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Abstract
In this study, the interhemispheric sea surface temperature (SST) signature of the Atlantic
Multidecadal Oscillation (AMO) is analyzed and compared between observations and slab ocean
model (SOM) simulations. Observational analysis suggests a robust interhemispheric SST dipole
across the Atlantic associated with the AMO, manifested by a strong inverse relationship between the
AMO and subpolar South Atlantic decadal SST anomalies. None of the SOMs analyzed could
reproduce the observed interhemispheric dipole of the AMO; instead, they consistently simulate an
interhemispheric coherent SST pattern. In the SOMs, the North Atlantic decadal SST anomalies
synchronize the variations of South Atlantic SST through a cross-hemispheric atmosphere
teleconnection and thermodynamic processes. This discrepancy between the SOM simulations and
the observation is possibly due to deficiencies in representing ocean dynamical processes. Further
analyses of the fully coupled versions of the SOMs suggest that the observed interhemispheric dipole
of the AMO can be reproduced only by including ocean dynamics related to the Atlantic meridional
overturning circulation. Our findings highlight that the ocean dynamics play a non-negligible role
and should be taken into consideration in better understanding the observed feature of the AMO.

1. Introduction
The twentieth century global climate change is significantly influenced by both anthropogenic forcing
and multidecadal modes of natural internal climate
variability (Li et al 2013, Chen and Tung 2014, Dai
et al 2015). One of the most important modes of
decadal climate variability is the Atlantic Multidecadal
Oscillation (AMO), which occurs mainly over the
Atlantic. The AMO is characterized by a spatially
coherent pattern of sea surface temperature (SST)
anomalies across the North Atlantic basin (Enfield et al
2001, Sun et al 2018) and shows a quasi-periodic
© 2018 The Author(s). Published by IOP Publishing Ltd

fluctuation between warm and cold phases with a
period of 50–80 years (Schlesinger and Ramankutty
1994, Sun et al 2015a). The AMO has received extensive attention from the climate research community
because it is often regarded as an important source
of decadal climate predictability (Latif et al 2006a,
Keenlyside et al 2008, Latif and Keenlyside 2011).
The persistent basin-wide SST anomalies associated
with the AMO have profound impacts on the surface
climate not only over the surrounding continents (Sutton and Hodson 2005, Knight et al 2006, O’Reilly
et al 2017), but also extending to the remote
regions, such as Siberia and East Asia (Li and Bates
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2007, Lu et al 2006, Sun et al 2015b, Sun et al
2017a).
The AMO is most pronounced over the North
Atlantic, and thus an AMO index can be simply defined
as the basin-wide average of Atlantic SST anomalies
north of the equator (Enfield et al 2001). Even though,
there is substantial evidence that the SST variations
over other basins are closely tied to the AMO, leading to SST signatures of the AMO outside North
Atlantic. A strong trans-basin SST teleconnection from
North Atlantic to Pacific arises at multidecadal time
scales (Zhang and Delworth 2007, Kucharski et al
2015, Sun et al 2017b), and observational and modeling studies have suggested a multidecadal SST dipole
between the North and South Atlantic (Latif et al 2004,
Latif et al 2006b, Keenlyside et al 2008, Thompson
et al 2010, Sun et al 2013, Sun et al 2015c, Lopez
et al 2016). This interhemispheric SST dipole indicates an inverse correlation between the AMO and
South Atlantic SST, which can be physically explained
by the ocean heat redistribution caused by changes
in the Atlantic meridional overturning circulation
(AMOC), and several studies have adopted the dipole
as a proxy for AMOC variations (Latif et al 2006a,
2006b, Kamykowski 2010, Rahmstorf et al 2015).
Meanwhile, the variations of AMOC and associated
changes in northward ocean heat transport have been
widely recognized as one of the most important driving
mechanisms of the AMO (Delworth and Mann 2000,
Knight et al 2005, Ba et al 2014, McCarthy et al 2015),
which is referred to as ocean dynamics mechanism
(Zhang 2017).
An atmosphere-forced thermodynamics mechanism has recently been proposed by Clement et al
(2015, 2016) to explain the origin of the AMO. They
found that the AMO can be reproduced in mixedlayer thermodynamic ocean-coupled climate models
(hereafter referred to as slab ocean models) with exclusion of the role of ocean circulation, and their findings
suggest that the ocean dynamics are not necessary for
generating the AMO. This hypothesis is apparently contradictory with the ocean dynamics mechanism. Several
follow-up studies have identified some key features
associated with the AMO (e.g. high coherence at low
frequency among North Atlantic SST, sea surface salinity, upper ocean heat/salt content and ocean-driven
surface turbulent heat fluxes) to distinguish between
the two mechanisms and provided evidence that the
ocean dynamics mechanism still plays the dominant
role (Zhang et al 2016, O’Reilly et al 2016, Zhang
2017, Delworth et al 2017, Drews and Greatbatch
2016, Sun et al 2018). Nevertheless, it should be noted
that these previous studies only focused on the features of the AMO confined over the North Atlantic
basin. The interhemispheric signature of the AMO
and its role in distinguishing the driving mechanism
have not been analyzed yet. It is still unknown whether
the interhemispheric SST dipole associated with the
AMO can be used as a key indicator to identify the
2

AMO mechanism, and this is clearly important for
better understanding the relative roles of atmospheric
versus oceanic forcing in the interhemispheric SST
anomalies of the AMO. This study aims to address
this issue through a combined analysis of long-term
observations and simulations from both slab ocean
models and fully coupled models.

