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1 Introduction

The North Atlantic Oscillation (NAO) is a large-scale see-
saw in atmospheric mass between the Azores high and the 
Icelandic low (Hurrell 1995; Visbeck et al. 2001; Hurrell 
et al. 2003). Variations in the NAO are associated with 
strong changes in wintertime storminess over the North 
Atlantic, and European and North American surface air 
temperature (SAT) and precipitation, and thus have major 
economic impacts. A statistically significant sub-decadal 
peak can be identified in the power spectrum of the tra-
ditional NAO index (Czaja and Marshall 2001; Fye et al. 
2006). Statistically significant sub-decadal peaks are also 
seen in the power spectra of other quantities observed in 
the North Atlantic sector (Deser and Blackmon 1993; Sut-
ton and Allen 1997; Czaja and Marshall 2001; Fye et al. 
2006; Álvarez-García et al. 2008).

The sub-decadal variability in the North Atlantic sec-
tor is distinct from the longer-term multidecadal vari-
ability in that region (Álvarez-García et al. 2008), which 
is associated with the Atlantic Multidecadal Oscillation/
Variability (AMO/V) (Knight et al. 2005). In this study, 
we only address the sub-decadal variability. Different com-
peting hypotheses have been put forward to explain the 
North Atlantic sector sub-decadal variability. It has been 
linked, for instance, to Arctic sea ice (Deser and Black-
mon 1993), to advection by the mean ocean circulation 
(Sutton and Allen 1997), to the wind-driven ocean circu-
lation (Czaja and Marshall 2001; Marshall et al. 2001), to 
the Atlantic Meridional Overturning Circulation (AMOC) 
(Eden and Greatbatch 2003; Álvarez-García et al. 2008), 
and to stochastic resonance (Saravanan and McWilliams 
1997, 1998). Further, it is controversial whether the North 
Atlantic sub-decadal climate variability observed in differ-
ent variables is part of one single dynamical mode of the 
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coupled ocean–atmosphere–sea ice system or is composed 
of different modes each originating from different physical 
processes.

Here, we investigate the origin of the sub-decadal NAO 
variability and related climate variability in the North 
Atlantic sector by analyzing historical observations and a 
millennial control integration of the Kiel Climate Model 
(KCM), a coupled ocean–atmosphere–sea ice general cir-
culation model. By definition, time-varying external forc-
ing is not considered in such control integration and vari-
ability is only internally generated. Section 2 provides 
information about the observational data, the climate model 
and the experimental setup, and the statistical method for 
the identification of the sub-decadal mode in the different 
datasets. In Sect. 3, by jointly discussing the observations 
and the results from the KCM, we present the mechanism 
that is suggested to produce the sub-decadal NAO variabil-
ity. Summary of the major findings and main conclusions 
are presented in Sect. 4.

2  Data and methodology

2.1  Observational data

We use the observed station-based winter (December through 
March, DJFM) NAO index during 1864–2014 from https://
climatedataguide.ucar.edu/climate-data/hurrell-north-atlantic-
oscillation-nao-index-station-based. The station-based NAO 
index is defined as the difference of the normalized sea level 
pressure (SLP) anomaly time series between Lisbon (Portu-
gal; 38.72°N, 9.17°W) and Stykkisholmur/Reykjavik (Ice-
land; 65.07°N, 22.72°W). The climate model’s NAO index 
is computed in an analogous manner from the nearest grid 
points. The station-based index also well describes the mod-
el’s NAO variability (see supplementary Fig. S1).

In the regression and cross-correlation analyses pre-
sented below, gridded sea surface temperatures (SSTs, 
ERSST V3b) provided for January 1854–April 2015 are 
from http://www.ncdc.noaa.gov/ersst/. A dipolar SST index 
is defined from the observed SSTs by subtracting mid-lat-
itudinal from subpolar North Atlantic SST anomalies (see 
boxes in Fig. 1b; according to this convention, a negative 
index means an enhanced meridional SST gradient). The 
KCM’s dipolar SST index is computed in an analogous 
manner.

Gridded sea level pressure data (SLPs, HadSLP2) pro-
vided for the time period January 1850–December 2014 
is obtained from http://www.metoffice.gov.uk/hadobs/
hadslp2/. The common period 1864–2014 is used when 
computing correlations and regressions of the SSTs and 
SLPs with respect to the NAO index. Measurements of 
the AMOC index at 26.5°N from the RAPID array are 

downloaded from http://www.rapid.ac.uk/rapidmoc/ 
(Smeed et al. 2015). The RAPID data have been widely 
used during the recent years; for example, by Bryden et al. 
(2014) and Cunningham et al. (2013), two studies which 
are relevant here. The AMOC index is provided for the 
period April 2004–March 2015. We use the annual mean 
values of the AMOC index for the eleven years during 
2004–2014.

