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Abstract The interaction between the atmosphere, specifically the North Atlantic Oscillation, and the
North Atlantic Ocean circulation on subdecadal time scale is analyzed in a subset of models participating
in the Coupled Model Intercomparison Project phase 5. From preindustrial control runs of at least 500‐year
length, we derive anomaly patterns in the atmospheric and ocean circulation and of air‐sea heat exchange.
All models simulate a distinct dipolar oceanic overturning anomaly at the subdecadal time scale, with
centers at 30°N and 55°N. The dipolar overturning anomaly goes along with marked anomalies in the North
Atlantic sea surface temperature and gyre circulation. Lag‐regression analyses demonstrate, with relatively
small ensemble spread, how the atmosphere and the ocean circulation interact. The dipolar anomalies in
the overturning are forced by North Atlantic Oscillation‐related wind stress curl anomalies. Anomalous
surface heat fluxes in concert with anomalous vertical motions drive a meridional dipolar heat content
anomaly in the upper ocean, and it is this dipolar heat content anomaly which carries the coupled system
from one phase of the subdecadal cycle to the other by reversing the tendencies in the overturning
circulation. The coupled subdecadal variability derived from the Coupled Model Intercomparison Project
phase 5 models is characterized by three elements: a wind‐driven part steering the dipolar overturning
anomaly, surface heat flux anomalies that support a heat buildup in the subpolar gyre region, and the heat
storage memory which is instrumental in the phase reversal of the North Atlantic Oscillation.

Plain Language Summary The climate variability of the North Atlantic region is largely
determined by interactions between atmosphere and ocean. The North Atlantic Oscillation in the
atmosphere and variations in the oceanic meridional heat transport are key phenomena in the Atlantic sector
and responsible for large fractions of variability. In the ocean, the meridional heat transport is closely related
to the Atlantic meridional overturning circulation, and to the subtropical and subpolar gyres. We derive
the interaction between the atmosphere and ocean, on the subdecadal time scale in a subset of 12 climate
models. Here we find a distinct dipolar overturning anomaly with centers at 30°N and 55°N and a period
between six and eight years.Marked anomalies in North Atlantic sea surface temperature and gyre circulation
go along with the dipolar overturning variability. Anomalous wind fields in concert with anomalous vertical
motions in the ocean changes the heat content pushed the coupled system from one North Atlantic
Oscillation phase to the other. The subdecadal variability is characterized by three elements: a wind‐driven
part steering the overturning, surface heat flux anomalies supporting an oceanic heat buildup, and the heat
storage memory which is instrumental in the phase reversal of the North Atlantic Oscillation.

1. Introduction

The climate variability of the North Atlantic region is largely determined by thermodynamic and dynamic
interactions between the atmosphere and the ocean. The North Atlantic Oscillation (NAO) in the atmo-
sphere and variations in the oceanic meridional heat transport (MHT) are key phenomena in the Atlantic
sector and responsible for an appreciable amount of variability on a variety of time scales. The NAO index
is a measure of the large‐scale pressure gradient in the atmosphere between the Azores high and the
Icelandic low (Hurrell, 1995; Hurrell & Deser, 2010; Visbeck et al., 2001) characterized by the storm track
variability over the Atlantic sector from subseasonal to multidecadal time scales (Hurrel and Deser, 2010).
In the North Atlantic, the MHT is closely related to the Atlantic meridional overturning circulation
(AMOC) and to a lesser extent the subtropical and subpolar gyres (STG and SPG, respectively; Buckley &
Marshall, 2016). The AMOC transports relatively warm and salty surface water northward, which is com-
pensated by a deep return flow of colder and fresher water. AMOC variability accounts for a major part of
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the MHT variability in the North Atlantic on multidecadal time scales. In climate models, periods of a per-
sistent positive NAO index drive stronger AMOC andMHTwhich in turn drive positive sea surface tempera-
ture (SST) anomalies over the North Atlantic. The AMOC is sensitive to density changes at high northern
latitudes. A positive phase of the NAO strengthens the AMOC by extracting heat from the subpolar gyre,
thereby increasing deepwater formation and horizontal density gradients (Delworth et al., 1993; Delworth
et al., 2017; Delworth & Zeng, 2016). A coupled driving mechanism steering the AMOC and the NAO seems
possible (e.g., Timmermann et al., 1998). However, it is controversial to which extent AMOC variability feeds
back on the NAO, and if so at which time scale. Within the near‐surface ocean layers, the STG and the SPG
contribute additional variability to the MHT.