2. Data and methodology
We used slab ocean model (SOM) simulation data
obtained from the CMIP3 archive, and only the
six models with at least a 60 year length simulation are analyzed. This secures a long enough
sample size for the analysis of multidecadal variability and to provide a relevant comparison with
the observations in terms of the statistical significance of correlations (Sun et al 2018). The six SOMs
(simulation length in years) analyzed includes: MPIMECHAM5 (100), GFDL-CM2.1 (100), NASA-GISS-ER
(120), INM-CM3 (60), MRI-CGCM2-3-2 (150) and
UKMO-HADGEM1 (70). The pre-industrial control
simulations from the fully coupled versions of the
models are also obtained from the CMIP3 archive,
and only the models providing AMOC streamfunction
(four out of the six: GFDL-CM2.1, NASA-GISS-ER,
INM-CM3, MRI-CGCM2-3-2) are used in order to
investigate the role of AMOC-related ocean dynamics.
The final 130 years of each of the fully coupled model
simulations are analyzed. Description of these models
and experimental designs are available from the CMIP
website (www-pcmdi.llnl.gov/ipcc/about_ipcc.php).
Monthly mean fields from the model output are interpolated to the T42 grid, and the annual cycle are
removed before calculating the January to December
averaged annual mean anomalies. In both observations and model simulations, the AMO index is defined
as the area-weighted average of SST anomalies over
the North Atlantic (north of the equator, between
0◦ –60◦ N and 80◦ W–0◦ ).
Three different observational data sets of global
SST are employed including the COBE SST (Hirahara et al 2014), the Hadley Centre SST (HadSST3,
Kennedy et al 2011) and the extended reconstruction
SST version 3 (ERSST v3b, Smith et al 2008). Results
from all three SST data sets are similar, so we show
the results based on the ERSST data unless specified
otherwise. The Twentieth Century Reanalysis version
2 (20CR2) was also used to analyze the sea surface heat
flux in the present study, and all fluxes are defined
positive downward. Because uncertainties in surface
observations prior to 1900 are relatively large and the
data before 1900 are deemed less reliable, we confine
our analysis to the post-1900 period for the datasets
(1900−2015). We remove the long-term linear trend
in the variables using the least squares method, and
our intent is to remove the centennial scale trends
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to better isolate and highlight the signal of decadal to
multidecadal variability.
Due to the absence of long-term and continuous direct observations of historical AMOC variability,
this study employs a previously identified indicator of
AMOC as a proxy for the variations of AMOC and
the associated ocean heat transport. Previous studies
have provided compelling evidence that the Atlantic
Ocean integrates the atmospheric variability of North
Atlantic Oscillation (NAO) and causes changes in the
AMOC and associated ocean heat transport in response
to the accumulated effect of the NAO forcing (Li
et al 2013, Sun et al 2015b, Delworth et al 2016, 2017,
McCarthy et al 2015). Therefore, a time-integrated
NAO index, which describes the accumulated effect
of NAO forcing on the Atlantic Ocean circulation, can
represent the multidecadal fluctuations in the strength
of the AMOC (Mecking et al 2013, 2015, McCarthy
et al 2015, Gulev and Latif 2015, Sun et al 2018). In
this study, similar to Sun et al (2018), we calculated
𝑡

the time-integrated NAO index (∫ NAO(𝑡)d𝑡, where t0
𝑡0

corresponds to the starting year and t represents the
years afterward) to construct the observational proxy
index of AMOC variation during the twentieth century, and this is referred to as AMOCNAO hereafter.
The observed NAO index is provided by the Climate
Analysis section of NCAR (Hurrell 1995).
The data are low-pass filtered by applying an
11 year running mean in the analyses to focus on
the multidecadal variability. The statistical significance
of the linear regression coefficient and correlation
between two auto-correlated time series is accessed via
a two-tailed student’s t-test using the effective number of degrees of freedom (Li et al 2013). The effective
number of degrees of freedom Nef f is given by the
following approximation:
𝑁
1
1
2 ∑ 𝑁 −𝑗
≈
+
𝜌𝑋𝑋 (𝑗)𝜌𝑌 𝑌 (𝑗),
𝑁 𝑁 𝑗=1 𝑁
𝑁 ef f

(1)

where N is the sample size and 𝜌𝑋𝑋 (𝑗) and 𝜌𝑌 𝑌 (𝑗) are
the autocorrelations of two sampled time series X and
Y at time lag j.

3. Results
Although the concept of Atlantic interhemispheric SST
dipole has already been proposed in the literature (Latif
et al 2004, Latif et al 2006b, Keenlyside et al 2008,
Sun et al 2013, Sun et al 2015c, Muir and Fedorov
2014), the detailed structure of the dipole and its association with the AMO have not been fully analyzed and
compared across different observational SST data sets.
Figures 1(a)−(c) show the observed correlation map
between the AMO and decadal SST anomalies over
the whole Atlantic, which is characterized by a clear
interhemispheric dipole structure with strong positive
correlations over North Atlantic and negative correla3