2.2  Coupled model and experiments

The Kiel Climate Model (KCM; see Park et al. 2009) is 
an atmosphere–ocean–sea ice general circulation model. 
It consists of the ECHAM5 atmosphere general circula-
tion model on a T31 horizontal grid (3.75° × 3.75°) with 
19 vertical levels, which is coupled through the OASIS 
coupler to the NEMO ocean-sea ice model on a 2° Mer-
cator mesh amounting on average to 1.3° resolution. 
Enhanced meridional resolution of 0.5° is employed in 
the equatorial region and the ocean model is run with 31 
levels. The KCM has been used in many climate variabil-
ity and response studies. A list of studies conducted with 
the KCM can be obtained from http://www.geomar.de/en/
research/fb1/fb1-me/research-topics/climate-modelling/
kcms/. We analyze the last 700 years of output from a 
millennial present-day control simulation after skip-
ping the first 300 years, which has been initialized with 
Levitus climatology. The climatology of selected quanti-
ties is shown in Fig. 1. Like many other climate models, 
the KCM suffers from large biases in the North Atlan-
tic region (see supplementary Fig. S2 and S3). In par-
ticular, a cold SST bias is observed in the mid-latitudes, 
which largely originates from an incorrect path of the 
North Atlantic Current (Drews et al. 2015). We addi-
tionally investigate 700 years from an integration of the 
ECHAM5 atmosphere general circulation model coupled 
to a slab ocean model with a constant depth of 50 m. In 
this reduced coupled model, changes in ocean circulation 
are completely ignored. Comparison of the fully coupled 
(KCM) integration with the slab ocean coupled integra-
tion provides information about the importance of ocean 
dynamical feedbacks for the sub-decadal NAO variability 
in the KCM.

Finally, the ECHAM5 model version employed by the 
KCM is integrated in an uncoupled mode with prescribed 
SSTs. Two experiments are performed, each 99 years long. 
The first experiment is a control run in which only the 
observed monthly SST climatology drives the model. In 
the second experiment, the observed winter (DJFM) SST 
anomalies associated with the positive phase of the sub-
decadal NAO mode (see Fig. 7a, right panel) are superim-
posed on the observed SST climatology globally. The dif-
ferences between the two experiments provide information 
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http://www.metoffice.gov.uk/hadobs/hadslp2/
http://www.metoffice.gov.uk/hadobs/hadslp2/
http://www.rapid.ac.uk/rapidmoc/
http://www.geomar.de/en/research/fb1/fb1-me/research-topics/climate-modelling/kcms/
http://www.geomar.de/en/research/fb1/fb1-me/research-topics/climate-modelling/kcms/
http://www.geomar.de/en/research/fb1/fb1-me/research-topics/climate-modelling/kcms/
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about whether and how the SST anomalies feed back onto 
the atmosphere and thus yield some information about 
the role of air-sea coupling in generating the sub-decadal 
NAO mode. The atmospheric response is defined as the 

difference between the two long-term means (experiment 
minus control), where the long-term mean is computed 
from all 99 DJFM values. A t-test provides the statistical 
significance of the response.

Fig. 1  Climatology of selected quantities averaged over the last 
700 years of the millennial control integration of the KCM. a SLP 
(DJFM). b SST (DJFM). c Atlantic Meridional Overturning stream-
function (annual). d Net surface heat flux (DJFM). e Surface wind 
stress (DJFM). f Ekman transport (DJFM). g Barotropic streamfunc-
tion (annual means). h Upper ocean (0–500 m) heat content (annual 
means referenced to 0 K). i Sea ice concentration (DJFM). j 500 hPa 

geopotential height (DJFM). k Storm track based on the 500 hPa geo-
potential height (DJFM). l Atlantic (80°W–10°E) zonal mean storm 
track based on the geopotential height (DJFM). In (b), the two boxes 
indicate the areas over which data have been averaged to calculate the 
dipolar SST index (SSTs in subpolar box minus SSTs in subtropical 
box; used in the Figs. 4, 5)



