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Abstract. Earth’s climate exhibits internal modes of variabil-
ity on various timescales. Here we investigate multi-decadal
variability of the Atlantic meridional overturning circulation
(AMOC), Northern Hemisphere sea-ice extent and global
mean temperature (GMT) in an ensemble of CMIP5 mod-
els under control conditions. We report an inter-annual GMT
variability of about±0.1◦ C originating solely from natu-
ral variability in the model ensemble. By decomposing the
GMT variance into contributions of the AMOC and North-
ern Hemisphere sea-ice extent using a graph-theoretical sta-
tistical approach, we find the AMOC to contribute 8 % to
GMT variability in the ensemble mean. Our results high-
light the importance of AMOC sea-ice feedbacks that ex-
plain 5 % of the GMT variance, while the contribution solely
related to the AMOC is found to be about 3 %. As a conse-
quence of multi-decadal AMOC variability, we report sub-
stantial variations in North Atlantic deep-ocean heat content
with trends of up to 0.7× 1022 J decade−1 that are of the
order of observed changes over the last decade and consis-
tent with the reduced GMT warming trend over this period.
Although these temperature anomalies are largely density-
compensated by salinity changes, we find a robust negative
correlation between the AMOC and North Atlantic deep-
ocean density with density lagging the AMOC by 5 to 11 yr
in most models. While this would in principle allow for a
self-sustained oscillatory behavior of the coupled AMOC–
deep-ocean system, our results are inconclusive about the
role of this feedback in the model ensemble.

1 Introduction

Multi-decadal variability of the climate system has been
studied intensively, with a special focus on the last millen-
nium and climate variability on centennial timescales (e.g.,
Eby et al., 2013; Fernández-Donado et al., 2013; Ortega
et al., 2011; Fidel et al., 2011; Otterå et al., 2010; Hofer et al.,
2011). Among others, a dominant mode of global climate
variability is the Atlantic multi-decadal oscillation (AMO)
(Schlesinger and Ramankutty, 1994) in the North Atlantic
that is evident in ocean records over the last 8000 yr (Knud-
sen et al., 2011). The AMO as a signal of anomalous sea-
surface temperatures in the North Atlantic has been found to
have profound influence on other climate phenomena such
as the Atlantic hurricane frequency (Vimont and Kossin,
2007; Zhang and Delworth, 2009), West African monsoon
and Sahel rainfall (Mohino et al., 2010).

Model studies suggest that the multi-decadal mode in
North Atlantic sea-surface temperatures (SSTs) is closely
related to variability of the Atlantic meridional overturning
circulation (AMOC) (Timmermann and Latif, 1998; Knight
et al., 2005; Delworth et al., 2007; Park and Latif, 2011;
Ba et al., 2013) with models exhibiting AMOC variabil-
ity on multi-decadal to multi-centennial timescales (Menary
et al., 2011; Wouters et al., 2012). The origin of these multi-
decadal modes is not yet fully understood. Already simple
box models are found to produce multi-decadal variability
as a result of delayed advection (Griffies and Tziperman,
1995; Lee and Wang, 2010), andDijkstra et al.(2006) re-
port a multi-decadal mode in models of different complex-
ity driven by horizontal temperature anomalies (Te Raa and
Dijkstra, 2002; Sévellec and Fedorov, 2013). By analyzing
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Table 4. Results of the multivariate regression of the conceptual coupled AMOC-NADO density system as in Eq. (4) to the individual
models.

aρ cMρ aM cρM σ2
ρ σ2

M σMρ τ R2
M R2

ρ

MPI-ESM-LR 0.98±0.01 -0.08±0.01 0.61±0.03 0.18±0.03 0.07 0.48 0.04 7.0 0.52 0.93
MPI-ESM-MR 0.99±0.01 -0.06±0.01 0.57±0.03 0.13±0.03 0.05 0.59 0.07 8.0 0.40 0.95
CanESM2 1.01±0.01 -0.07±0.01 0.64±0.03 0.13±0.03 0.03 0.49 0.03 6.0 0.51 0.97
CCSM4 1.01±0.01 −0.11±0.01 0.37±0.04 0.38±0.04 0.07 0.56 0.05 5.0 0.45 0.93
CESM1-BGC 0.97±0.01 −0.05±0.01 0.3 ± 0.04 0.39±0.04 0.08 0.64 0.05 11.0 0.36 0.92
CESM1-CAM5 1.02±0.01 −0.07±0.01 0.49±0.05 0.24±0.05 0.03 0.56 0.04 6.0 0.45 0.97

Mean 1.0 −0.07 0.5 0.24 0.05 0.55 0.05 7.2 0.45 0.95
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Fig. 1. Time series for GMT, AMOC, Northern Hemisphere Sea-Ice Extent (SIE), the Atlantic multi-decadal oscillation (AMO) index and
North Atlantic deep-ocean (NADO) temperature for seven CMIP5 models. A 10 yr butterworth low-pass filter is applied to the time series.