tions over South Atlantic. The results from the three
different SST observational data sets are highly consistent with each other. The observed SST signature of
the AMO exhibits a significantly high degree of spatial coherence across the North Atlantic basin (Sun
et al 2018), while for the South Atlantic counterpart,
the AMO SST signature is most pronounced over the
subpolar region (45◦ −65◦ S, 70◦ W−10◦ E). The cross
correlation between the observed decadal SST anomalies averaged over the subpolar South Atlantic (SSA)
and AMO is further analyzed (figure 2(a)). There
is a clear out-of-phase relationship between decadal
AMO and SSA SST anomalies in all SST products.
The inverse correlation is statistically significant across
all the three data sets and can reach up to −0.8 for
the ERSST data set, and for the COBE SST data set
the correlation is not only simultaneous but is also
significant and larger when the AMO leads by up to
several years. The observational analysis suggests that
the SST signature of the AMO is not only confined
over the North Atlantic basin, but also extends to South
Atlantic, showing an interhemispheric SST dipole with
opposite decadal variations between North Atlantic and
SSA. Thus, we identify the interhemispheric dipole
as a key feature associated with the observed AMO,
and this is robust across different SST products.
The Atlantic SST signature of the AMO simulated
by the SOMs is further analyzed and compared with the
observations (figure 1(d)). The AMO in the SOMs is
referred to as AMOs to distinguish the observed AMO.
There is a clear discrepancy in the spatial structure
between the observed AMO and AMOs over the North
Atlantic basin, and the high degree of spatial coherence
is missing in the SOM simulations. This discrepancy
has been revealed and analyzed by Sun et al (2018), and
here we focus more on the interhemispheric signature
of the AMO. There exists a remarkable discrepancy
in the interhemispheric SST variability associated with
AMO between the SOMs and observations, and the
SOMs fail to reproduce the observed interhemispheric
dipole pattern of the AMO. Oppositely, most of the
SOMs simulate unrealistically positive correlations
between the AMOs and South Atlantic decadal SST
anomalies, and over the key SSA region the positive
correlation is also evident, suggesting an interhemispheric coherence of Atlantic SST variations associated
with the AMOs . The cross correlation of AMOs with
the SSA decadal SST anomalies in the SOMs is also analyzed (figure 2(b)). None of the six SOMs reproduce
the observed inverse relationship between the AMO
and SSA SST, and four SOMs simulate a simultaneous positive correlation. Although the other two SOMs
(MPIM-ECHAM5 and UKMO-HADGEM1) simulate
a rather weak zero-lag correlation between AMOs and
SSA SST, a considerably strong positive correlation is
also found in the two SOMs when the AMOs leads
SSA SST by several years. The multi-model ensemble
(MME) mean of the cross correlations indicates that
the covariability between the AMOs and SSA SST in
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(a) ERSST

(b) HadSST3

(c) COBE

(d) SOM

Figure 1. (a) Correlation map between decadally filtered AMO index and SST anomalies over the whole Atlantic basin for the period
1900−2015 based on the ERSST data set. (b) and (c) As in (a), but based on the HadSST3 and COBE SST data sets, respectively. (d)
Multi-model ensemble mean correlation of decadally filtered AMOs with Atlantic SST anomalies based on the six SOM simulations
(see Data and Methodology). Dots in (d) denote the area where at least four of the six models agree on the sign of the correlations.

the SOMs is not only synchronous but is also strong
and larger when the AMO leads by up to several years.
Therefore, the SOMs cannot reproduce the observed
interhemispheric SST dipole of the AMO but simulate an unrealistic interhemispheric synchronization
of Atlantic decadal SST variations across the models.
The physical mechanism for the interhemispheric SST dipole associated with AMO can be
explained by using the observational AMOC proxy
(i.e. AMOCNAO ). Figure 3 shows the time series of
the AMOCNAO , AMO and SSA SST indices since the
beginning of the twentieth century, and the lead-lag
4

correlations among them are also analyzed, which indicate that the AMOC precedes the AMO and SSA SST
indices by several years. The lagged correlations of
SST anomalies with the AMOC are strong and significant in both hemispheres but clearly opposite in sign
between North and South Atlantic. This suggests that
the strengthening (weakening) of AMOC may lead to
SST warming (cooling) in the North Atlantic and cooling (warming) in the South Atlantic. Previous studies
suggested that the contrasting impacts of AMOC on
the two hemispheres are related to the bipolar seesaw
in temperature anomalies. Many indirect proxy records
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Figure 2. (a) Lead-lag correlations between the decadally filtered AMO and SSA regionally averaged SST in the three observational
SST data sets. Dashed lines denote the 95% confidence levels for the correlations using the effective numbers of degrees of freedom.
(b) Lead-lag correlations between the decadally filtered AMOs and SSA regionally averaged SST in the six SOM simulations (dashed
lines in colors) and the multi-model ensemble mean (black solid line). In (a) and (b), negative (positive) lags indicate that the SSA
SST is leading (lagging).

Figure 3. (a) Time series of the AMOCNAO (green), decadally filtered AMO (blue) and SSA SST (red) indices for the period 1900−2015.
The definitions of the three indices are given in the text. All indices are scaled to unit variance and the long-term linear trends are
removed. (b) Cross correlations of the AMO (blue) and SSA SST (red) indices with the AMOCNAO index at decadal time scales.
Positive (negative) lags indicate that the AMOC is leading (lagging). Dotted lines denote the 95% confidence level.

have revealed that there is an out of phase relationship between the temperature in the North Atlantic
and subpolar Southern Hemisphere (Crowley 1992,
Broecker 1998, Barker et al 2009). Modeling studies
provides a plausible physical mechanism for the bipolar seesaw that changes in the strength of the AMOC
may lead to anomalous oceanic heat transport converging towards one hemisphere and thus give rise
to opposite temperature tendencies between the two
5