Observations from the Rapid Climate Change (RAPID) mooring array at 26.5°N, which started in 2004,
depict an interannual variability of several sverdrups in the meridional overturning and MHT
(Cunningham et al., 2007; Smeed et al., 2015). At interannual to decadal time scales, which is the focus of this
study, the variability of the coupled atmosphere–ocean system over the North Atlantic is largely determined
by the exchange of momentum and heat at the sea surface (Delworth & Greatbatch, 2000). The NAO‐related
atmospheric circulation anomalies, for example, drive large air‐sea heat exchange anomalies, which deter-
mine the storm activity over the North Atlantic Ocean (Allison et al., 2015; Hurrell & Deser, 2010). Heat gain
from the ocean is associated with intensified atmospheric cyclogenesis, indicating a high NAO‐index phase.

The nature of the interactions between the atmosphere and the ocean strongly depend on time scale
(Bjerknes, 1964; Gulev et al., 2013). As described above, oceanic heat loss in the subpolar North Atlantic sup-
ports deepwater formation and relates to AMOC variability. A prominent part of the overturning variability
that originates in the SPG region propagates southward. The signal reaches the equator after about 5 to
10 years (Zhang, 2010; Zhang & Zhang, 2015). Due to the wind stress the SPG and the overturning are closely
related: on short interannual time scales due to NAO‐related wind stress anomalies (Born & Mignot, 2012),
on the longer decadal to multidecadal time scales due to NAO‐related buoyancy forcing (Deshayes &
Frankignoul, 2008; Eden & Jung, 2001). We note that the bottom pressure torque represents a key dynamical
link between the overturning and the SPG (Yeager, 2015). Álvarez‐García et al. (2008) derive from sea sur-
face temperature (SST) observations two distinct oscillatory modes in the North Atlantic, which are asso-
ciated with a multidecadal and a quasidecadal period. The multidecadal mode of SST is the Atlantic
Multidecadal Oscillation/Variability (Knight et al., 2005) and is linked to basin‐wide AMOC variability,
where the AMOC has been obtained from a forced ocean model simulation. This study is concerned with
the shorter time scale variability, specifically that on the subdecadal time scale, which involves a tripolar
SST anomaly, resembling the NAO imprint, and a dipolar overturning anomaly.

The relative importance of individual steering mechanisms of subdecadal ocean–atmosphere variability in
the North Atlantic sector is still under discussion. For example, Arctic sea ice (Deser & Blackmon, 1993),
the advection by the mean ocean circulation (Sutton & Allen, 1997), the wind‐driven ocean circulation
(Czaja & Marshall, 2001; Marshall et al., 2001), the overturning circulation (ÁlvarezGarcía et al., 2008;
Eden & Greatbatch, 2003), and the stochastic resonance mechanism (Saravanan and McWilliams, 1997,
1998) have been proposed as important drivers of North Atlantic subdecadal variability. When neglecting
any advection the North Atlantic SST anomalies can be understood as the time‐integrated response to
NAO‐related surface heat flux anomalies. However, thermal anomalies are not restricted to the sea surface
and could extend to depths of 1–2 km, implying an advective origin (Williams et al., 2015). Thermal anoma-
lies in the SPG often have an opposing sign to the subtropics and are linked in both regions to heat conver-
gences associated with the meridional overturning circulation (Williams et al., 2014 and 2015). Observations
indicate a heat content subdecadal dipolar signal in the ocean between SPG and STG, which lags the NAO
index by two to three years (Curry & McCartney, 2001). The variability of ocean heat convergence and sur-
face heat flux might affect atmospheric variability and in turn the wind‐driven part of the meridional over-
turning (Barrier et al., 2015).