Fig. 1. Time series for GMT, AMOC, Northern Hemisphere sea-
ice extent (SIE), the Atlantic multi-decadal oscillation (AMO) in-
dex and North Atlantic deep-ocean (NADO) temperature for seven
CMIP5 models. A 10 yr Butterworth low-pass filter is applied to the
time series.

observational records,Dima and Lohmann(2010) find two
distinct modes in observed Atlantic SST over the last cen-
tury. Consistently,Park and Latif (2008) report multiple
modes of AMOC variability in the Kiel Climate Model with
a multi-centennial mode originating in the Southern Ocean
and a multi-decadal one of Northern Hemisphere origin.

While several model studies find stochastic atmospheric
forcing to be the dominant driver of the Northern Hemisphere
variability component (Eden and Willebrand, 2001; Tulloch
and Marshall, 2012), others report variations in Labrador Sea
convection as a possible origin (Bentsen et al., 2004; Med-
haug et al., 2011; Persechino et al., 2012). Delworth and
Zeng(2012) andBa et al.(2013) find salinity advection to
drive variability in Labrador Sea convection, where salin-
ity anomalies of subtropical and Arctic origin are found to
play a role (Jungclaus et al., 2005). Born et al.(2012) iden-
tified this salinity advection feedback on subpolar convec-
tion as a potential driver of multi-stability of the horizon-

Table 1.List of CMIP5 models analyzed in this study.

Modeling center (or group) Model name

Max Planck Institute MPI-ESM-LR
for Meteorology MPI-ESM-MR

Canadian Centre for Climate CanESM2
Modelling and Analysis

Centre National de Recherches CNRM-CM5
Météorologiques

National Center for CCSM4
Atmospheric Research

Community Earth System CESM1-BGC
Model Contributors CESM1-CAM5

tal subpolar gyre circulation (Levermann and Born, 2007) in
a multi-model study. The existence of such a multi-stability
was found to greatly enhance subpolar variability close to the
system’s internal threshold (Mengel et al., 2012).

Atlantic variability is found to contribute significantly to
Northern Hemisphere variations (Zhang et al., 2007; Knight
et al., 2005, 2006) and eventually to global mean temper-
ature (GMT). Zanchettin et al.(2010) find multi-decadal
AMOC variations to be a major source of GMT variability
over the last millennium, andFeulner et al.(2013) report
meridional heat transport in the Atlantic to be the dominant
process behind the persistent temperature difference between
the Northern Hemisphere and Southern Hemisphere in an
unperturbed climate. Results of a multi-model intercompar-
ison suggest that multi-decadal variability in the high north-
ern latitudes might be a major source of deviations within
the CMIP5 model ensemble and in comparison with obser-
vational data over the 20th century (Jones et al., 2013). Be-
sides oceanic contribution, sea-ice retreat has been a domi-
nant contributor to observed northern high-latitude warming
over the recent decades (Holland and Bitz, 2003; Screen and
Simmonds, 2010).

Here, we first disentangle the contributions of AMOC and
sea-ice variability to GMT variations in unperturbed control
runs of the CMIP5 model ensemble using graph-theoretical
statistical models (Runge et al., 2012a; Ebert-Uphoff and
Deng, 2012, denoted graphical models hereafter) and com-
monality analysis (). We relate AMOC variability to North
Atlantic deep-ocean temperature and salinity and investigate
an internal advective feedback mechanism. The magnitude
of the deep-ocean warming rate that is found in the CMIP5
models is consistent with the observed changes over the past
decade. The link between GMT reduction and deep-ocean
warming is quantitatively consistent with the past reduction
in the GMT warming trend.
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2 Temperature–circulation relations in the climate
model ensemble CMIP5

We analyze the unperturbed control run of seven
atmosphere–ocean general circulation models (AOGCMs)
from the Coupled Model Intercomparison Project Phase 5 –
CMIP5 (Taylor et al., 2012) – which provides all diagnostics
required for our analysis and at minimum 300 yr of model
data (listed in Table1). Figure1 shows the annual time series
for GMT, AMOC, AMO and Northern Hemisphere sea-ice
extent (SIE) as well as North Atlantic deep ocean (NADO)
temperature (45◦ to 65◦ N, z = 1000–2000 m). The AMOC
is derived as the vertical maximum of the stream function
at 45◦ N and the AMO as the anomaly of Atlantic SSTs
between 30◦ and 65◦ N. We find substantial inter-annual
variations for all quantities investigated, notably a GMT
variability of about ±0.1◦C (standard deviation) and a
AMOC variability of ±1.1 Sv in the ensemble mean. Values
for the individual models and the other quantities are given
in Table2. The corresponding power spectra are depicted in
Fig. 2. We find two coherent modes in AMOC, GMT and
SIE for the MPI-ESM-LR(-MR) model with around 30 and
40 (45) yr period, which are significant at the 95 % level.
The CanESM2 spectrum also exhibits significant AMOC
modes at around 25 and 40 yr, whereas only the 25 yr mode
is present also in the GMT and SIE spectra, though not
significant at the 95 % level. A 25 yr mode is also present in
the CNRM-CM5 spectrum.

The time series of all other models are considerably
shorter (500 yr or less), which reduces the signal to noise
ratio and thus leads to less or no significant spectral peaks.
Despite that, the AMOC spectrum for the CESM1-BGC ex-
hibits significant AMOC modes at around 30 and 60 yr.