hemispheres (Vellinga and Wood 2002, Stouffer et al
2007, Delworth and Zeng 2012). We further use observational data to verify this mechanism by investigating
the role of AMOC in driving the SST tendencies over the
Atlantic basin. Figure S1 in the supplementary information available at stacks.iop.org/ERL/13/074026/
mmedia shows the regression of observed tendency of
decadal SST anomalies on the AMOCNAO index, which
is clearly characterized by an interhemispheric seesaw
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pattern of SST tendencies, most pronounced over the
subpolar regions. Therefore, this is consistent with the
previous findings and provides further observational
evidence that the ocean heat transport convergence
associated with the AMOC may be a leading cause of
the interhemispheric SST dipole of the AMO.
Besides the role of AMOC, we also analyzed observational surface heat fluxes to investigate whether
the thermodynamic process plays a role in the interhemispheric SST dipole. Figures S2(a)−(b) in the
supplementary information show the regressions of
net surface heat flux (turbulent plus radiative fluxes,
and positive sign denotes downward heat flux into
the ocean) on the AMO and SSA SST indices over
North and South Atlantic, respectively. The regression pattern over the North Atlantic is dominated by
negative values, particularly for the subpolar region.
The heat flux regression over the SSA region is also
characterized by negative flux anomalies, similar to
its North Atlantic counterpart. Since the 20CR2 data
set is less reliable during the first half of the twentieth century, we repeated the regression analysis for
the post-1950 period, and the results appear independent of the analysis period (figures S2(c)−(d) in
supplementary information). Moreover, we find that
the turbulent fluxes contribute more to the negative
heat flux anomalies than the radiative components
(figures S3−4 in supplementary information). The negative regression between net surface heat flux and
SST anomalies at low frequencies indicates that the
heat flux acts to damp the decadal SST anomalies for
both North Atlantic and SSA regions, and hence that
the observed interhemispheric SST dipole of AMO is
unlikely induced by the surface heat flux anomalies.
This is consistent with previous findings that thermodynamic process plays a damping (rather than forcing)
role in the multidecadal SST variations over the subpolar North Atlantic (Gulev et al 2013, O’Reilly et al
2016, Zhang et al 2016, 2017) and in turn implies that
the interhemispheric dipole may be induced by the
ocean dynamical process (i.e. the AMOC-related process revealed in the above analysis). Therefore, these
evidences suggest that the SOM may have considerable deficiencies in simulating the interhemispheric
SST dipole. The ocean circulation variability is clearly
not present in the SOM simulations. Meanwhile, the
SOM simulated SST variation is obviously a passive
response to the thermodynamic forcing by net surface
heat flux (O’Reilly et al 2016, Zhang et al 2016), and
thus the SOM shows an intrinsic deficiency in representing the observed damping effect of heat flux on the
multidecadal SST variations over North Atlantic and
SSA regions.
The physical mechanism for the SOM simulated
interhemispheric coherent SST variation associated
with the AMOs is further investigated. In SOMs,
the SST variation is driven only by the thermodynamic processes. The surface wind plays a crucial role
in the surface energy exchange between ocean and
6

atmosphere through the wind-evaporation-SST (WES)
effect (Xie and Philander 1994). Figure 4(a) displays
the Southern Hemisphere (SH) surface zonal wind
anomalies associated with the AMOs in the SOMs.
The surface zonal wind shows clear easterly anomalies over the key SSA region during the warm AMOs
phase, and these anomalies are not only confined to
the SSA region but exhibit a zonally symmetric pattern
over the whole subpolar SH. The easterly anomalies weaken the wind speed of climatological subpolar
westerlies, and through the WES effect, the SST over
the subpolar Southern Ocean should become warmerthan-normal in response to the wind speed reduction.
As expected, the SH decadal SST anomalies associated with the AMOs show a zonally uniform warming
over the entire subpolar Southern Ocean (figure 4(b)),
which is in good agreement with the pattern of surface
zonal wind anomalies and consistent with the role of the
WES mechanism in linking wind and SST anomalies.
Thus, the simulated interhemispheric coherent SST
variations associated with the AMOs can be understood
via the atmospheric bridge mechanism, and the SH subpolar wind plays a key role in bridging teleconnection
from AMOs to the SSA SST.
How can the AMOs influence the zonal wind
over the subpolar SH? There has been some modeling evidence that North Atlantic SST anomalies
can have a significant remote influence on the SH
atmospheric circulation through a cross-hemispheric
atmosphere teleconnection (Lee et al 2011, Chiang
and Friedman 2012, Chiang et al 2014, Ceppi et al
2013). The North Atlantic SST warming (cooling) can
induce a northward (southward) shift of the ITCZ
and a strengthening (weakening) of the SH Hadley
circulation. The strengthened (weakened) SH Hadley
circulation increases (reduces) the angular momentum
transport from the tropics to the subtropics, accelerating (decelerating) the SH subtropical jet, and the
changes in the subtropical jet in turn, alter the propagation of extratropical waves, affecting eddy momentum
fluxes and subsequently the eddy-driven subpolar
westerlies, which corresponds to a dynamical inverse
relationship between the strength of subtropical jet
and eddy-driven subpolar westerlies (Lee and Kim
2003). This cross-hemispheric atmosphere teleconnection mechanism is further examined in this study by
using the SOM simulations. Figure 4(c) and d show
the decadal anomalies of zonally-averaged meridional
circulation and zonal wind associated with the AMOs .
During the warm AMOs phase, the tropical meridional
circulation anomalies indicate an enhanced SH Hadley
circulation, and its ascending branch moves slightly to
the north of the equator, corresponding to a northward shift of the ITCZ (figure 4(c)). The enhanced SH
Hadley circulation leads to a strengthening of SH subtropical jet through the angular momentum transport,
and oppositely, the SH subpolar westerly is shown to
weaken in response to the subtropical change (figure
4(d)), consistent with the dynamical inverse relation-
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Figure 4. Multi-model ensemble mean regressions of Southern Hemispheric (a) surface zonal wind (m s−1 ), (b) SST (K), (c) zonallyaveraged mass streamfunction (108 kg s−1 ) and (d) zonally-averaged zonal wind (m s−1 ) onto the normalized AMOs index at decadal
timescales based on the six slab ocean model simulations. Dots in (a)−(d) denote the area where at least four of the six models agree
on the sign of the regressions.