This study has been motivated by the study of Reintges et al. (2017), in which, by analyzing observations and
one climate model, the subdecadal NAO variability is suggested to originate from dynamical large‐scale air‐
sea interactions. Here we investigate the subdecadal NAO and meridional overturning variability as well as
the related atmospheric and oceanic variability in preindustrial control integrations of 12 models participat-
ing in the Coupled Climate Model Intercomparison Project phase 5 (CMIP5). Section 2 provides information
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about the model ensemble, the experimental setup, and the statistical
methods for the identification of the subdecadal variability in the different
data sets. In section 3, we present the common physics behind the subde-
cadal variability in the CMIP5 models. Summary of the major findings
and main conclusions are presented in section 4.

2. Data and Methods

We use climate model simulations assembled in the framework of the
World Climate Research Programme's Climate Model Intercomparison
Project phase 5 (CMIP5; Taylor et al., 2012). All data are provided by the
Program for Climate Model Diagnose and Intercomparison. Here we diag-
nose data from the preindustrial control (piControl) simulations with a
constant CO2 concentration representing the year 1850 with 285 ppm
(Meinshausen et al., 2011). For 12 models (Table S1), which provide simu-
lations of at least 500‐year length and a full set of parameters, we analyze
the annual‐mean and late‐winter mean (January–March) values.

A number of indices are employed in this study. Overturning stream
function indices at 30°N (ψ 30N) and at 55°N (ψ 55N) are defined at the
depth of the corresponding long‐term maximum (Figure 1). We denote
the negative of the overturning index at 55°N by ψ 55N (−1).
Parameters of SPG region are indexed with their spatial means within
the location 45°N–65°N and 60°W–15°W. We calculate an NAO index
from sea level pressure (SLP) as the difference of the normalized
SLP anomalies averaged over 60°N–70°N and 35°N–45°N and zonally
between 40°W and 0°. Local regression coefficients on different indices
are computed, where the indices are normalized by their standard
deviations (STD).

As the focus of this study is on subdecadal to decadal time scales, we apply in some of the analyses band‐pass
filtering to the indices retaining variability between 5 and 15 years. Various filters with slightly different
bandwidths have been used but the results are not sensitive to the selected thresholds. A digital filter follow-
ing Walraven (1985) is used. In the calculation of the confidence limits for the correlation coefficients, we
use a t test based on the effective number of degrees of freedom, which is estimated from the decorrelation
time of the band‐pass‐filtered time series (Leith, 1973). The decorrelation time is defined here as the e‐
folding time scale of the time series' autocorrelation function. In the power spectra we provide the relaxation
time τe= 1/λ, with the feedback parameter λ calculated as a discrete fit to a corresponding first‐orderMarkov
process (Lemke et al., 1980).

3. Results

The ensemble‐mean January–March Atlantic meridional overturning stream function calculated from the
12 CMIP5 models (Figures 1 and S1a) depicts a maximum within the region 30°N to 45°N around 1,000‐
m depth. Model uncertainty causes a large ensemble spread with respect to the value and latitudinal varia-
tion of the maximum (Figure S1a). Nevertheless, the long‐term ensemble mean (Figure 1) is close to that
obtained from the RAPID array at 26.5°N amounting to 17.5 Sv during 2004–2012 (Smeed et al., 2014).
However, interannual variability in the observations is large. In the models, the depth of the absolute max-
imum (not shown) ranges from 792 m (CanESM2) to 1,203 m (FGOALS‐s2), which is reasonable when com-
pared to the depth of 1,100 m at 26°N derived from the RAPID data (Smeed et al., 2014).