Cross-correlations between the AMOC and AMO, GMT
and SIE reveal a clear relation between AMO and AMOC
in all models with some models exhibiting an AMOC lead
by several years (Fig.3). We also find a robust positive cor-
relation at zero or 1 yr lag between AMOC and GMT sig-
nificant at the 95 % significance level as well as a negative
peak between AMOC and SIE. The cross-correlation for the
AMOC and GMT in CNRM-CM5 model is significant, but
does not exhibit a clear peak as a consequence of a very weak
AMOC mean state and weak variability on less than centen-
nial timescales in this model (compare Fig.1).

Significant cross-correlation does not, however, imply
physical relevance. To test for the importance of the high
northern latitudes for absolute GMT variability, we derived
the latitude-dependent contribution of surface air tempera-
ture (SAT) anomalies to the GMT signal. Figure4 depicts
the explained variance (R2) of the GMT time series by the
zonal and meridional integrated SAT anomalies north of the
latitude drawn on thex axis. The expected surface area con-
tribution by latitude, assuming SAT anomalies to be uni-
form across the globe, is drawn for comparison (in grey).
We find about one third of the GMT variance to originate
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Fig. 3. Cross correlations between AMOC and GMT, SIE, NADO temperature and the AMO index (positive: AMOC leads). The grey lines
mark the two-tailed 95 % significance range.

Fig. 2. Power spectral density of AMOC (blue), GMT (red) and SIE
(grey). Light lines indicate the 95 % significance levels determined
by aN = 10 000 ensemble of a red noise first order auto-regressive
process fitted to each of the quantities. In this plot, all amplitudes
are rescaled relative to the corresponding maximum of the 95 %
significance level.

north of 45◦ N in the ensemble mean exceeding their share
expected purely by the surface area. We applied a forward–
backward Butterworth low-pass filter with cutoff frequen-
cies from 10 to 50 yr to our time series and find the north-
ern latitude contribution to increase with increased filtering
in all models except the CCSM4 and CNRM-CM5. Half of
the multi-decadal GMT variance in the MPI-ESM-LR orig-
inates north of 45◦ N, and we hypothesize AMOC and SIE
as likely drivers. The CCSM4 actually shows a decrease for
multi-decadal variability, but our analysis suggests the high
latitudes of the Southern Hemisphere to be dominant con-
tributors to GMT variability in this model (compare Fig.4).
Thus, our results indicate that the high northern latitudes
are indeed an important contributor to GMT variability on
annual timescales and that this share increases for multi-
decadal variability. We performed the same analysis with an
ensemble of 30 CMIP5 models (not shown) confirming our
results.

www.earth-syst-dynam.net/5/103/2014/ Earth Syst. Dynam., 5, 103–115, 2014
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Table 2. Inter-annual variability (standard deviation) of GMT, AMOC, Northern Hemisphere sea-ice extent (SIE), AMO and North Atlantic
deep ocean temperature (NADOT). SAT> 45◦ N denotes the explained GMT variance integrated over the Northern Hemisphere north of
45◦ N as in Fig.3. OHC SD: standard deviation of the North Atlantic deep ocean (NADO) (45◦ to 65◦ N, z = 1000–2000 m) heat content
(OHC). OHC rate: maximum decadal trend over the full time series.

GMT AMOC SIE AMO NADOT SAT> OHC SD OHC RATE
[◦C] [Sv] [106 km2] [◦C] [◦C] 45◦ N [1022J] [1022Jdec−1]

MPI-ESM-LR 0.12 1.60 0.24 0.20 0.11 0.27 0.20 1.1
MPI-ESM-MR 0.10 1.35 0.24 0.20 0.10 0.27 0.21 1.0
CanESM2 0.12 0.86 0.33 0.16 0.13 0.33 0.23 0.6
CNRM-CM5 0.11 0.99 0.40 0.21 0.14 0.33 0.31 0.5
CCSM4 0.10 0.87 0.22 0.13 0.06 0.36 0.16 0.5
CESM1-BGC 0.10 0.93 0.22 0.13 0.06 0.39 0.20 0.5
CESM1-CAM5 0.11 1.00 0.21 0.17 0.10 0.39 0.22 0.7

Mean 0.11 1.09 0.27 0.17 0.10 0.33 0.22 0.7
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Fig. 3. Cross-correlations between AMOC and GMT, SIE, NADO
temperature and the AMO index (positive: AMOC leads). The grey
lines mark the two-tailed 95 % significance range.

3 Quantifying AMOC contributions to GMT variance

Cross correlations need to be interpreted cautiously, since
they are subject to several limitations. In the presence of
strong auto-correlation, peaks in the cross-correlation can
be amplified and shifted to larger time lags, limiting the in-
terpretability of time delays in such systems (Runge et al.,
2014). Additionally, in the global climate system with its
complex coupled dynamic, also common driver effects and
indirect chains can occur. A notional processZ that drives
two processesX andY is called a common driver ofX and
Y , whereas an indirect chain is present if processX drivesZ

andZ drivesY , without a direct relation betweenX andY .
In both cases, a non-zero cross-correlation betweenX and
Y would be detected, even though no direct interaction is
present.