ship between subtropical and subpolar SH westerlies
(Lee and Kim 2003). Moreover, the SH zonal wind
anomalies show an equivalent barotropic structure
extending from the upper troposphere down to the
surface (figures 4(a) and (d)). Therefore, the crosshemispheric atmosphere teleconnection mechanism
proposed in previous modeling studies is reproduced
in the SOM simulations, and it explains the atmospheric bridge for the remote influence of AMOs on
the SH subpolar westerlies through changes in the
tropical Hadley circulation and subtropical jet stream.
The above analysis suggests an atmospheric bridge
mechanism, which explains the interhemispheric
coherent SST variations associated with the AMOs
in the SOM simulations. Although this mechanism
is physically reasonable, it clearly cannot explain the
observed interhemispheric dipole of the AMO. An
obvious deficiency in the SOM simulations is that
the SOMs exclude ocean dynamics and only include
thermodynamic processes at the ocean-atmosphere
interface. Thus, a reasonable hypothesis is that
the ocean dynamics may play the fundamental role
in generating the interhemispheric dipole of the AMO.
To further verify this hypothesis, we performed similar
analyses but using the simulations from the fully coupled models. These simulations are the pre-industrial
control integrations of the fully coupled version of
the SOMs (see Data and Methodology). The two ver-
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sions of each model (SOM and fully coupled model)
share the same atmosphere component and only differ in the inclusion of ocean circulation, and thus a
comparison between them may highlight the role for
ocean dynamics. Figure 5 shows the correlation map
between the AMO and Atlantic decadal SST anomalies
in the fully coupled models. In contrast to the results
from the SOM simulations, the fully coupled models simulate a qualitatively similar interhemispheric
seesaw pattern to that observed (figure 5(a)). Nevertheless, the simulated inverse relationship between
the AMO and South Atlantic decadal SST anomalies
is much weaker than the observed one. Thus, we further examined the SST correlation map of the AMO
in each model (not shown here), and the fully coupled models are divided into two classes depending on
the strength of the interhemispheric SST relationship
associated with the AMO. We define Class-I models
as those with a strong inverse correlation between the
AMO and South Atlantic decadal SST anomalies, and
two out of the four models fall into the Class-I models
(INM-CM3 and GFDL-CM2.1). The other two models fall into the Class-II models (MRI-CGCM-2-3-2
and NASA-GISS-ER), in which the interhemispheric
SST correlation is much weaker. Figure 5(b) shows the
results based on the simulations from Class-I models.
The observed interhemispheric dipole pattern associated with the AMO is reasonably reproduced, and
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the simulated interhemispheric SST correlation of the
AMO is comparable to that observed and becomes
more realistic.
We identified two key processes in association with
the interhemispheric SST dipole of AMO by using the
observational data: the damping process by the surface heat flux and the forcing process by the AMOC.
Therefore, a detailed comparison between Class-I and
Class-II models in terms of these two key processes is
necessary to understand why the simulation ability is
model dependent. Figure S5 in supplementary information shows the regressions of net surface heat flux
anomalies on the AMO and SSA SST indices for the
Class-I and Class-II models, respectively. The Class-I
models reasonably reproduce the observed damping
effect of net surface heat flux on the Atlantic multidecadal SST anomalies, consistently showing negative
regressions between heat flux and SST anomalies at
decadal time scales over both North and South Atlantic
basins. The negative regressions are most pronounced
over the subpolar basins, which are the key regions
for the damping effect (Gulev et al 2013). In contrast, the Class-II models fail to reproduce the observed
heat flux–SST relationship. Opposite to the observational results, the Class-II models consistently show
positive regressions between decadal surface heat flux
and SST anomalies over subpolar North and South
Atlantic basins, indicating a forcing role of stochastic net surface heat flux on SST. Thus, the Class-I
and Class-II models differ in representing the SSTheat flux relationship at low frequencies, and the
unrealistic thermodynamic forcing of SST in Class-II
models may also influence simulation of the dynamical
effect of the ocean circulation on the Atlantic multidecadal SST variations and hence the interhemispheric
SST dipole.
Further comparison between Class-I and ClassII models indicates that only a model that properly
simulates the dynamical AMOC–SST relationship can
reproduce the observed interhemispheric dipole of
the AMO. The cross correlations between the AMO
and decadal SST anomalies over the key SSA region
and their relationships with the AMOC are analyzed
and compared between Class-I and Class-II models.
For Class-I models, the negative correlation between
the AMO and SSA SST is not only simultaneous
but is also strong and larger when the AMO leads
by up to several years (figure 6(a)), and the AMOC
has opposite forcing effects on the two-hemispheric
Atlantic SSTs, showing lead positive and negative correlations with the decadal SST anomalies over the
North and South Atlantic, respectively (figure 6(c)).
The results from Class-I models are consistent with
the observational analysis using the AMOC proxy (figure 3) and previous modeling studies that changes
in the strength of the AMOC can induce warming in one hemisphere while the other cools due to
the anomalous northward heat transport, forming an
interhemispheric SST dipole pattern (e.g. Knight et al
8

2005, Latif et al 2004, Latif et al 2006b, Stouffer et al
2007, Sun et al 2013, Sun et al 2015c). The Atlantic
multidecadal SST anomalies induced by the AMOCrelated ocean heat transport convergence are further
damped by the surface heat flux anomalies (figure S5 in
supplementary information). Different from the ClassI models, there is a lack of consistency between the
results from the two Class-II models, and the simulated interhemispheric SST relationship associated
with the AMO is rather weak and unrealistic (figure
6(b)). Moreover, the simulated AMOC–SST relationships do not indicate a clear effect of AMOC on the
Atlantic decadal SST variations. Although the NASAGISS-ER simulate a high positive correlation between
AMOC and AMO, the correlation between AMOC and
SSA SST is very low and close to zero; the simulated
AMOC-SST relationship in MRI-CGCM-2-3-2 is weak
for both hemispheres (figure 6(d)). Thus, in Class-II
models, the effect of AMOC on Atlantic SST variations
is negligible either in one hemisphere or in both hemispheres, possibly due to the fact that in Class-II models
the thermodynamic process by the stochastic surface
heat flux plays the driving role in the Atlantic multidecadal SST anomalies (figure S5 in supplementary
information). The forcing effect of interhemispheric
Atlantic SST seesaw by the AMOC-related ocean
dynamics is well simulated in Class-I models but is
missing in Class-II models. This not only explains
why there is a sharp contrast in the simulation of the
AMO interhemispheric signature between Class-I and
Class-II models, but also indicates that the AMOCrelated ocean dynamics mechanism is crucial for the
formation of interhemispheric SST dipole associated
with the AMO.