The temporal STD of the stream function, amounting to typically 1 Sv, varies considerably among models
and with latitude (Figure S1b). During January–March, interannual variability increases (Figure S1c) at
all latitudes and the depth of maximum variability shifts upward in the northern part of the overturning cell
(Figure 1), which may reflect the importance of atmosphere–ocean coupling.

Figure 1. The ensemble‐mean January–March (JFM) Atlantic meridional
overturning stream function (color shading) and the ensemble‐mean tem-
poral standard deviation (STD; contours) in Sv. The symbols indicate the
ensemble‐mean depth of the maximum STD.
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In the model ensemble analyzed here, the variability of the NAO and of the overturning is linked. The cor-
relation between the unfiltered NAO index and ψ 55°N ranges from −0.33 (ACCESS1–3) to −0.84 (CNRM‐

CM5), where more than 40% of the total variability in ψ 55N is accounted for in seven models (Table S2;
lag = 0 year, total).

The regression patterns of the overturning stream function on the NAO index (Figure 2a) depict a well‐
developed dipolar structure with a node near 40°N across all ensemble members. The ensemble‐mean
regression pattern is shown in Figure 2b. To test its robustness, we calculate at each location the ratio
between the ensemble‐mean regression coefficients and the corresponding ensemble spread (STD). The ratio
is larger than 2 over a large part of the overturning stream function anomaly pattern (black solid contour in
Figure 2b), providing some confidence in the ensemble‐mean regression pattern.

The spectral distribution of the variability in the two overturning indices (Figures 3a and 3b) and in the NAO
index (Figure 3c) is relatively flat, with the exception of ψ 30°N depicting a marked increase in variance on
longer than decadal time scales and ψ 55N depicting enhanced variance on subdecadal time scale. In con-
trast, the spectrum of the upper ocean (0–500m) heat content in the subpolar gyre region, HC (SPG), exhibits
a pronounced redness (Figure 3d). With respect to a best fit of the spectra to a first‐order Markov process,
which also are shown in Figure 3, the ensemble‐mean spectra of ψ 55N and HC (SPG) depict a statistically
significant peak at a period close to eight years. However, the spread among the individual models is large.
The fit to an AR1 process (Lemke et al., 1980) yields the relaxation time τe[year] = 1/(1 − r1) (r1 is the auto-
correlation at lag = 1 year), which amounts to four to five years for HC (SPG) and about one year for the
NAO index and the two overturning indices.

Cross‐spectrum analysis, expressed in terms of the amplitude, phase, and coherence spectrum, illustrates the
relationships between the NAO index, HC (SPG), and ψ 55 N (Figures 4 and S2; for individual models, see
Figures S3–S5). Given the dipolar structure of the overturning anomalies and the particularly strong anoma-
lies in the high latitudes (Figure 2), we use in the cross‐spectrum analysis the negative of the overturning
index at 55°N denoted by ψ 55 N (−1). The amplitude spectrum between the NAO index and ψ 55 N (−1)
exhibits a significant covariance on subdecadal time scales (Figure 4a, left panel; the coherence spectra
are shown in Figure S2). For periods shorter than five years, the NAO index and ψ 55 N (−1) are in phase,
which is consistent with the meridional overturning anomaly patterns (Figure 2). Between 5 years and
15 years (marked by the dashed vertical lines in the right panels), there is a phase lag such that ψ 55 N
(−1) leads the NAO index. However, the phase angle between the two indices in this spectral interval is small
and corresponds to a lag shorter than one year (Figure 4a, right panel). The NAO index and HC (SPG) show
enhanced covariance from subdecadal to decadal time scales (Figures 4b (left panel) and S4). In the ensem-
ble mean and in the majority of the models the phase angle between HC (SPG) and NAO index is in the
range 180° to −90°, indicating an HC (SPG) maximum prior to an NAO (+) phase while the heat content
decline is strongest close to the NAO maximum. Alternatively, the phase difference can be interpreted as
an HC minimum occurring prior to an NAO (−) phase. In any case, a phase shift between 180° and −90°
indicates that a tendency in the NAO is preceded by a tendency in HC of the same sign. The amplitude spec-
trum between HC (SPG) and ψ 55 N (−1) depicts a highly significant peak in the range 5 years and 15 years
(Figure 4c). A peak in this range is also present in the variance spectra of the two indices and in the coher-
ence spectrum between them (Figures 3b, 3d, and S2c). HC (SPG) and ψ 55 N (−1) are linked in the range 15
to 5 years with a phase shift of about 90°, indicating that HC (SPG) leads ψ 55 N (−1; Figure 4c, right panel).
We note that the relationships between the NAO index and the ocean indices in spectral domain are calcu-
lated from the unfiltered time series. Thus, the above findings are not influenced by filtering effects which
have been discussed in Cane et al. (2017). The results suggest a time scale dependence of ocean–atmosphere
interactions over the North Atlantic, which motivates us to investigate the relationships between NAO and
ocean variability for selected frequency ranges.