3478 A. Reintges et al.

1 3

2.3  Statistical methods

Singular Spectrum Analysis (SSA; see Vautard and Ghil 
1989) is applied here to derive oscillatory modes from the 
observations and the model data. The results of the SSA 
may be sensitive to the choice of parameters. In order to 
investigate such sensitivity different variables and window 
lengths have been applied, and the results are rather robust. 
In the SSAs of the observed NAO index and the observed 
(dipolar) SST index, both covering about 150 years, the 
window length is 15 years and only these results are shown 
below. Sensitivity tests using a window length of 20 years 
were performed. The results are virtually unchanged, sug-
gesting robustness in the results from the observational 
analyses. Furthermore, sub-decadal modes are identified 
from SSA applied separately to the observed NAO index 
and the observed (dipolar) SST index. With regard to the 
KCM, SLP, geopotential, storm track, SST, surface heat 
flux and AMOC indices from the model have been individ-
ually used in the SSA, and they all yield the same sub-dec-
adal period of 9 years. KCM-results shown below are from 
SSAs employing a window length of 100 years. Sensitivity 
tests conducted using several window lengths in the range 
of 70–150 years yield similar results. Thus, we can confi-
dently state that at least in the model, a statistically signifi-
cant sub-decadal mode is simulated in the North Atlantic 

sector that has expressions in both the atmosphere and the 
ocean.

Cross-correlation and linear regression analyses were 
performed to investigate the links between different vari-
ables. In the calculation of the confidence limits for the cor-
relation coefficients, we use a t-test based on the effective 
number of degrees of freedom which is estimated from the 
decorrelation time of each time series (Leith 1973) sepa-
rately, explaining the differing confidence limits in the plots 
shown below. The decorrelation time is defined here as 
the e-folding timescale of the time series’ auto-correlation 
function. By multiplying the critical correlation coefficient 
with the standard deviation of the variable under considera-
tion we obtain the threshold for the corresponding regres-
sion coefficient.

3  Results

3.1  Statistical analyses

We first compute the power spectrum of the observed 
winter-NAO index during 1864–2014. Sub-decadal NAO 
variability is statistically significant at the 99 %-confi-
dence level in the observations (Fig. 2a), which is one of 
the main motivations for this study. We next computed the 

Fig. 2  Power spectra of the NAO index calculated from a the obser-
vations during 1864–2014, b the coupled KCM integration employ-
ing a dynamical ocean, c the coupled KCM run employing a slab 
ocean model. A Hamming window with a length of 100 years is used. 

The thin grey horizontal line indicates the median spectrum of a red 
noise (a) or white noise (b, c) process. Confidence limits are shown 
for 90 % (blue), 95 % (red), and 99 % (green)
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winter-NAO index spectra from the two coupled model 
simulations. Differences in the spectra computed from 
the two simulations depict the role of ocean dynamics in 
influencing the NAO. Statistically significant sub-decadal 
NAO variability is observed in the power spectrum of the 
coupled simulation employing a dynamical ocean model 
(Fig. 2b), the KCM, but not in that of the coupled integra-
tion with the slab ocean model (Fig. 2c). The existence 
(absence) of the sub-decadal NAO mode in the power 
spectrum computed from the coupled simulation with 
the dynamical (slab) ocean model was verified by repeat-
ing the spectral analysis with different window types and 
window lengths. On the contrary, the peaks seen at 25 and 
4 years in Fig. 2c are not robust. The lack of enhanced sub-
decadal NAO variability in the coupled simulation with 
the slab ocean model suggests that dynamical ocean pro-
cesses, through their influence on SST, is essential to pro-
duce the sub-decadal NAO mode in the KCM. We return to 
this point below.

Consistent with the power spectrum presented above 
(Fig. 2a), the SSA of the observed winter-NAO index of 
1864–2014 reveals a sub-decadal oscillatory mode with a 
period of 8 years (red line in Fig. 3a, b) that accounts for 
18 % of the total variance (Fig. 4a). This SSA mode is, 
however, not statistically significant against red noise at 
the 95 % confidence limit. We present the reconstructed 
NAO index together with the AMOC index at 26.5°N from 
the RAPID array in Fig. 3b. The evolution of the observed 

AMOC index depicts similar sub-decadal variability 
(Bryden et al. 2014; Cunningham et al. 2013) as the recon-
structed NAO index. However, the AMOC record is very 
short only covering about a decade, which does not allow 
drawing any inferences about causality and the reason for 
additionally investigating the sub-decadal NAO variabil-
ity simulated by the KCM. As will be discussed in detail 
below, the KCM depicts a close connection between the 
AMOC and the NAO at sub-decadal timescales (Fig. 3c) 
such that the former leads the latter by about a year. This 
suggests the assumption that the observed sub-decadal 
AMOC signal is part of an oscillation in the North Atlantic 
region and related to the NAO.