3.1 Graphical model analysis

To overcome these limitations, graphical models can be
used to identify causal relations in complex coupled systems
(Ebert-Uphoff and Deng, 2012). Here we apply a graphi-
cal model approach introduced byRunge et al.(2012a, b).
While this approach is also applicable to nonlinear interac-
tions, here the linear case as discussed inRunge et al.(2014)
is used to determine linear causal interdependencies. In the
following, we illustrate the concept with a simple example
and refer to the references for further details on the method-
ology.

Consider the simple bivariate first-order auto-regressive
stochastic process (AR(1)):

Xt = a Xt−1 + εX
t (1)

Yt = cXt−1 + bYt−1 + εY
t ,

whereX andY denote the two variables of the stochastic pro-
cess witha, b andc as constant coefficients. The coefficients
a andb represent the auto-regressive contribution ofX and

Earth Syst. Dynam., 5, 103–115, 2014 www.earth-syst-dynam.net/5/103/2014/
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Fig. 5. Representation of the time series graph of the simple coupled bivariate process (Xt, Yt) in Eq. (1) with the constant coefficients a,
b and c. σXY is the non-diagonal element of the covariance matrix. Process Yt (black node) is driven by Yt−1 and Xt−1 (in grey) and has
a contemporaneous link to Xt (hatched). Due to stationarity, the same causal relation holds for all t.

Fig. 4. Meridional dependence of the GMT variance. The hori-
zontally averaged yearly SAT anomalies are integrated from 90◦ N
southward. The value for a given latitude marks the explained vari-
ance (R2) of the GMT time series by the integrated SAT variance
north of it. Colors indicate different low-pass filters applied. The
grey line marks the variance contribution assuming equally dis-
tributed GMT variance. The explained variances of the unfiltered
GMT signal that originates from north of 45◦ N are listed in Ta-
ble2.

Y respectively, and|a|, |b| < 1 is required for the process to
be stationary.c gives the coupling between the two and can
in principle attain any finite value.εX

t andεY
t are indepen-

dent, identically distributed Gaussian random variables with
a given covariance matrix,

6 =

(
σ 2

X σXY

σXY σ 2
Y

)
(2)

and zero mean.
A time-series graph for this model can be constructed,

where the nodes are represented by the time-dependent states
Xt , Yt , Xt−1, Yt−1, (. . .). Directed links (symbolized by→)
are given by non-zero coefficientsa, b, c, and undirected
contemporaneouslinks are given by non-zero entries in the
inverse covariance matrix6. This time-series graph for our
model system is illustrated in Fig.5. Note that time-series
stationarity as a prerequisite for such an analysis implies that
if “ Xt−τ → Yt ”, “ Xt ′−τ → Yt ′ ” is true for anyt ′.

In real world systems, however, the exact relations be-
tween the investigated processes are often unknown, and
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Fig. 5. Representation of the time-series graph of the simple cou-
pled bivariate process (Xt , Yt ) in Eq. (1) with the constant coeffi-
cientsa, b andc. σXY is the non-diagonal element of the covari-
ance matrix. ProcessYt (black node) is driven byYt−1 andXt−1
(in grey) and has a contemporaneous link toXt (hatched). Due to
stationarity, the same causal relation holds for allt .

a time-series graph algorithm as introduced inRunge et al.
(2012b) can help to identify causalities in such complex cou-
pled systems. As an illustration, consider the estimation of
the parents ofY in the time-series graph shown in Fig.5.
The algorithm tests possible links from all processes (in-
cluding Y ) at all lags up to a maximum delay (which can
be specified accordingly; for the analysis presented below
we use a maximum time lag of 30 yr). Here the hypothet-
ical link “Xt−2 → Yt ” would be tested by first checking
whether the unconditional cross-correlationρ(Xt−2;Yt ) is
nonzero. Since there exists a path betweenXt−2 and Yt ,
this will be the case. In the next iteration step, the con-
ditional linear dependence is tested. As a heuristic crite-
rion for selecting the conditions in each test, we choose the
conditions sorted by their correlation value in the previous
step. Assumingρ(Yt−1;Yt ) > ρ(Xt−1;Yt ) > . . . in our ex-
ample, the partial correlationρ(Xt−2;Yt |Yt−1) that excludes
the influence ofYt−1 would be tested. This partial corre-
lation would also be non-zero due to the unblocked path
“Xt−2 → Xt−1 → Yt ”. Also the test with the next-largest
condition onXt−1 yields a non-zero partial correlation. Af-
ter some more tests with weaker conditions, the partial cor-
relation ρ(Xt−2;Yt |Yt−1,Xt−1) would be found to vanish,
such that the hypothetical link can be removed. An analogue
procedure is applied for contemporaneous links, where all
directed links are identified and iteratively more and more
contemporaneous links are conditioned out (Runge et al.,
2012b).