Figure 5 shows the lag regressions of the overturning stream function upon the NAO index, in which only
ensemble means have been used. We investigate the relation in four different bands: when the NAO
index is not filtered, that is, retaining all variability (Figure 5a), and when retaining variability on time
scales longer than 15 years (Figure 5b), between 5 and 15 years (Figure 5c), and shorter than 5 years
(Figure 5d). Negative lags indicate that the overturning anomalies lead the NAO index. At lag 0 year,
the anomaly patterns look very similar in all four bands. The regressions with the unfiltered NAO
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index do not depict any signal in the overturning stream function prior to the NAO‐index maximum
(Figure 5a). However, weak positive anomalies occur in the north until two years after the NAO‐index
maximum. The NAO variability on time scales longer than 15 years is associated with an overturning
stream function anomaly that is basically monopolar with its maximum near 30°N. The overturning
regressions increase from negative lags up to lag 1 year and weaken thereafter but stay relatively large
at longer lags. Such an evolution of the overturning stream function has been observed in many
climate models with regard to the AMOC variability on multidecadal time scale. Considering time
scales between 5 and 15 years yields a subdecadal dipolar anomaly pattern in the overturning with a
period of about 8 years (Figure 5c). A similar but weaker manifestation of this dipolar overturning

Figure 2. Regression of the overturning stream function (JFM) upon the unfiltered NAO index (JFM): (a) regression coef-
ficient (color shading) for each ensemble member (the model name is given in the title of each panel), the correlation
coefficients are shown as contours (solid for positive values and dashed for negative values), and (b) the ensemble mean of
the regression coefficient (color shading). The ratio between the ensemble‐mean regression coefficient and the model
spread is given for the ratios of 1 (dashed contours) and 2 (solid contours).
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variability appears when retaining NAO‐index variability on time scales shorter than five years but with a
quasi‐biennial period (Figure 5d), consistent with the study of Hurrell and van Loon (1997) describing
biennial NAO variability.

We focus during the remainder of the paper on the subdecadal time scale. In order to get insight into the
common dynamics of the subdecadal variability across the model ensemble, we present in the following
ensemble‐mean lag‐regression patterns of selected variables onto the band‐pass‐filtered (retaining variabil-
ity in the range 5–15 years) NAO index (Figures 6, 7, and S6). Based on the temporal relationships between
the oceanic and atmospheric anomalies derived from the spectral covariability distribution (Figure 4) and
the relatively symmetric evolution of the overturning anomalies in the lag regressions (Figure 5), we mainly
focus in the following on the phases after the NAOmaximum. The regression analyses yield an average cycle
length of about eight years. As expected, the lag regressions of the SLP (Figure 6a) between lag −1 year and
lag +1 year depict the positive phase of the NAO, which hereafter are termed NAO (+) years. A very similar