We next perform SSA on the KCM’s NAO index, which 
yields a leading oscillatory sub-decadal mode with a period 
of 9 years (red line in Fig. 3c) accounting for about 4 % 
of the total variance (Fig. 5a). We note that the explained 
variance strongly depends on the window length, while the 
existence of the sub-decadal SSA mode does not. When 
choosing a window length of 15 years, as in the observa-
tional analyses, the explained variance is similar to that 
obtained from the SSA of the observed NAO index. For 
example, using only the last 150 years from the model and 
a window length of 15 years yields a sub-decadal NAO 
mode that accounts for about 20 % of the variance. Fur-
ther, since SSA provides modes which are sharply peaked 
in frequency space, the variance accounted for by SSA 
modes is generally considerably lower in comparison to 
other statistical techniques such as Empirical Orthogonal 
Function (EOF) analysis which covers a larger frequency 
range. The sub-decadal NAO mode obtained from the 
KCM (Fig. 3c) is statistically significant against red noise 
at the 95 % confidence limit. We observed in the KCM a 
strong amplitude modulation of the sub-decadal NAO vari-
ability on centennial timescales (red curve in Fig. 5b). No 
sub-decadal mode is obtained from the SSA of the NAO 
index simulated in the coupled integration with the slab 
ocean model (not shown), which reinforces the findings 
from the investigation of the power spectra (Fig. 2). In the 
coupled experiment in which the dynamical ocean model 
is replaced by a slab ocean model, the NAO index does 
not exhibit statistically significant sub-decadal variability 
above the background spectrum (Fig. 2c). Furthermore, 
applying SSA to the NAO index does not reveal a statisti-
cally significant sub-decadal NAO mode. However, a peak 
at multidecadal timescales is seen in the spectrum of the 
NAO index obtained from the coupled integration with the 
slab ocean. This peak appears not to be robust, because it is 
neither supported by SSA nor seen in the power spectra of 
other variables (not shown). The comparison of the KCM 
results with those of the coupled slab ocean model integra-
tion demonstrates that ocean dynamical processes are nec-
essary to produce the sub-decadal NAO mode in the KCM.
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Fig. 3  Time series of the NAO index during winter (DJFM) and the 
AMOC index (annual means). a Observed NAO index (black) and 
its reconstruction using the sub-decadal SSA mode derived from 
the period 1864–2014 (red). b Sub-decadal mode reconstruction of 
the observed NAO index (red, reproduced from a) and the AMOC 
strength at 26.5°N from the RAPID measurements provided for the 
period 2004–2013 (blue). c Sub-decadal mode reconstruction of the 
NAO index (red) and the AMOC strength at 30°N (blue) from the 
KCM
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3.2  Sub‑decadal mode surface patterns

The sub-decadal NAO-index reconstructions are used as 
indices to compute regression patterns of SLP anomalies 
during winter (DJFM) from the observations and the KCM. 
Both evolutions, that obtained from observations (Fig. 6a) 

and that from the KCM (Fig. 6b), depict a transition from 
the negative polarity of the NAO at lag −4 yr to its positive 
polarity at lag 0 yr. At lag −2 yr, SLP anomalies are con-
siderably weaker, so that the sub-decadal SLP variability 
approximately takes the form of a standing oscillation in the 
observations and in the KCM. Notable differences between 

Fig. 4  Singular Spectrum Anal-
yses (SSAs) applied to observed 
variables during winter (DJFM). 
a, b Results for the NAO 
index 1864–2014, c, d for the 
dipolar SST index 1855–2015. 
Eigenvalue spectra are shown 
in (a) and (c). The sub-decadal 
eigenvalue pair is marked by the 
red circle. Blue crosses indicate 
eigenvalues that are statistically 
significant (95 %-confidence 
limit) based on a Monte Carlo 
test against red-noise and 1000 
realisations. The raw time 
series (thin black line) and the 
SSA reconstruction using the 
sub-decadal eigenvalue pair 
(thick red line) are shown in (b) 
and (d). The cross-correlation 
between the sub-decadal mode 
reconstructions of the NAO and 
the dipolar SST index calculated 
over the period 1864–2014 is 
shown in (e). The red horizontal 
lines indicate the 95 %-confi-
dence interval. Depending on 
the time lag, the time series 
provide 45–48 effective degrees 
of freedom
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the SLP regression patterns are also seen, especially at lag 
−2 yr. However, this mostly concerns non-significant fea-
tures. The gross features of the time–space structure are 

similar, supporting that the model is reasonably well cap-
turing the observed sub-decadal SLP variability.

Lag-regressions of sea surface temperature (SST) anom-
alies during DJFM are computed next (Fig. 7), again upon 
the two NAO-index reconstructions. In both the obser-
vations (Fig. 7a) and the KCM (Fig. 7b), negative SST 
anomalies appear in the mid-latitudes at lag −4 yr, which 
intensify during the subsequent 2 years. In the Labrador 
and Irminger Seas, negative SST anomalies emerge at lag 
−1 yr in both datasets (not shown). At lag 0 yr, i.e. when 
the sub-decadal NAO mode is in its positive phase, the 
negative SST anomaly in the subpolar North Atlantic has 
strengthened, while in the mid-latitudes, the negative SST 
anomaly is replaced by a positive SST anomaly which 
emanated from the western boundary.

