atlantic SSTs on precipitation departures 
in Europe measured by the area-average AC skill turn 
out not to be skillful. However, the AC skill of the area-
averaged anomalous precipitation from the multiple linear 
regression model is skillful throughout the 9-year forecast 
for the full field case. The fact that it outperforms the direct 
model output skill means that the models do not capture the 
remote influence and need to be corrected by the observed 
remote influence. For the detrended case, the area-average 
AC skill drops to zero or negative values. The AC skill of 
area-averaged anomalous European precipitation stays 
positive in the first part, where the multimodel is able to 
predict part of the area-averaged North Atlantic associated 
European interannual precipitation departures beyond the 
trend. In other words, the corrected multimodel is therefore 
capable to produce useful interannual North Atlantic influ-
ence forecasts of, e.g., the likelihood of European droughts 
or floodings to occur—for the continent as a whole only 
without providing any regional information.

The combined influence of the main modes of North 
Atlantic SSTs on precipitation departures in the Sahel turn 
out not to be skillful. The systems may have biases in the 
remote response of precipitation in the Sahel region to the 
North Atlantic modes. In addition, the predictive skill of 
the second North Atlantic mode is mainly due to the pre-
dictions of the trend with little improvements due to the 
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initialization. It is necessary that the forecast quality of the 
second mode as well as a realistic simulation of the remote 
response to both modes of North Atlantic SST variability 
are improved in future systems—as it might lead to better 
influence forecasts in the Sahel.
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