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Abstract. Earth’s climate exhibits internal modes of variability 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 models under control conditions. We report an inter-annual GMT
variability of about ±0.1◦ C originating solely from natural variability in the model ensemble. By decomposing the
GMT variance into contributions of the AMOC and Northern Hemisphere sea-ice extent using a graph-theoretical statistical approach, we find the AMOC to contribute 8 % to
GMT variability in the ensemble mean. Our results highlight the importance of AMOC sea-ice feedbacks that explain 5 % of the GMT variance, while the contribution solely
related to the AMOC is found to be about 3 %. As a consequence of multi-decadal AMOC variability, we report substantial 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 consistent with the reduced GMT warming trend over this period.
Although these temperature anomalies are largely densitycompensated by salinity changes, we find a robust negative
correlation between the AMOC and North Atlantic deepocean 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 millennium 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 (Knudsen et al., 2011). The AMO as a signal of anomalous seasurface 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 variability on multi-decadal to multi-centennial timescales (Menary
et al., 2011; Wouters et al., 2012). The origin of these multidecadal 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), and Dijkstra et al. (2006) report a multi-decadal mode in models of different complexity driven by horizontal temperature anomalies (Te Raa and
Dijkstra, 2002; Sévellec and Fedorov, 2013). By analyzing
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Table 1. List of CMIP5 models analyzed in this study.
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CanESM2
CNRM-CM5

CCSM4
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Atmospheric Research
Community Earth System
Model Contributors

Model name
MPI-ESM-LR
MPI-ESM-MR
CanESM2
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CCSM4
CESM1-BGC
CESM1-CAM5
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tal subpolar gyre circulation (Levermann and Born, 2007) in
a multi-model study. The existence of such a multi-stability
0.3
was found to greatly enhance subpolar variability close to the
0.0
system’s internal threshold (Mengel et al., 2012).
0.3
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 temper0.2
ature (GMT). Zanchettin et al. (2010) find multi-decadal
0.0
AMOC variations to be a major source of GMT variability
− 0.2
over the last millennium, and Feulner et al. (2013) report
meridional heat transport in the Atlantic to be the dominant
0
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process behind the persistent temperature difference between
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the Northern Hemisphere and Southern Hemisphere in an
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time
series.
dex and North Atlantic deep-ocean (NADO) temperature for seven
ern latitudes might be a major source of deviations within
CMIP5 models. A 10 yr Butterworth low-pass filter is applied to the
the CMIP5 model ensemble and in comparison with obsertime series.
vational data over the 20th century (Jones et al., 2013). Besides oceanic contribution, sea-ice retreat has been a dominant contributor to observed northern high-latitude warming
over the recent decades (Holland and Bitz, 2003; Screen and
observational records, Dima and Lohmann (2010) find two
Simmonds,
2010).
distinct modes in observed Atlantic SST over the last cenHere,