3.3  Mechanism in the KCM

In order to gain further insight into the mechanism behind 
the sub-decadal NAO variability, we now investigate the 
model results in more detail. Consistent with observations 
(Czaja 2001; Cayan 1992), the net surface heat flux anoma-
lies (Fig. 8a) tend to drive the SST anomalies in the subpo-
lar and mid-latitude North Atlantic during the two extreme 
phases (lag −4 yr, lag 0 yr) of the sub-decadal NAO mode. 
At these lags, the anomalous wind stress (Fig. 8b) through 
its curl forces anomalous Ekman transports (Fig. 8c), and 
these contribute to the generation of the SST anomalies 
in the centers of action. At lag −3 yr (not shown) and lag 
−2 yr, the net heat flux anomalies, though not being sta-
tistically significant, still tend to damp the SST anoma-
lies, especially in the mid-latitude North Atlantic. Further-
more, wind stress anomalies are weak in this transition 
phase of the sub-decadal NAO mode (Fig. 8b). Thus, the 
strong negative SST anomalies simulated by the KCM at 
lag −2 yr must originate from ocean dynamical processes. 
The barotropic streamfunction anomalies associated with 
the sub-decadal NAO mode depict statistically significant 
regressions at all lags (Fig. 8d). An “intergyre” gyre (Mar-
shall et al. 2001) develops at lag −4 yr and persists until 
lag −2 yr, pushing the subpolar-gyre boundary southward. 
This favors sea surface cooling in the mid-latitudes with 
a time delay of 1 to 2 years, which constitutes a positive 
feedback on the SST anomalies in that region.

A delayed negative feedback is provided by the 
AMOC which responds to the dipolar heat flux anomalies 

Fig. 5  Singular Spectrum Analyses (SSAs) applied to variables from 
the KCM (700 years). a–e Analogous to Fig. 4a–e; SSA results for 
the AMOC index at 30°N are shown in (f) and (g); cross-correlations 
between the sub-decadal mode reconstructions of the NAO index and 
the AMOC index in (h). In (e), the number of effective degrees of 
freedom is 193, in (h) 200

◂
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prevailing during the negative extreme of the sub-decadal 
NAO mode at lag −4 yr (Fig. 8a). Statistically significant 
upper ocean (0–500 m) heat content anomalies (Fig. 8e) are 
simulated by the model in the mid-latitudes at lag −4 yr. 
At lag −2 yr, a small heat content signal of opposite sign 
develops in the west and follows the path of the KCM’s 
North Atlantic Current, eventually reversing the SST ten-
dency in the mid-latitude North Atlantic. This heat content 
signal is attributed to the concurrent changes in the AMOC. 
The overturning streamfunction depicts a well-devel-
oped dipolar anomaly with a node near 45°N at lag−2 yr 
(Fig. 9). The positive AMOC anomaly centered near 30°N 
enhances the transport of warm water in the upper ocean 

from the subtropics to the mid-latitudes. Further to the 
north, negative SST and heat content anomalies develop at 
lag −1 yr (not shown) and reach full strength at lag 0 yr 
(Figs. 7, 8). At this time, we find increased sea ice concen-
tration in the western subpolar North Atlantic (Fig. 8f).

To sharpen the role of the AMOC in the KCM’s sub-
decadal NAO variability, SSA was performed on an AMOC 
index defined as the maximum overturning streamfunc-
tion at 30°N (black curve in Fig. 5g). The leading oscil-
latory SSA mode, comprising basin-wide changes of the 
AMOC (not shown), is multidecadal (Park and Latif 2008) 
(rank 1 and 2 in Fig. 5f) and not of relevance here. The 
next energetic SSA mode accounting for about 8 % of the 

Fig. 6  Lag-regressions of sea 
level pressure (SLP) anomalies 
during winter (DJFM) upon 
the sub-decadal mode of the 
NAO index. a From observa-
tions (Hurrell NAO index and 
HadSLP2 during 1864–2014). 
b From the KCM (700 years). 
Hatching denotes statistical 
significance at the 95 %-con-
fidence level. Please note the 
different scales