Figure 3. Spectra of the overturning (JFM) index at (a) 30°N and (b) 55°N, (c) the NAO index (JFM), and (d) the ocean
heat content (JFM) of the upper 500 m in SPG region. Shown are the ensemble range of the 12 CMIP5 models (gray
shading) and the ensemble‐mean spectra (black lines). The spectral density (SD) is normalized with the standard deviation
of the index. The bold blue line indicates the fitted red‐noise spectra with a 95% (red, solid) and 99% (red, dashed) confi-
dence interval. The relaxation time τe(years) obtained by a fit to an AR1 process is given as 1/(1 − r1), where r1 is the
autocorrelation at lag = 1 year. The frequency band of 5–15 years is marked by dashed black lines.
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SLP anomaly pattern but with opposite signs is obtained with a lag of three and four years, which hereafter
are termed NAO (−) years. The SLP anomaly patterns NAO (+) and NAO (−) imply zonal surface wind
extrema in the region 40°N to 60°N.

During NAO (+) years, the wind stress curl (Figure 7a) depicts large negative values between 40°N and 55°N,
and a zonal band of positive values north of 60°N. A similar pattern but with opposite signs is observed dur-
ing NAO (−) years. During NAO (+) years the negative wind stress curl anomalies drive anomalous oceanic

Figure 4. Cross‐spectrum analysis between selected indices. The (left) ensemble‐mean amplitude and (right) phase
spectra between (a) the NAO index and ψ 55N, (b) the NAO index and HC (SPG), and (c) between HCPG) ψ 55N.
The panels show the ensemble range of the 12 CMIP5 models (gray shading) and the ensemble‐mean spectra (black
line). The spectral density (SD) is normalized with the standard deviation of the index. The bold blue line indicates the
fitted red‐noise spectrum with a 95% (red, solid) and 99% (red, dashed) confidence interval. The frequency band of 5–
15 years is marked by dashed black lines. Positive phase values in the right panels of (a) and (b) mean that the NAO index
is leading, and in (c) that HC (SPG) is leading.
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convergence and downward motion in the region 40°N–55°N, and anomalous divergence and upward
motion during NAO (−) years. The corresponding regressions of the meridional surface current
component exemplify this (Figure 7c). Consistent with the wind stress curl forcing, the lag regressions of
the overturning stream function onto the NAO index (Figure 5c), which is reproduced in Figure 6b, reveal
well‐developed dipolar variability with a node near 40°N. During NAO (+) years, anomalous northward
mass and heat transport in the upper ocean layers is implied at midlatitudes and anomalous southward
mass and heat transport farther to the north. The anomalous overturning cells extend over the entire
water column. Such type of dipolar overturning variability is fairly consistent among the ensemble
members, as indicated by the ratio of the regression coefficient and the ensemble spread (contours), a
measure of the signal‐to‐noise ratio. This ratio, representing model agreement, exceeds a value of 1 in the
southern pole and a value of 2 in the northern pole of the overturning dipole.

Figure 5. Ensemble‐mean overturning stream function (JFM) lag regressions upon the NAO index (JFM), where (a) the NAO index is unfiltered or represents
variability on time scales (b) longer than 15 years, (c) between 5 and 15 years, and (d) shorter than 5 years. Each subpanel shows the regressions for a lead time
(years) relative to NAO index. Negative years indicate that the NAO index is lagging. The ratio between the regression coefficient and the model spread is given for
the ratios of 1 (dashed contours) and 2 (solid contours).
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The lag regressions of the BSF (Figure 7b) show a strong positive anomaly centered in the North Atlantic
during NAO (+) years, which indicates a contraction and weakening of the SPG. We note that the positive
BSF anomaly superimposes the climatological mean BSF which is negative in the SPG (shown for individual
models in Figure S6a). The BSF regression pattern implies a poleward shift and a strengthening of the Gulf
Stream/North Atlantic Current system. During NAO (−) years, a similar regression pattern with opposite
signs occurs. Relative to the climatology, the Gulf Stream/North Atlantic Current part of the BSF