we
first disentangle the contributions of AMOC and
tury. Consistently, Park and Latif (2008) report multiple
sea-ice variability to GMT variations in unperturbed control
modes of AMOC variability in the Kiel Climate Model with
runs of the CMIP5 model ensemble using graph-theoretical
a multi-centennial mode originating in the Southern Ocean
statistical models (Runge et al., 2012a; Ebert-Uphoff and
and a multi-decadal one of Northern Hemisphere origin.
Deng, 2012, denoted graphical models hereafter) and comWhile several model studies find stochastic atmospheric
monality analysis (). We relate AMOC variability to North
forcing to be the dominant driver of the Northern Hemisphere
Atlantic deep-ocean temperature and salinity and investigate
variability component (Eden and Willebrand, 2001; Tulloch
an internal advective feedback mechanism. The magnitude
and Marshall, 2012), others report variations in Labrador Sea
of the deep-ocean warming rate that is found in the CMIP5
convection as a possible origin (Bentsen et al., 2004; Medmodels is consistent with the observed changes over the past
haug et al., 2011; Persechino et al., 2012). Delworth and
decade. The link between GMT reduction and deep-ocean
Zeng (2012) and Ba et al. (2013) find salinity advection to
warming is quantitatively consistent with the past reduction
drive variability in Labrador Sea convection, where salinin the GMT warming trend.
ity anomalies of subtropical and Arctic origin are found to
play a role (Jungclaus et al., 2005). Born et al. (2012) identified this salinity advection feedback on subpolar convection as a potential driver of multi-stability of the horizono
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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 Table 1). Figure 1 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 Table 2. 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 exhibits 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 correlation at zero or 1 yr lag between AMOC and GMT significant 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 centennial 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 temperature (SAT) anomalies to the GMT signal. Figure 4 depicts
the explained variance (R 2 ) of the GMT time series by the
zonal and meridional integrated SAT anomalies north of the
latitude drawn on the x axis. The expected surface area contribution by latitude, assuming SAT anomalies to be uniform across the globe, is drawn for comparison (in grey).
We find about one third of the GMT variance to originate
www.earth-syst-dynam.net/5/103/2014/
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0.0
backward Butterworth low-pass filter with cutoff frequen−
0.5 10 to 50 yr to our time series and find the northcies from
MPI-ESM-LR
CCSM4
ern latitude contribution to increase with increased filtering
in all 0.5
models except the CCSM4 and CNRM-CM5. Half of
the multi-decadal GMT variance in the MPI-ESM-LR originates0.0
north of 45◦ N, and we hypothesize AMOC and SIE
−
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multi-decadal
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results.
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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 interpretability 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 process Z that drives
two processes X and Y is called a common driver of X and
Y , whereas an indirect chain is present if process X drives Z
and Z drives Y , without a direct relation between X and Y .
In both cases, a non-zero cross-correlation between X and
Y would be detected, even though no direct interaction is
present.
3.1