4. Conclusion and discussion
In this study, the interhemispheric SST signature of
the AMO is analyzed and compared between observations and SOM simulations. Observational analysis
suggests a robust interhemispheric SST dipole across
the Atlantic associated with the AMO, manifested by a
strong inverse relationship between the AMO and SSA
decadal SST anomalies. None of the SOMs analyzed
could reproduce the observed interhemispheric signature of the AMO, instead, they consistently simulate
an interhemispheric coherent SST pattern, opposite to
the observations. This unrealistic SST pattern found
in the SOMs can be explained by the atmospheric
bridge mechanism; that is, the North Atlantic SST
anomalies can induce a cross-hemispheric atmosphere
teleconnection, leading to changes in SH subpolar
westerlies, and these changes in turn affect the SST
beneath through thermodynamic processes. Further
analyses of the fully coupled versions of the SOMs
suggest that the observed interhemispheric dipole of
the AMO can be reproduced only by including the
AMOC-related ocean dynamics. Our findings high-
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(a) Fully coupled models

(b) Class-I models

Figure 5. (a) Multi-model ensemble mean correlation of decadally filtered AMO with SST anomalies over the whole Atlantic based
on the four fully coupled model simulations (see Data and Methodology). Dots in (a) denote the area where at least two of the four
models agree on the sign of the correlations. (b) As in (a), but for the Class-I fully coupled models (see text for the definition of the
Class-I models).

Figure 6. (a) Lead-lag correlations between the decadally filtered AMO and SSA regionally-averaged SST in the Class-I model
simulations (dashed lines in colors) and the multi-model ensemble mean (black solid line). (b) As in (a), but for the results in
the Class-II model simulations. In (a) and (b), negative (positive) lags indicate that the SSA SST is leading (lagging). (c) Lead-lag
correlations of the simulated SSA SST (dashed line) and AMO (solid line) with the AMOC index at decadal time scales in the Class-I
model simulations. (d) As in (c), but for the Class-II model simulations. In (c) and (d), negative (positive) lags indicate that the AMOC
is leading (lagging).
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light that the ocean dynamics play a non-negligible
role and should be taken into consideration in better
understanding the observed feature of the AMO.
This study provides observational and modeling
evidence to identify the interhemispheric SST dipole
of AMO as a key feature that can be used to distinguish the AMO driving mechanism. To highlight
the role of ocean dynamics, we employed the CMIP3
coupled models that share the same atmospheric model
but have different ocean models with or without the
presence of a dynamical ocean. Compared to the
CMIP3 models, CMIP5 fully coupled models show
notable changes in terms of higher spatial resolutions
and better physics representation, and thus we further
performed a preliminary analysis using the preindustrial control simulations from the CMIP5 fully coupled
models. We found that, consistent with the CMIP3
fully coupled models, the analyzed CMIP5 models have
the ability to simulate the interhemispheric SST dipole
associated with the AMO variability (figure S6 in supplementary information), further confirming that the
presence of a dynamical ocean in couple models is necessary. A more systematic evaluation of the CMIP5
models and comparison with the CMIP3 models warrant future study.
Based on model simulations, this study shows that
the AMOC-related ocean dynamics may play an important role in shaping the observed interhemispheric
dipole structure associated with the AMO. A limitation of this study is that only two of the CMIP3 fully
coupled models analyzed can reproduce the dipole
and simulate a reasonable correlation between the
AMOC and the dipole. A recent study based on current CMIP5 fully coupled models has also suggested
that there is modest, but model-dependent, skill in
simulating the relationship (Muir and Fedorov 2014).
Thus, a systematic comparison between the CMIP3 and
CMIP5 fully coupled models are necessary to examine
whether there is some improvement in the simulation of the relationship between AMOC and Atlantic
interhemispheric dipole from CMIP3 to CMIP5 models. This is also helpful for identifying the key process
that influences the simulation of AMOC-SST relation.
In addition, we emphasize that the ocean dynamics
induced interhemispheric climate variations proposed
in this study are not at the exclusion of the climate
impacts resulting from the atmospheric teleconnection
mechanism. Our view is that both may be operating in the real world, but at different time scales.
Some recent studies have suggested that at interannual time scales, the climate variations over Southern
Ocean are tightly connected to the SST anomalies
over the tropical North Atlantic (Li et al 2014, 2015a,
2015b), and this teleconnection can be well explained
by the atmospheric bridge mechanism. Our hypothesis of the role of ocean dynamics only applies at
decadal to multidecadal time scales. Future studies will
be needed to incorporate both the atmospheric and
ocean-mediated interhemispheric teleconnections in
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understanding the SH climate variability over broad
time scales.

Acknowledgments
This work was jointly supported by the National
Science Foundation of China (41775038, 41790474),
the National Programme on Global Change and
Air–Sea Interaction (GASI-IPOVAI-06 and GASIIPOVAI-03), and the State Key Laboratory of Tropical
Oceanography, South China Sea Institute of Oceanology, Chinese Academy of Sciences (Project No.
LTO1801).