Fig. 7  Lag-regressions of sea 
surface temperature (SST) 
anomalies during winter 
(DJFM) upon the sub-decadal 
mode of the NAO index. a 
From observations (ERSST V3b 
during 1864–2014). b From the 
KCM (700 years). Hatching 
denotes statistical significance 
at the 95 % confidence level. 
Please note the different scales. 
The two boxes indicate those 
areas over which data have been 
averaged to calculate the dipolar 
SST index (subpolar box minus 
subtropical box) used in the 
Figs. 4 and 5
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Fig. 8  Lag-regressions upon 
the leading oscillatory (sub-
decadal) SSA mode of the NAO 
index calculated from the KCM. 
a Net surface heat flux (DJFM). 
b Surface wind stress (DJFM). 
c Ekman transport (DJFM). 
d Barotropic streamfunction 
(annual means; climatology 
overlaid as solid contours for 
positive and dashed contours for 
negative values, contour interval 
of 5 × 106 m3/s). e Upper ocean 
(0–500 m) heat content (annual 
means). f Sea ice concentration 
anomalies (DJFM). Statisti-
cal significance at the 95 % 
confidence level is indicated by 
hatching in (a) and (d)–(f), and 
by red arrows in (b) and (c)
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total variance is significant against a red noise process and 
sub-decadal (Fig. 5f, g) with a period of 9 years. We recon-
structed the AMOC index using this SSA mode (red curve 
in Fig. 5g) and lag-correlated the reconstructed AMOC 
index with the sub-decadal NAO index reconstruction 
(red curve in Fig. 5b). The two indices, which have been 
derived from independent statistical analyses, are strongly 
lag-correlated (Fig. 5h), suggesting they are part of the 
same physical mode. The largest correlation (r = 0.74) is 
attained when the (reconstructed) AMOC index leads the 
(reconstructed) NAO index by 1 year (see also Fig. 3c). 
This suggests that the AMOC is instrumental, through its 
impact on SST, in driving the sub-decadal NAO variability 
in the KCM.

3.4  Air–sea coupling

Conceptually, the sub-decadal variability simulated by 
the KCM can be understood as a delayed action oscilla-
tor (Marshall et al. 2001). We hypothesize that the dipolar 
overturning anomaly, with a time delay, strengthens the 
meridional SST gradient between the subpolar and mid-
latitude North Atlantic. This in turn drives the phase change 
of the sub-decadal NAO mode to its positive polarity. To 
test this hypothesis a dipolar SST index is calculated from 
both the observations and the model by subtracting mid-lat-
itudinal from subpolar SST anomalies (the SSTs were aver-
aged over the boxes shown in Figs. 1b, 7). According to this 
definition, a stronger meridional SST gradient is associated 
with a negative index. SSA applied to the dipolar SST indi-
ces calculated from the observations and the model yields 
sub-decadal modes with the same periods as those obtained 
from the SSA of the NAO indices (Figs. 4c, d, 5c, d), lend-
ing further support to the assumption that the sub-decadal 
oscillation is a robust mode in both the observations and 
the model. We correlate next the sub-decadal SSA-mode 
reconstructions of the dipolar SST indices with the sub-
decadal SSA-mode reconstructions of the NAO indices 
(Figs. 4b, 5b). The cross-correlation functions calculated 
from the observations (Fig. 4e) and the model (Fig. 5e) are 
very similar. They both clearly depict the sub-decadal peri-
odicity and exhibit statistically significant negative cross-
correlation (above the 95 % level) at lag 0 yr. This sup-
ports the conjecture that the sub-decadal NAO variability 

involves large-scale ocean–atmosphere coupling, with a 
stronger meridional SST gradient driving a stronger NAO 
index and vice versa.

As shown in Fig. 5, the dipolar SST index and NAO 
index SSA-mode reconstructions are highly correlated. The 
fact that a sub-decadal periodicity can be identified in the 
NAO index by itself supports the notion that the sub-dec-
adal NAO variability is part of a coupled ocean–atmosphere 
mode, assuming that the atmosphere by itself does not pro-
duce a sub-decadal cycle. The atmospheric response to 
mid-latitudinal SST anomalies is a controversial topic and 
not well understood. This is demonstrated, for example, by 
the diversity of model results. The coarse horizontal reso-
lution (T31) of the atmospheric component (ECHAM5) of 
the KCM does not a priori inhibit the atmosphere model to 
responding to the dipolar SST anomalies. The spatial scale 
of the dipolar SST anomaly, exhibiting opposite changes 
in the subpolar and mid-latitudinal Atlantic, is sufficiently 
large to be resolved by the atmosphere model.