Graphical model analysis

0.0

To overcome these limitations, graphical models can be
used to identify causal relations in complex coupled systems
CanESM2
CESM1-CAM5
(Ebert-Uphoff and Deng, 2012). Here we apply a graphiGMT
cal
model approach introduced by Runge et al. (2012a, b).
0.5
SIE
While this approach is also applicable to nonlinear interacAMO
0.0
tions, here the linear case as discussed in Runge et al. (2014)
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is used to determine linear causal interdependencies. In the
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following, we illustrate the concept with a simple example
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ology.
Consider the simple bivariate first-order auto-regressive
Fig. 3. Cross-correlations between AMOC and GMT, SIE, NADO
stochastic
(AR(1)):
Fig. 3. Cross correlations between AMOC and GMT, SIE, NADO temperature process
and the AMO
index (positive: AMOC leads). The grey lines
− 0.5

temperature and the AMO index (positive: AMOC leads). The grey

mark
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95 %95
significance
range.
lines the
mark
the two-tailed
% significance
range.

Xt = a Xt−1 + tX

(1)

Yt = cXt−1 + bYt−1 + tY ,
where X and Y denote the two variables of the stochastic process with a, b and c as constant coefficients. The coefficients
a and b represent the auto-regressive contribution of X and
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a time-series graph algorithm as introduced in Runge et al.
(2012b) can help to identify causalities in such complex coupled systems. As an illustration, consider the estimation of
the parents of Y in the time-series graph shown in Fig. 5.
The algorithm tests possible links from all processes (including Y ) at all lags up to a maximum delay (which can
− 45 0
45
− 45 0
45
be specified accordingly; for the analysis presented below
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we use a maximum time lag of 30 yr). Here the hypothetical link “Xt−2 → Yt ” would be tested by first checking
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tributed GMT variance. The explained variances of the unfiltered
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procedure is applied for contemporaneous links, where all
σX σXY
6=
(2)
2
directed links are identified and iteratively more and more
σXY σY
contemporaneous links are conditioned out (Runge et al.,
2012b).
and zero mean.
Following this procedure, we now construct a time-series
A time-series graph for this model can be constructed,
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In real world systems, however, the exact relations beOn the one hand sea-ice reduction will lead to atmospheric
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filtered time
series 200
and found
a decrease
in the AMOC unique
be present, but not significant
in
the
compound
SIE
signal.
CanESM2
CESM1-CAM5
250
500
750
100
300
400
0.04
contribution to 1 %, while the SIE and the common compoTo account for this, we performed the same analysis for SIE
nent increase to 21 and 9 % respectively, in total explaining
0.00 region and found similar results.
limited to the North Atlantic
31 % of GMT variability.
−
0.04
We would like to emphasize that the analysis presented
3.2 Commonality analysis
here is not a comprehensive study of Northern Hemisphere
CNRM-CM5
500
100
200
400
We use commonality 0.04
analysis () to 250
disentangle
AMOC 750
and
climate variability,
since 300
important
sources of variability
Temp-component
SIE contributions to GMT variability. Commonality analysis
such as multi-decadal
variability
in
the
Pacific (Mantua et al.,
Salt-component [inv]
0.00
1997) as well as continental variability are not included. Also
allows a distinction of the explained variance by a multivariFull density
ate system into unique
components that are explained by the
interrelations between modes of atmospheric variability such
− 0.04
individual variables alone and common components that give
as the North Atlantic and the Arctic oscillation (Hurrell and
250between
500
100 and 200
Deser, 2009)
AMOC 300
as well 400
as SIE, which have been
the explained variance by the coupling
them. 750
Years intensively and shown to have substantial influence
As depicted in Fig. 6, the contemporaneous positive
studied
AMOC–GMT and negative SIE–GMT links are robust
on North Atlantic climate variability (e.g., Tulloch and Maracross all models
in
the
ensemble.
Therefore,
we
limit
the
shall, (black)
2012; Frankcombe
et al.,
2009;
Medhaug
al., 2011), (red) relat
Fig. 7. North Atlantic Deep Ocean density time series
and its salinity
(blue,
inverted)
andettemperature
decomposition of the GMT variability to the AMOC and SIE
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 and USIE
denote the unique AMOC and SIE contribution and C the common
2
component. RFULL
gives the explained GMT variance by the coupled system.

except for the CanESM2), indicating a systematic process
behind the phenomenon. As shown in Fig. 9, we find deepocean 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 multidecadal 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 ensemble 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 multidecadal 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 series. 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 between meridional density differences and AMOC strength is
assumed in conceptual approaches (Stommel, 1961; Rahmstorf, 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 different 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 behind this relationship is controversial in a predominantly
geostrophic ocean, although a number of explanations for
this relation have been proposed (Marotzke, 1997; Gnanadesikan, 1999; Schewe and Levermann, 2009; Sijp et al., 2012).
Gregory and Tailleux (2011) present a kinetic energy analysis 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 pressure 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 relation 1M ∝ 1ρ in the North Atlantic. Such a scaling is also supported by an analytical study
by Sijp et al. (2012). Thus, Gregory and Tailleux (2011) provide a physical mechanism for the zero-lag link between