Following this procedure, we now construct a time-series
graph for GMT, AMOC and SIE with a two-sided signifi-
cance level of 99 % for the partial correlation test. The re-
sulting cross-links between AMOC, GMT and SIE are illus-
trated in Fig.6. Across the whole ensemble, we robustly find
contemporaneous links with a positive partial correlation be-
tween AMOC and GMT and a negative partial correlation
between SIE and GMT. Several models also show negative
“GMT → SIE” and “SIE→ GMT” links at a time lag of 1 yr.
On the one hand sea-ice reduction will lead to atmospheric
warming (Holland and Bitz, 2003; Screen and Simmonds,
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Fig. 7. North Atlantic Deep Ocean density time series (black) and its salinity (blue, inverted) and temperature (red) related components.

Fig. 6. Resulting time-series graphs for AMOC, GMT and SIE by applying a method introduced inRunge et al.(2012b). Based on the sign
of the partial correlation as a result of the graph estimation algorithm, we denote positive (negative) partial correlations in red (blue). Direct
links are indicated by curved lines with the associated time lags. Straight lines represent contemporaneous links at lag zero.

2010), but a warming anomaly could also cause additional
sea-ice melt in particular during the summer and early au-
tumn season. Thus, influences in both directions are present
that could explain the model dependent presence of the lag-1
links.

The relation between AMOC and SIE differs substan-
tially between the models, exhibiting links at zero lag as
well as “AMOC→ SIE” and “SIE→ AMOC” links at time
lag 1. A stronger AMOC leads to increased northward heat
transport and thus to SIE reduction in the North Atlantic,
which could explain the AMOC–SIE links.Levermann et al.
(2007) identified increased oceanic heat loss as a result of
reduced SIE in the North Atlantic to be a positive feedback
on AMOC strength in a CMIP3 model ensemble, implying
driving mechanisms that work both ways. Our results indi-
cate that the strength of this individual processes differs sub-
stantially between the models investigated. Direct coupling
between AMOC and SIE is located in the subpolar and po-
lar Atlantic, while SIE comprises the sea-ice extent over the
full Northern Hemisphere. Thus, an AMOC imprint might
be present, but not significant in the compound SIE signal.
To account for this, we performed the same analysis for SIE
limited to the North Atlantic region and found similar results.

3.2 Commonality analysis

We use commonality analysis () to disentangle AMOC and
SIE contributions to GMT variability. Commonality analysis
allows a distinction of the explained variance by a multivari-
ate system intouniquecomponents that are explained by the
individual variables alone andcommoncomponents that give
the explained variance by the coupling between them.

As depicted in Fig.6, the contemporaneous positive
AMOC–GMT and negative SIE–GMT links are robust
across all models in the ensemble. Therefore, we limit the
decomposition of the GMT variability to the AMOC and SIE

contribution at lag zero. Following, the unique contribution
of AMOC to GMT variabilityUAMOC derives as

UAMOC = R2
FULL − R2

SIE, (3)

where R2
FULL is the coefficient of determination (giving

the explained variance) for the multivariate regression of
the GMT on AMOC and SIE at lag zero.R2

SIE is the ex-
plained variance of the univariate regression of GMT on
SIE at lag zero. The unique SIE contributionUSIE can be
derived accordingly.

The common contributionC is given by the difference be-
tweenR2

FULL and the sum of the unique contributions. All
time series have been standardized (time series mean sub-
tracted and divided by the standard deviation). In the en-
semble average, we find a unique AMOC contribution of
3 %, SIE 14 % and a common component of 5 %. In total,
the coupled AMOC–SIE system contributes about 21 % to
GMT variance (see Table3 for the coefficients of the individ-
ual models). We performed the same analysis for low-pass-
filtered time series and found a decrease in the AMOC unique
contribution to 1 %, while the SIE and the common compo-
nent increase to 21 and 9 % respectively, in total explaining
31 % of GMT variability.

We would like to emphasize that the analysis presented
here is not a comprehensive study of Northern Hemisphere
climate variability, since important sources of variability
such as multi-decadal variability in the Pacific (Mantua et al.,
1997) as well as continental variability are not included. Also
interrelations between modes of atmospheric variability such
as the North Atlantic and the Arctic oscillation (Hurrell and
Deser, 2009) and AMOC as well as SIE, which have been
studied intensively and shown to have substantial influence
on North Atlantic climate variability (e.g.,Tulloch and Mar-
shall, 2012; Frankcombe et al., 2009; Medhaug et al., 2011),
are not resolved. However, we find that SIE and AMOC
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Table 3. Results of the commonality analysis of GMT variability
and the AMOC and SIE contribution at lag zero.UAMOC andUSIE
denote the unique AMOC and SIE contribution and C the common
component.R2

FULL gives the explained GMT variance by the cou-
pled system.

UAMOC USIE C R2
FULL

MPI-ESM-LR 0.01 0.13 0.03 0.16
MPI-ESM-MR 0.02 0.09 0.05 0.16
CanESM2 < 0.01 0.20 0.01 0.21
CNRM-CM5 0.02 0.18 0.06 0.26
CCSM4 0.06 0.08 0.03 0.17
CESM1-BGC 0.06 0.07 0.05 0.19
CESM1-CAM5 0.02 0.22 0.08 0.32

Mean 0.03 0.14 0.05 0.21

variability already contributes about two thirds to the 33 %
explained GMT variance that is found to originate from north
of 45◦ N.