One needs to bear in mind in this context that consistent 
with observations, a positive phase of the NAO is associ-
ated with surface heat flux anomalies (Fig. 8a, right panel) 
which tend to cool the subpolar North Atlantic and warm the 
region to the south of it. These heat flux anomalies reinforce 
the dipolar SST anomaly in the KCM, constituting a positive 

Fig. 9  Lag-regressions of the 
Atlantic meridional overturning 
streamfunction upon the leading 
oscillatory (sub-decadal) mode 
of the NAO index calculated 
from the KCM (700 years). 
Hatching denotes statistical 
significance at the 95 %-confi-
dence level

Fig. 10  Power spectrum of the heat flux index (averaged over the 
subpolar North Atlantic, 48°–15°W/43°–58°N) calculated from the 
KCM. A Hamming window with a length of 100 years is used. The 
thin grey horizontal line indicates the median spectrum of a red noise 
process. Confidence limits are shown for 90 % (blue), 95 % (red), 
and 99 % (green)
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feedback. Consistent with the spectral analyses presented 
above, the power spectrum of the heat flux anomalies aver-
aged over the subpolar North Atlantic (48°–15°W/43°–58°N) 
depicts a peak at 9 years that is statistically significant at the 
99 % level (Fig. 10). Furthermore, SSA applied to that heat 
flux index yields a statistically significant oscillatory mode 
with a period of 9 years (not shown), which further supports 
the conjecture that air-sea coupling is important in producing 
the sub-decadal NAO mode.

We next examine the vertical structure of the atmospheric 
changes associated with the sub-decadal NAO mode. The 
500 hPa geopotential height anomalies, as shown by lag-
regression patterns (Fig. 11a) calculated upon the sub-dec-
adal NAO SSA-mode reconstruction (as in Fig. 8), have a 
similar horizontal structure as the SLP anomalies, indicating 
an equivalent barotropic vertical structure and suggesting an 
eddy-mediated response. As in the SLP anomaly field, the 
changes in the centers of action of the 500 hPa height anom-
aly field are statistically significant. The height response 
goes along with statistically significant regressions in the 
storm track at 500 hPa (Fig. 11b), as defined by the standard 
deviation of the 12-hourly band-pass filtered (2.5–8 days) 
height anomalies. The mean storm track over the North 
Atlantic is centered near 45°N (Fig. 1k and contours in 

Fig. 11b). During the negative NAO phase (lag −4 yr), the 
storm track shifts southward, during the positive NAO phase 
(lag 0 yr) poleward (Fig. 11b). The vertical structure of the 
regressions calculated from the zonally (80°W–10°E) aver-
aged storm track reveals statistically significant changes in 
synoptic activity up to the 500 hPa level (Fig. 11c).

3.5  Forced atmosphere model experiments

In order to investigate the atmospheric response to the 
dipolar SST anomaly in more detail, we now turn to the 
forced integrations with the ECHAM5 atmosphere model. 
When the model is forced by the SST anomalies associated 
with the positive phase of the (observed) sub-decadal NAO 
mode (Fig. 7a, right panel; Fig. S4a), a statistically sig-
nificant atmospheric response is simulated that is consist-
ent with the results describe above. For example, the SLP 
response pattern (Fig. S4b) is rather similar to the observed 
pattern (Fig. 6a, right panel) and the KCM pattern (Fig. 6b, 
right panel) that are associated with the sub-decadal NAO 
variability. Furthermore, the heat flux response pattern 
simulated in the forced atmosphere model experiment 
(Fig. S4c) confirms the positive feedback postulated above 
on the basis of the KCM results (Fig. 8a, right panel). 

Fig. 11  Lag-regressions upon 
the leading oscillatory (sub-
decadal) SSA mode of the 
NAO index calculated from the 
KCM. a 500 hPa geopotential 
height (DJFM). b Storm track 
based on the 500 hPa geopoten-
tial height (DJFM). c Atlantic 
(80°W–10°E) zonal mean storm 
track based on the geopotential 
height (DJFM). Statistical sig-
nificance at the 95 % confidence 
level is indicated by hatching
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Moreover, the pressure response in the forced experiment 
is equivalent barotropic (not shown), as it is in the KCM 
(Fig. 11a, right panel). Additional sensitivity experiments 
(not shown) reveal that it is the SST anomalies in the North 
Atlantic north of 25°N that are most important in driving 
the NAO-like atmospheric response.

It is beyond the scope of this paper to discuss the atmos-
pheric response at great length. What is important here is 
that the ECHAM5 atmosphere model is sensitive to the 
dipolar SST anomaly associated with the sub-decadal NAO 
variability and reproduces the coupled model patterns. In 
particular, the forced atmosphere model experiment sup-
ports the existence of a positive atmosphere–ocean feed-
back. Atmospheric sensitivity to AMOC-related dipolar 
SST changes in the North Atlantic also has been recently 
reported from another climate model (Frankignoul et al. 
2015). The limited observational data also support such an 
atmospheric sensitivity to mid-latitudinal SST anomalies 
(Bryden et al. 2014; Czaja and Frankignoul 1999; Czaja 
and Frankignoul 2002).