MPI-ESM-LR
MPI-ESM-MR
CanESM2
CNRM-CM5
CCSM4
CESM1-BGC
CESM1-CAM5
Mean

UAMOC

USIE

C

2
RFULL

0.01
0.02
< 0.01
0.02
0.06
0.06
0.02

0.13
0.09
0.20
0.18
0.08
0.07
0.22

0.03
0.05
0.01
0.06
0.03
0.05
0.08

0.16
0.16
0.21
0.26
0.17
0.19
0.32

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 multidecadal 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 standard 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 Table 4. Our results compare well with Mauritzen 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 substantial variations in NADO density as depicted in Fig. 7
(red curve). However, density variations caused by temperature 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). Figure 8 depicts the strength of the
density compensation, and we find substantial variance between the model ensemble (slope of −1 indicates full compensation), ranging from full or even slight overcompensation for the CNRM-CM5 and the CESM1-CAM5 model to
only partial compensation in the CCSM4 and the MPI-ESMLR. Apart from the CNRM-CM5 and the CESM1-CAM5
model, all models show substantial deviation from full compensation (which are significant at one standard deviation
www.earth-syst-dynam.net/5/103/2014/
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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.
Fig. 6. Resulting time series graphs for AMOC, GMT and SIE by applying a method introduced in Runge et al. (2012b). Based o
of the partial correlation as a result of the graph estimation algorithm, we denote positive (negative) partial correlations in red (blu
2
2
2
aρ
cMρlines with the
aMassociatedctime
σM
τ contemporaneous
RM
Rρ2
ρM lags. σStraight
ρ
links are indicated
by curved
linesσMρ
represent
links at lag zero.
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−0.07 ± 0.01
−0.11 ± 0.01
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0.57 ± 0.03
0.64 ± 0.03
0.37 ± 0.04
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0.49 ± 0.05
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0.39 ± 0.04
0.24 ± 0.05
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0.59
0.49
0.56
0.64
0.56

0.04
0.07
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Fig. 7. North Atlantic deep ocean density time series (black) and its salinity-related (blue, inverted) and temperature-related (red) compoFig. 7. North Atlantic Deep Ocean density time series (black) and its salinity (blue, inverted) and temperature (red) related compo
nents.

NADO and AMOC that is found in all models in the ensemble. 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 consequence of a strengthened AMOC could lead to enhanced subpolar 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 statistical model for the change in NADO density 1ρ and the
AMOC change 1M:
ρ

1ρt = aρ 1ρt−1 + cMρ 1Mt−τ + t

(4)

1Mt = aM 1Mt−1 + cρM 1ρt + tM ,
with aρ and aM denoting the auto-regressive coefficients and
cρM and cMρ the coupling coefficients for 1ρ → 1M at lag
zero and 1M → 1ρ with a time lag τ . Results of the fit to
the model ensemble time series are given in Table 4. In the
Earth Syst. Dynam., 5, 103–115, 2014

ensemble mean, we find about 95 % of the density and about
45 % of the AMOC variance explained by this simple conceptual 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 (Brockwell and Davis, 2009). Figure 10 depicts analytical spectra
for the conceptual model (FULL, green) in comparison with
a system without the AMOC–NADO density link (e.g., because of complete density compensation by salinity; cMρ =
0, in blue) and an AR(1) process fitted to the AMOC time series (grey). Note that the cMρ = 0 and AR(1) coefficients may
differ from the fully coupled system given in Table 4. 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 spectral density of the fitted AR(1) process for periods between
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of multi-decadal AMOC variability, which are only partly
density-compensated in most models. Based on these results, we propose a conceptual model relating NADO density changes and the AMOC and find the coupled system to enhance multi-decadal variability in three models in
the ensemble.

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 maximum 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 by Meehl
et al. (2011) are very well within the range of natural variability 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 Atlantic (Mauritzen et al., 2012). Studies by Guemas et al.
(2013) and Balmaseda 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 (compare Balmaseda et al.,
2013, their Fig. S06).
While most of the NADO temperature signal is densitycompensated through changes in salinity, we find a substantial model spread regarding the strength of this compensation. We use time-series graph analysis to extract causal relations 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 feedbacks identified may lead to multi-decadal AMOC variability 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).

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 ensemble mean, which exceeds the share expected by the surface 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 variance in the model ensemble mean. Applying commonality
analysis in Sect. 3.2, we disentangle AMOC and SIE contributions and report the contribution that can solely be attributed 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 variability during the early 20th century warming and highlights the importance of Arctic warming for this global phenomenon. While anthropogenic aerosol emissions affecting
patterns of atmospheric variability are discussed as a possible
driver of this anomaly (Booth et al., 2012), our results suggest that also natural multi-decadal AMOC variability could
have played an important role (Zhang et al., 2013). The Arctic temperature anomaly coincides with a positive AMO index (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 latitudes to GMT variability, since SIE is found to be a dominant
contributor to GMT variance in an unperturbed climate. Additionally, AMOC–SIE feedbacks might weaken in warmer
future climates, and consequently also the impact of multidecadal 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
Earth Syst. Dynam., 5, 103–115, 2014
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