Figure 6. Ensemble‐mean lag regressions of selected quantities (JFM) upon the band‐pass‐filtered NAO index (retaining variability between 5 and 15 years):
(a) SLP, (b) meridional overturning stream function, (c) SST, (d) oceanic heat loss, and (e) upper ocean heat content (0–500 m). Each subpanel shows the
regressions for a lead time (years) relative to NAO index. Positive years indicate that the NAO index is leading. The ratio between the regression coefficient and the
model spread is given for the ratios of 1 (dashed contours) and 2 (solid contours).
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regression pattern reflects the “intergyre” gyre (Marshall et al., 2001). In both NAO (+) and NAO (−) years,
the ratio of regression coefficient and ensemble spread attains values larger than 2 in the subtropical and
subpolar North Atlantic. The anticyclonic (positive) BSF anomaly during NAO (+) years goes along with
convergence in its center, which is physically consistent with the overturning stream function anomaly.
During NAO (−) years, the BSF anomalies imply a southward extension of the SPG.

The NAO (+) years are characterized by a tripolar SST anomaly pattern (Figure 6c) with a cold anomaly in
the SPG region, a warm anomaly in the midlatitudes and another cold anomaly in the tropics. The SST
anomalies in the SPG and midlatitudes persist until lag 2 years. The overturning anomalies, on the other
hand, are smallest at this time. In the NAO (+) and NAO (−) years, the SST anomalies and the oceanic heat
loss (Figure 6d) are largely out of phase, suggesting that the surface heat flux is an important driver of the
SST anomalies. The meridional near‐surface current anomalies may additionally contribute to the develop-
ment of the SST anomalies through the transport of warmer/colder surface water toward the north into the
SPG region and colder/warmer surface water toward the south into the STG region. In the NAO (+) years,
the northern cell of the overturning dipole anomaly is negative (Figure 6b), which enables development of
the negative temperature anomaly over a larger depth range in the SPG region. The regression pattern of the
vertically integrated heat content of the upper 500 m depicts a clear decrease in the SPG region, which like
the SST anomalies persists until lag −2 years (Figure S6c). Anomalously high heat content is observed in the
midlatitudes from lag 0 to lag 2 years. The succession is very similar after NAO (−) years with opposite sign
of the anomalies (Figure S6).

A particularly important phase of the subdecadal cycle is two years before and after NAO (+), when the
atmospheric patterns exhibit hardly any anomalies. The anomalies in SLP (Figure 6a), wind stress curl
(Figure 7a), oceanic heat loss (Figure 6d), and the near‐surface meridional ocean velocity (Figure 7c) vir-
tually vanish at this time. Thus, the phase reversal in the subdecadal cycle might be initiated by oceanic pro-
cesses. As noted above, the SST anomaly pattern is well developed two years before (Figure S6c) and after
(Figure 6c) NAO (+) but with opposite sign. These phases of the subdecadal variability also are

Figure 7. Same as in Figure 6 but for (a) wind stress curl, (b) barotropic stream function, and (c) meridional ocean velocity component at 10 m.
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characterized by a strong meridional heat content dipole anomaly (Figures S6e and 6e) that already develops
two years earlier during the extreme phases of the NAO (lag 0, lag −4 years). This relationship between the
NAO and upper ocean heat content is consistent with the link seen in the corresponding phase spectrum
(Figure 4b). Therefore, the heat content could act as a memory and potentially initiate the feedback on
the atmosphere and for the subsequent phase reversal of the NAO.