4  Summary and discussion

We have investigated the sub-decadal variability of the North 
Atlantic Oscillation (NAO) and of other quantities in the 
North Atlantic sector. Such sub-decadal variability in the 
North Atlantic sector is well documented from observations. 
The Kiel Climate Model (KCM) simulates such a North 
Atlantic sub-decadal variability in a millennial control run, 
suggesting it could be internal in nature and does not require 
external forcing. It is suggested on the basis of the coupled 
model results that the sub-decadal NAO mode is part of a 
coupled mode of the North Atlantic ocean–atmosphere-sea 
ice system. More specifically, the sub-decadal climate vari-
ability in the North Atlantic sector is the result of positive 
ocean–atmosphere feedback and delayed negative ocean 
dynamical feedback. The latter is shown by an additional 
coupled model integration in which the dynamical ocean 
model is replaced by a slab ocean model with no ocean 
dynamics. In that simulation, the sub-decadal NAO mode is 
absent. The former is supported by an uncoupled experiment 
with the atmospheric component (ECHAM5) of the KCM, 
in which the SST anomalies associated with the positive 
phase of the sub-decadal NAO variability drive the model.

In the KCM, a fast positive feedback on the sea surface 
temperature (SST) anomalies is provided by both heat flux 
and wind-driven ocean circulation. During a negative NAO 
phase, for example, the North Atlantic SST of the subpo-
lar gyre region is anomalously warm, whereas the SST is 
anomalously cold southwest of the gyre. The SST anomaly 
pattern is reinforced by anomalous Ekman transports and 
the establishment of an “intergyre” gyre. The phase reversal 

and (consequently) timescale of the sub-decadal mode are 
due to a delayed negative feedback on the SST caused by 
changes in the Atlantic Meridional Overturning Circulation 
(AMOC). In response to the changes in the overturning, 
a dipolar SST anomaly with opposite polarity to that pre-
vailing during the negative phase of the sub-decadal NAO 
mode develops, which initiates the phase reversal of the 
sub-decadal NAO mode.

The coupled nature of the sub-decadal NAO mode in the 
model is supported by three findings. First, independent 
statistical analyses of SLP, SST and meridional overturning 
all yield a statistically significant sub-decadal mode with 
the same period. This unlikely is due to chance. Further, 
no sensitivity to the choice of the statistical parameters is 
found, indicating the sub-decadal mode is a robust feature 
of the KCM’s internal variability. Second, such enhanced 
sub-decadal variability is not observed, neither in SLP nor 
in SST, in a companion coupled simulation employing a 
slab ocean model instead of the dynamical ocean model 
used in the standard KCM. Finally, third, a forced atmos-
phere model experiment with prescribed SST anomalies 
linked to the positive phase of the (observed) sub-decadal 
NAO variability reproduces the patterns simulated in the 
coupled integration of the KCM.

The observations analyzed in this study are consist-
ent with the model results, with regard to the sub-decadal 
periodicity, spatial SLP and SST anomaly structure, and 
with respect to the relationship between the sub-decadal 
NAO index and dipolar SST index. For example, the KCM 
simulates enhanced sub-decadal variability with a period of 
9 years as opposed to 8 years in the data, which is reason-
ably close to the observed period. Moreover, the correlation 
function between the sub-decadal NAO index and the sub-
decadal dipolar SST index obtained from the observations 
is very similar to that simulated in the model, with the SST 
index and the NAO index exhibiting a highly significant 
out-of-phase correlation, indicating an enhanced meridi-
onal SST gradient goes along with a stronger NAO. This in 
conjunction with the uncoupled atmosphere model integra-
tion suggests an oceanic influence on the sub-decadal NAO 
variability such that there is a positive ocean–atmosphere 
feedback. We believe that this positive feedback is essential 
to lift the sub-decadal NAO mode to climatological impor-
tance, as previously suggested by the hybrid coupled model 
study of Eden and Greatbatch (2003).

The nature of air-sea interactions in the North Atlantic 
region is dependent on the timescale (Bjerknes 1964; Park 
and Latif 2005; Gulev et al. 2013; Woollings et al. 2015), 
and the sub-decadal timescale is an intermediate one, at 
which dynamical processes in both the atmosphere and the 
ocean may be equally important to generate SST anoma-
lies. Here we offer a mechanism for the generation of North 
Atlantic sector sub-decadal climate variability that can be 
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tested, especially with respect to the role of the AMOC, 
as subsurface observations are becoming long enough to 
resolve the sub-decadal climate oscillation. Further, the 
potential role of the AMOC in providing the memory for the 
sub-decadal climate oscillation in the North Atlantic sector 
is important with regard to multiyear climate predictability. 
Suitably initialized climate models may exhibit skill in fore-
casting such sub-decadal variability months ahead. It should 
be kept in mind, however, that the KCM, like many other 
climate models, exhibits large biases in the North Atlantic 
region. The role of model bias in affecting sub-decadal vari-
ability in North Atlantic sector is still an open question.
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