ORCID iDs
Cheng Sun https://orcid.org/0000-0003-0474-7593
Jianping Li https://orcid.org/0000-0003-0625-1575
Fei Xie https://orcid.org/0000-0003-2891-3883

References
Ba J et al 2014 A multi-model comparison of Atlantic multidecadal
variability Clim. Dyn. 43 2333–48
Barker S, Diz P, Vautravers M J, Pike J, Knorr G, Hall I R and
Broecker W S 2009 Interhemispheric Atlantic seesaw response
during the last deglaciation Nature 457 1097–U50
Broecker W S 1998 Paleocean circulation during the last
deglaciation: a bipolar seesaw? Paleoceanography 13
119–21
Ceppi P, Hwang Y-T, Liu X, Frierson D M W and Hartmann D L
2013 The relationship between the ITCZ and the Southern
Hemispheric eddy-driven jet J. Geophys. Res.: Atmos. 118
5136–46
Chen X Y and Tung K K 2014 Varying planetary heat sink led to
global-warming slowdown and acceleration Science 345
897–903
Chiang J C H and Friedman A R 2012 Extratropical cooling,
interhemispheric thermal gradients, and tropical climate
change Annu. Rev. Earth Planet. Sci. 40 383–412
Chiang J C H, Lee S-Y, Putnam A E and Wang X 2014 South
Pacific Split Jet, ITCZ shifts, and atmospheric North–South
linkages during abrupt climate changes of the last glacial
period Earth Planet. Sci. Lett. 406 233–46
Clement A, Bellomo K, Murphy L N, Cane M A, Mauritsen T,
Radel G and Stevens B 2015 The Atlantic Multidecadal
Oscillation without a role for ocean circulation Science 350
320
Clement A, Cane M A, Murphy L N, Bellomo K, Mauritsen T and
Stevens B 2016 Response to Comment on ‘The Atlantic
Multidecadal Oscillation without a role for ocean circulation’
Science 352 1527
Crowley T J 1992 North Atlantic deep water cools the Southern
Hemisphere Paleoceanography 7 489–97
Dai A G, Fyfe J C, Xie S P and Dai X G 2015 Decadal modulation of
global surface temperature by internal climate variability Nat.
Clim. Change 5 555
Delworth T L and Mann M E 2000 Observed and simulated
multidecadal variability in the Northern Hemisphere Clim.
Dyn. 16 661–76
Delworth T L, Zeng F, Zhang L, Zhang R, Vecchi G A and Yang X
2017 The central role of ocean dynamics in connecting the
North Atlantic Oscillation to the extratropical component of
the Atlantic Multidecadal Oscillation J. Clim. 30
3789–805

Environ. Res. Lett. 13 (2018) 074026

Delworth T L and Zeng F R 2012 Multicentennial variability of the
Atlantic meridional overturning circulation and its climatic
influence in a 4000 year simulation of the GFDL CM2.1
climate model Geophys. Res. Lett. 39 L13702
Delworth T L, Zeng F R, Vecchi G A, Yang X S, Zhang L P and
Zhang R 2016 The North Atlantic Oscillation as a driver of
rapid climate change in the Northern Hemisphere Nat. Geosci.
9 509
Drews A and Greatbatch R J 2016 Atlantic Multidecadal variability
in a model with an improved North Atlantic current Geophys.
Res. Lett. 43 8199–206
Enfield D B, Mestas-Nunez A M and Trimble P J 2001 The Atlantic
Multidecadal Oscillation and its relation to rainfall and river
flows in the continental US Geophys. Res. Lett. 28 2077–80
Gulev S K and Latif M 2015 Ocean science: the origins of a climate
oscillation Nature 521 428–30
Gulev S K, Latif M, Keenlyside N, Park W and Koltermann K P
2013 North Atlantic Ocean control on surface heat flux on
multidecadal timescales Nature 499 464–7
Hirahara S, Ishii M and Fukuda Y 2014 Centennial-scale sea surface
temperature analysis and its uncertainty J. Clim. 27 57–75
Hurrell J W 1995 Decadal trends in the North-Atlantic
oscillation–regional temperatures and precipitation Science
269 676–9
Kamykowski D 2010 Atlantic meridional overturning circulation
and phosphate-classified bottom-up control of Atlantic
pelagic ecosystems through the 20th century Deep Sea Res.
Part I 57 1266–77
Keenlyside N S, Latif M, Jungclaus J, Kornblueh L and Roeckner E
2008 Advancing decadal-scale climate prediction in the North
Atlantic sector Nature 453 84–8
Kennedy J J, Rayner N A, Smith R O, Parker D E and Saunby M
2011 Reassessing biases and other uncertainties in sea surface
temperature observations measured in situ since 1850: 1.
Measurement and sampling uncertainties J. Geophys.
Res.-Atmos. 116 D14103
Knight J R, Allan R J, Folland C K, Vellinga M and Mann M E 2005
A signature of persistent natural thermohaline circulation
cycles in observed climate Geophys. Res. Lett. 32
L20708
Knight J R, Folland C K and Scaife A A 2006 Climate impacts of the
Atlantic Multidecadal Oscillation Geophys. Res. Lett. 33
L17706
Kucharski F, Ikram F, Molteni F, Farneti R, Kang I-S, No H-H,
King M P, Giuliani G and Mogensen K 2015 Atlantic forcing
of Pacific decadal variability Clim. Dyn. 46 2337–51
Latif M, Boning C, Willebrand J, Biastoch A, Dengg J, Keenlyside N,
Schweckendiek U and Madec G 2006a Is the thermohaline
circulation changing? J. Clim. 19 4631–7
Latif M, Collins M, Pohlmann H and Keenlyside N 2006b A review
of predictability studies of Atlantic sector climate on decadal
time scales J. Clim. 19 5971–87
Latif M and Keenlyside N S 2011 A perspective on decadal climate
variability and predictability Deep Sea Res. Part II 58
1880–94
Latif M et al 2004 Reconstructing, monitoring, and predicting
multidecadal-scale changes in the North Atlantic thermohaline
circulation with sea surface temperature J. Clim. 17
1605–14
Lee S and Kim H K 2003 The dynamical relationship between
subtropical and eddy-driven jets J. Atmos. Sci. 60
1490–503
Lee S-Y, Chiang J C H, Matsumoto K and Tokos K S 2011
Southern Ocean wind response to North Atlantic cooling and
the rise in atmospheric CO2 : modeling perspective and
paleoceanographic implications Paleoceanography 26
PA1214
Li J P, Sun C and Jin F-F 2013 NAO implicated as a predictor of
Northern Hemisphere mean temperature multidecadal
variability Geophys. Res. Lett. 40 5497–502
Li S and Bates G T 2007 Influence of the Atlantic Multidecadal
Oscillation on the winter climate of East China Adv. Atmos.
Sci. 24 126–35