Figure 8. Ensemble‐mean lag regression on the NAO index (JFM) of the ocean heat loss during the winter month (November–March) for different lags: (a) two
years and (b) one year prior to the NAO maximum, (c) during the winter at NAO maximum, (d) one year, and (e) two years after to the NAO maximum. We
note the different color code compared to that in Figure 6d.
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Let us consider the years prior to NAO (+).The coupling process between the ocean and the atmosphere is
visible in the oceanic heat loss (OHL) regression (Figure S6d). At lag −1 year the OHL depicts a dipole pat-
tern linked to the aforementioned dipole in the heat content. For better insight into the exact timing of the
atmosphere–ocean heat exchange, the regressions of the OHL are shown in Figure 8 for individual winter
months starting two years (Figure 8a) prior to the NAO (+) maximum. In November of the winter preceding
the NAO (+) maximum (Figure 8b), the OHL is positive in the subpolar region, which corresponds to a heat
release to the atmosphere. We hypothesize that this warming of the atmosphere drives a low surface pressure
anomaly by enhancing storm activity. In the SPG region, a high‐pressure anomaly develops concurrent with
the negative OHL anomaly in this region. The resulting dipolar SLP anomaly at lag−1 year (Figure S6a) cor-
responds to a positive NAO phase. After the NAO (+) maximum, the OHL in the SPG region is still positive
in the following late boreal winter (Figure 8d) due to the very low air temperatures (not shown). This might
affect the development of low SLP anomalies followed at lag +2 years by a negative OHL (SPG).We conclude
that the phase reversal within the subdecadal variability is partly stimulated by the delayed OHL which is
due to the oceanic heat content memory.

4. Summary and Discussion

We have investigated the variability in the North Atlantic region in preindustrial control integrations of 12
CMIP5models, with a focus on the subdecadal time scale. A large consistency among the models is found on
this time scale, suggesting the significance of subdecadal variability in the North Atlantic sector. In this
study, we have derived the ensemble‐mean evolution of the subdecadal variability and discuss the common
aspects of the underlying mechanism. Variability of the North Atlantic Oscillation (NAO) and the oceanic
overturning circulation are at the heart of the mechanism giving rise to the subdecadal variability in
North Atlantic sector surface climate. The picture obtained from the CMIP5 models is that the subdecadal
variability originates from a coupled interaction of the North Atlantic atmosphere–ocean system.

The NAO is in all models a major part of the atmospheric variability over the North Atlantic. NAO‐related
wind stress curl variability drives variability in the oceanic overturning circulation on time scales of a decade
or shorter. The anomalous overturning represents the integral response to changing wind stress curl and
gyre circulation, and drives accumulation/release of the upper ocean heat content. Starting from a negative
NAO phase, the adjustment of the overturning circulation causes an accumulation of heat in the subpolar
gyre region. This heat is released to the atmosphere in the absence of any NAO forcing, about two years later,
forcing a low pressure anomaly over the subpolar latitudes that marks the onset of the positive NAO phase.
We argue that the ocean heat content provides a delayed negative feedback, which sets the subdecadal time
scale of the coupled mode.

In the coupled climate system of in the North Atlantic regionmuch of the variability originates from stochas-
tic atmospheric forcing. The ocean has the capability to integrate the surface heat flux anomalies and gen-
erate lower frequency SST variability. The analysis of the climate model ensemble suggests a feedback
between the ocean and the atmosphere on the subdecadal time scale, which contributes a small but signifi-
cant part of the total variability. The derived mechanism from the CMIP5 models is consistent with surface
observations analyzed by Reintges et al. (2017) and also confirms their results derived from a control integra-
tion of the Kiel Climate Model. Moreover, the close relation between oceanic heat loss and heat content
tendencies in the SPG and STG regions is consistent with the findings of Williams et al. (2014). As the ocean
sets the time scale of the subdecadal variability and the dipole SST anomaly is a surrogate for the state of the
upper ocean, it may be possible to estimate the overturning dipole anomaly, which is a precursor of surface
climate change over the North Atlantic sector, from surface observations themselves. This may open the
possibility to enhance multiyear climate predictions in the North Atlantic region provided the model results
are realistic.
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