4 Deep ocean heat uptake and density

As shown in the previous section, a significant part of multi-
decadal GMT variability is due to changes in the North
Atlantic. But when investigating oceanic contributions to
GMT variability, direct surface feedbacks as well as oceanic
heat uptake variability have to be considered (Levitus et al.,
2000; Meehl et al., 2011; Balmaseda et al., 2013). As shown
in Fig. 1, we find substantial variations in North Atlantic
deep-ocean (NADO) temperatures (45◦ to 65◦ N, z = 1000–
2000 m). NADO heat content variability ranges from a stan-
dard deviation of 0.16×1022 J for the CCSM4 to 0.31×1022 J
for the CNRM-CM5 model with an ensemble mean of 0.22×

1022 J. Numbers for the individual models are given in Ta-
ble4. Our results compare well withMauritzen et al.(2012),
who find a peak-to-peak variability of about 1×1022 J for the
entire extratropical North Atlantic deep ocean (700–2000 m)
between 20◦ and 65◦ N.

Such anomalies in heat content will also lead to sub-
stantial variations in NADO density as depicted in Fig.7
(red curve). However, density variations caused by temper-
ature change are largely compensated by salinity changes (in
blue, inverted) leading to a weaker overall density signal (in
black) in line with observational studies (Curry et al., 1998;
Yashayaev et al., 2007). Figure8 depicts the strength of the
density compensation, and we find substantial variance be-
tween the model ensemble (slope of−1 indicates full com-
pensation), ranging from full or even slight overcompensa-
tion for the CNRM-CM5 and the CESM1-CAM5 model to
only partial compensation in the CCSM4 and the MPI-ESM-
LR. Apart from the CNRM-CM5 and the CESM1-CAM5
model, all models show substantial deviation from full com-
pensation (which are significant at one standard deviation

except for the CanESM2), indicating a systematic process
behind the phenomenon. As shown in Fig.9, we find deep-
ocean density changes to be related to the AMOC in our
model ensemble. Except for the CNRM-CM5 model that
has a very weak AMOC and exhibits no significant multi-
decadal modes of AMOC variability as discussed above,
all models show a positive correlation between the AMOC
and the NADO thermal density component at zero lag and
a significant anti-correlation with a time lag between 10
and 20 yr. Cross-correlations between AMOC and NADO
salinity at lag zero are generally weaker over the model en-
semble with only the MPI-ESM-LR and MPI-ESM-MR as
well as the CanESM2 model exhibiting a significant negative
peak. Still, most models show a positive correlation at multi-
decadal timescales. Taken together, these results indicate that
a strong AMOC leads to a NADO warming and salinification
on multi-decadal timescales. In the combined density signal,
however, only the MPI-ESM-LR model shows a significant
AMOC NADO density peak between lag 10 and 20, while
a robust correlation at zero lag is found for most models in
the ensemble.

Again we performed a time-series graph analysis as in
Sect.3.1 to account for the autocorrelations in both time se-
ries. Our analysis yields a positive contemporaneous AMOC
NADO density link and directed negative AMOC→ NADO
density links with 5 to 11 yr time lag that are significant at
the 99 % level for all models except the CNRM-CM5 (not
shown). The robust zero lag link between AMOC and NADO
density suggests a causal relation. A linear relationship be-
tween meridional density differences and AMOC strength is
assumed in conceptual approaches (Stommel, 1961; Rahm-
storf, 1996; Johnson et al., 2007; Marzeion and Drange,
2006; Fürst and Levermann, 2012; Cimatoribus et al., 2012)
and confirmed by a variety of studies with models of differ-
ent levels of complexity (e.g.,Manabe and Stouffer, 1988;
Thorpe et al., 2001; Griesel and Maqueda, 2006; Dijkstra,
2008; Huisman et al., 2010). The physical mechanism be-
hind this relationship is controversial in a predominantly
geostrophic ocean, although a number of explanations for
this relation have been proposed (Marotzke, 1997; Gnanade-
sikan, 1999; Schewe and Levermann, 2009; Sijp et al., 2012).
Gregory and Tailleux(2011) present a kinetic energy analy-
sis of the AMOC, finding the pressure gradient force to be
a dominant driver of the AMOC in the high northern latitudes
by conversion of potential to kinetic energy. They report
good correlation between changes in the North Atlantic pres-
sure gradient force and the AMOC under CO2-forced climate
change on decadal timescales (their Fig. 10) and find changes
in the pressure gradient force to be dominated by buoyancy
changes in the northern North Atlantic, which is confirmed
by Saenko(2013) for the CanESM2 model. Consequently,
they propose a linear relation1M ∝ 1ρ in the North At-
lantic. Such a scaling is also supported by an analytical study
by Sijp et al.(2012). Thus,Gregory and Tailleux(2011) pro-
vide a physical mechanism for the zero-lag link between
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Table 4. Results of the multivariate regression of the conceptual coupled AMOC–NADO density system as in Eq. (4) to the individual
models.