11

Li X C, Holland D M, Gerber E P and Yoo C 2014 Impacts of the
north and tropical Atlantic Ocean on the Antarctic Peninsula
and sea ice Nature 505 538
Li X C, Gerber E P, Holland D M and Yoo C 2015a A Rossby wave
bridge from the tropical Atlantic to West Antarctica J. Clim.
28 2256–73
Li X C, Holland D M, Gerber E P and Yoo C 2015b Rossby waves
mediate impacts of tropical Oceans on West Antarctic
atmospheric circulation in austral winter J. Clim. 28
8151–64
Lopez H, Dong S F, Lee S K and Goni G 2016 Decadal modulations
of interhemispheric global atmospheric circulations and
monsoons by the South Atlantic Meridional overturning
circulation J. Clim. 29 1831–51
Lu R Y, Dong B W and Ding H 2006 Impact of the Atlantic
Multidecadal Oscillation on the Asian summer monsoon
Geophys. Res. Lett. 33 L24701
McCarthy G D, Haigh I D, Hirschi J J, Grist J P and Smeed D A
2015 Ocean impact on decadal Atlantic climate variability
revealed by sea-level observations Nature 521
508–10
Mecking J V, Keenlyside N S and Greatbatch R J 2013
Stochastically-forced multidecadal variability in the North
Atlantic: a model study Clim. Dyn. 43 271–88
Mecking J V, Keenlyside N S and Greatbatch R J 2015 Multiple
timescales of stochastically forced North Atlantic Ocean
variability: a model study Ocean Dyn. 65 1367–81
Muir L C and Fedorov A V 2014 How the AMOC affects ocean
temperatures on decadal to centennial timescales: the North
Atlantic versus an interhemispheric seesaw Clim. Dyn. 45
151–60
O’Reilly C H, Woollings T and Zanna L 2017 The dynamical
influence of the Atlantic Multidecadal Oscillation on
continental climate J. Clim. 30 7213–30
O’Reilly C H, Huber M, Woollings T and Zanna L 2016 The
signature of low-frequency oceanic forcing in the Atlantic
Multidecadal Oscillation Geophys. Res. Lett. 43
2810–8
Rahmstorf S, Box J E, Feulner G, Mann M E, Robinson A,
Rutherford S and Schaffernicht E J 2015 Exceptional
twentieth-century slowdown in Atlantic Ocean overturning
circulation Nat. Clim. Change 5 475–80
Schlesinger M E and Ramankutty N 1994 An Oscillation in the
global climate system of period 65−70 years Nature 367
723–6
Smith T M, Reynolds R W, Peterson T C and Lawrimore J 2008
Improvements to NOAA’s historical merged land-ocean
surface temperature analysis 1880−2006 J. Clim. 21 2283–96
Stouffer R J, Seidov D and Haupt B J 2007 Climate response to
external sources of freshwater: North Atlantic versus the
Southern Ocean J. Clim. 20 436–48
Sun C, Li J P, Jin F-F and Ding R Q 2013 Sea surface temperature
inter-hemispheric dipole and its relation to tropical
precipitation Environ. Res. Lett. 8 044006
Sun C, Li J and Jin F-F 2015a A delayed oscillator model for the
quasi-periodic multidecadal variability of the NAO Clim. Dyn.
45 2083–99
Sun C, Li J and Zhao S 2015b Remote influence of Atlantic
multidecadal variability on Siberian warm season precipitation
Sci. Rep. 5 16853
Sun C, Li J P, Feng J and Xie F 2015c A decadal-scale
teleconnection between the North Atlantic Oscillation and
subtropical eastern Australian rainfall J. Clim. 28 1074–92
Sun C, Li J P, Ding R Q and Jin Z 2017a Cold season Africa-Asia
multidecadal teleconnection pattern and its relation to the
Atlantic multidecadal variability Clim. Dyn. 48 3903–18
Sun C, Kucharski F, Li J P, Jin F-F, Kang I S and Ding R Q 2017b
Western tropical Pacific multidecadal variability forced by the
Atlantic Multidecadal Oscillation Nat. Commun. 8 15998
Sun C, Li J P, Kucharski F, Xue J Q and Li X 2018 Contrasting
spatial structures of Atlantic Multidecadal Oscillation between
observations and slab ocean model simulations Clim. Dyn. 51
1–17

Environ. Res. Lett. 13 (2018) 074026

Sutton R T and Hodson D L R 2005 Atlantic Ocean forcing of North
American and European summer climate Science 309 115–8
Thompson D W J, Wallace J M, Kennedy J J and Jones P D 2010 An
abrupt drop in Northern Hemisphere sea surface temperature
around 1970 Nature 467 444–7
Vellinga M and Wood R A 2002 Global climatic impacts of a
collapse of the Atlantic thermohaline circulation Clim. Change
54 251–67
Xie S P and Philander S G H 1994 A coupled Ocean-atmosphere
model of relevance to the ITCZ in the eastern Pacific Tellus
Ser. A-Dyn. Meteorol. Oceanogr. 46 340–50

12
View publication stats

Zhang R 2017 On the persistence and coherence of subpolar sea
surface temperature and salinity anomalies associated with the
Atlantic multidecadal variability Geophys. Res. Lett. 44
7865–75
Zhang R and Delworth T L 2007 Impact of the Atlantic
multidecadal Oscillation on North Pacific climate variability
Geophys. Res. Lett. 34 L23708
Zhang R, Sutton R, Danabasoglu G, Delworth T L, Kim W M,
Robson J and Yeager S G 2016 Comment on ‘The Atlantic
Multidecadal Oscillation without a role for ocean circulation’
Science 352 1527