aρ cMρ aM cρM σ2
ρ σ2

M
σMρ τ R2

M
R2

ρ

MPI-ESM-LR 0.98± 0.01 −0.08± 0.01 0.61± 0.03 0.18± 0.03 0.07 0.48 0.04 7.0 0.52 0.93
MPI-ESM-MR 0.99± 0.01 −0.06± 0.01 0.57± 0.03 0.13± 0.03 0.05 0.59 0.07 8.0 0.40 0.95
CanESM2 1.01± 0.01 −0.07± 0.01 0.64± 0.03 0.13± 0.03 0.03 0.49 0.03 6.0 0.51 0.97
CCSM4 1.01± 0.01 −0.11± 0.01 0.37± 0.04 0.38± 0.04 0.07 0.56 0.05 5.0 0.45 0.93
CESM1-BGC 0.97± 0.01 −0.05± 0.01 0.3± 0.04 0.39± 0.04 0.08 0.64 0.05 11.0 0.36 0.92
CESM1-CAM5 1.02± 0.01 −0.07± 0.01 0.49± 0.05 0.24± 0.05 0.03 0.56 0.04 6.0 0.45 0.97

Mean 1.0 −0.07 0.5 0.24 0.05 0.55 0.05 7.2 0.45 0.95
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Fig. 7. North Atlantic deep ocean density time series (black) and its salinity-related (blue, inverted) and temperature-related (red) compo-
nents.

NADO and AMOC that is found in all models in the en-
semble. Additionally, also a direct feedback between AMOC
and NADO temperature and salinity via subpolar convection
might play a role. Increased sea surface salinity as a conse-
quence of a strengthened AMOC could lead to enhanced sub-
polar convection (Mengel et al., 2012) and as a consequence
to a deep-ocean freshening and cooling (Yashayaev, 2007).

Based on our findings, we study a conceptual bivariate sta-
tistical model for the change in NADO density1ρ and the
AMOC change1M:

1ρt = aρ1ρt−1 + cMρ1Mt−τ + ε
ρ
t (4)

1Mt = aM1Mt−1 + cρM1ρt + εM
t ,

with aρ andaM denoting the auto-regressive coefficients and
cρM andcMρ the coupling coefficients for1ρ → 1M at lag
zero and1M → 1ρ with a time lagτ . Results of the fit to
the model ensemble time series are given in Table4. In the

ensemble mean, we find about 95 % of the density and about
45 % of the AMOC variance explained by this simple con-
ceptual model, although these good fitting results are partly
due to the very strong auto-correlation in the system.

Equation (4) can be written as an auto-regressive system,
for which power spectra can be derived analytically (Brock-
well and Davis, 2009). Figure10 depicts analytical spectra
for the conceptual model (FULL, green) in comparison with
a system without the AMOC–NADO density link (e.g., be-
cause of complete density compensation by salinity;cMρ =

0, in blue) and an AR(1) process fitted to the AMOC time se-
ries (grey). Note that thecMρ = 0 and AR(1) coefficients may
differ from the fully coupled system given in Table4. We
find an enhancement of multi-decadal variability for FULL
vs. cMρ = 0 in all models, but only for the MPI-ESM-LR,
the CCSM4 and the CESM1-BGC, it also exceeds the spec-
tral density of the fitted AR(1) process for periods between
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Fig. 10. Analytically derived power spectral densities for differ-
ent model systems regressed on the individual model time series:
green: fully coupled AMOC–NADO density system, blue: decou-
pled systemcmρ = 0, purple: AR(1) process, dashed red: a doubled
AMOC–NADO coupling (2× cmρ ,). AMOC spectra derived from
the model time series rescaled relative to their maximum amplitude
are shown in light grey.

30 and 70 yr. The MPI-ESM-LR and the CCSM4 show the
weakest density compensation in the ensemble with slightly
higher values for the CESM1-BGC (compare Fig.8), indi-
cating that a coupled NADO density–AMOC mode might
contribute to multi-decadal variability in models with limited
density compensation of temperature and salinity anoma-
lies. All three models also show pronounced spectral peaks
with periods below 30 yr likely as a result of other sources
of AMOC variability. One possible mechanism is variable
Labrador Sea convection that has been found to dominate
the 20 yr AMOC mode for the CCSM4 model (Danabasoglu
et al., 2012). For the MPI-ESM-MR, the CanESM2 and the
CESM1-CAM5, our conceptual model only shows slightly
enhanced variability in comparison with a simple AR(1) pro-
cess, suggesting minor importance of the process. For il-
lustration purposes, we also depict spectra with enhanced
AMOC–NADO density coupling (2× cMρ in red, dashed)
that show enhanced multi-decadal variability for all models.

As discussed above, a variety of other processes related
to horizontal temperature (Te Raa and Dijkstra, 2002), salin-
ity advection (Jungclaus et al., 2005) and atmospheric vari-
ability (Eden and Willebrand, 2001) are found to be rel-
evant for multi-decadal AMOC variability and are not in-
cluded in this simple conceptual system. However, we find
substantial changes in the NADO heat content as a result
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of multi-decadal AMOC variability, which are only partly
density-compensated in most models. Based on these re-
sults, we propose a conceptual model relating NADO den-
sity changes and the AMOC and find the coupled sys-
tem to enhance multi-decadal variability in three models in
the ensemble.

5 Discussion and conclusions

By resolving the latitudinal contributions to GMT variance
in unperturbed simulations of seven CMIP5 models, we find
33 % of the variance to originate north of 45◦ N in the en-
semble mean, which exceeds the share expected by the sur-
face area. Using a time-series graph analysis approach as in
Sect.3.1(Runge et al., 2012b, 2014), we identify statistically
robust couplings between global mean temperature (GMT),
Northern Hemisphere sea-ice extent (SIE) and the Atlantic
meridional overturning circulation (AMOC) at zero lag and
find AMOC and SIE to explain about 21 % of GMT vari-
ance in the model ensemble mean. Applying commonality
analysis in Sect.3.2, we disentangle AMOC and SIE con-
tributions and report the contribution that can solely be at-
tributed to the AMOC (SIE) alone to be about 3 % (14 %)
in the ensemble mean. Additionally, we find AMOC and SIE
coupling to explain 5 % of the GMT variance suggesting that
coupled AMOC–SIE feedbacks might play an important role
for North Atlantic climate variability.

Brönnimann(2009) discusses the influence of natural vari-
ability during the early 20th century warming and high-
lights the importance of Arctic warming for this global phe-
nomenon. While anthropogenic aerosol emissions affecting
patterns of atmospheric variability are discussed as a possible
driver of this anomaly (Booth et al., 2012), our results sug-
gest that also natural multi-decadal AMOC variability could
have played an important role (Zhang et al., 2013). The Arc-
tic temperature anomaly coincides with a positive AMO in-
dex (Parker et al., 2007) and a sea-ice retreat in the North
Atlantic (Macias Fauria et al., 2009; Bengtsson et al., 2004;
Semenov and Latif, 2012) that match well with the AMOC–
sea-ice coupling identified. The drastic reduction of Northern
Hemisphere SIE as a result of anthropogenic global warming
(Stroeve et al., 2011, 2012; Notz and Marotzke, 2012) will
likely lead to decreased contribution of the high northern lati-
tudes to GMT variability, since SIE is found to be a dominant
contributor to GMT variance in an unperturbed climate. Ad-
ditionally, AMOC–SIE feedbacks might weaken in warmer
future climates, and consequently also the impact of multi-
decadal AMOC variability on GMT might be reduced.

In addition to the AMOC influence on surface temperature
variability, we find North Atlantic deep-ocean (NADO) heat
content to be highly correlated with the AMOC on decadal
timescales. Using observational data,Mauritzen et al.(2012)
also report a decadal time lag between upper ocean (which is
highly correlated with the AMOC at lags between zero and

3 yr in our model ensemble, not shown) and deep-ocean heat
content in the northern North Atlantic.

Meehl et al.(2011) investigated deep-ocean heat uptake
anomalies during decades exhibiting a hiatus in the GMT
over the 21st century in global warming model simulations
and found a difference of about 1.3× 1022 J for the global
deep-ocean heat uptake rate per decade below 750 m and
0.2× 1022 J for the Atlantic Basin compared to reference
decades. We find anomalous NADO heat uptake with a maxi-
mum uptake trend of 0.7×1022 J decade−1 averaged over the
model ensemble with a range from 1.1×1022 J decade−1 for
the MPI-ESM-LR and 0.5×1022 J decade−1 for the CCSM4,
CNRM-CM5 and the CESM1-BGC. Our results indicate that
North Atlantic deep-ocean heat uptake anomalies connected
to a hiatus decade in GMT increase as identified byMeehl
et al. (2011) are very well within the range of natural vari-
ability of our model ensemble.

As a consequence of an AMOC strengthening related to
a positives AMO signal in the late 1990s (Parker et al., 2007),
our analysis would suggest NADO heat content to rise for
more than a decade after a peak in circulation strength, which
is in good agreement with observations from the North At-
lantic (Mauritzen et al., 2012). Studies byGuemas et al.
(2013) andBalmaseda et al.(2013) demonstrate that ocean
heat uptake plays a crucial role in understanding the GMT
hiatus over the last decade. Although they find the dominant
signal in the upper Pacific Ocean likely related to El Niño–
Southern Oscillation variability, also the North Atlantic deep
ocean contributed substantially to anomalous global ocean
heat uptake over the last decade (compareBalmaseda et al.,
2013, their Fig. S06).

While most of the NADO temperature signal is density-
compensated through changes in salinity, we find a substan-
tial model spread regarding the strength of this compensa-
tion. We use time-series graph analysis to extract causal rela-
tions out of the highly auto-correlated time series for AMOC
and NADO density and found a robust positive link at zero
time lag and a negative link between AMOC and NADO
density with time lags between 5 and 11 yr (AMOC leads).
Based on these results, we propose a stochastic bivariate
model that we fit to the time series and find it to explain about
95 % of the density and about 45 % of the AMOC variance
in the ensemble average. The AMOC–NADO density feed-
backs identified may lead to multi-decadal AMOC variabil-
ity in models with weak density compensation. Thus, they
represent a possible advective mechanism for multi-decadal
AMOC variability (Latif, 1998; Te Raa and Dijkstra, 2002;
Menary et al., 2011).
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