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Abstract A multi-model analysis of Atlantic multideca-

dal variability is performed with the following aims: to

investigate the similarities to observations; to assess the

strength and relative importance of the different elements

of the mechanism proposed by Delworth et al. (J Clim

6:1993–2011, 1993) (hereafter D93) among coupled gen-

eral circulation models (CGCMs); and to relate model

differences to mean systematic error. The analysis is per-

formed with long control simulations from ten CGCMs,

with lengths ranging between 500 and 3600 years. In most

models the variations of sea surface temperature (SST)

averaged over North Atlantic show considerable power on

multidecadal time scales, but with different periodicity.

The SST variations are largest in the mid-latitude region,

consistent with the short instrumental record. Despite large

differences in model configurations, we find quite some

consistency among the models in terms of processes. In

eight of the ten models the mid-latitude SST variations are
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significantly correlated with fluctuations in the Atlantic

meridional overturning circulation (AMOC), suggesting a

link to northward heat transport changes. Consistent with

this link, the three models with the weakest AMOC have

the largest cold SST bias in the North Atlantic. There is no

linear relationship on decadal timescales between AMOC

and North Atlantic Oscillation in the models. Analysis of

the key elements of the D93 mechanisms revealed the

following: Most models present strong evidence that high-

latitude winter mixing precede AMOC changes. However,

the regions of wintertime convection differ among models.

In most models salinity-induced density anomalies in the

convective region tend to lead AMOC, while temperature-

induced density anomalies lead AMOC only in one

model. However, analysis shows that salinity may play an

overly important role in most models, because of cold

temperature biases in their relevant convective regions. In

most models subpolar gyre variations tend to lead AMOC

changes, and this relation is strong in more than half of

the models.

Keywords Atlantic multidecadal variability (AMV) �
Atlantic meridional overturning circulation (AMOC) �
North Atlantic Oscillation (NAO) � Subpolar gyre (SPG)

1 Introduction

Atlantic multidecadal variability (AMV) with a time scale

of 70–80 years in sea surface temperature (SST) has been

found in a number of studies (Bjerknes 1964; Delworth and

Mann 2000; Deser and Blackmon 1993; Knight et al. 2005;

Kushnir 1994; Mann et al. 1998; Schlesinger and Rama-

nkutty 1994). AMV is linked to Western African, American

and European climate (Sutton and Hodson 2005; Knight

et al. 2006; Enfield et al. 2001; Semenov et al. 2010; Zhang

and Delworth 2006; Zhang et al. 2007). A number of studies

have proposed mechanisms related to AMV, mainly based

on results from climate models (Delworth et al. 1993;

Delworth and Greatbatch 2000; Griffies and Tziperman

1995; Timmermann et al. 1998; Jungclaus et al. 2005).

Many model studies suggest the Atlantic meridional

overturning circulation (AMOC) drives AMV in upper

ocean temperature, because of its northward heat transport

(Delworth et al. 1993; Timmermann et al. 1998; Jungclaus

et al. 2005). In contrast, a few studies have suggested

variations in external radiative (e.g., aerosol) forcing may

have driven the observed AMV in SST (Booth et al. 2012).

However, these studies are not able to fully explain

observed variations in ocean heat content (Zhang et al.

2013), which were probably driven largely by ocean

dynamics (Yeager et al. 2012; Gulev et al. 2013). It is

currently not possible to confirm the oceanic origin of AMV

from observations, as continuous measurements of AMOC

have only become available since 2004, and only at 26.5�N

(Cunningham et al. 2007). Because of the lack of adequate

data on multidecadal time scale, ocean reanalysis has been

used to assess past AMOC variations. However, there is

little agreement among various ocean reanalyses. In par-

ticular, Keenlyside and Ba (2010) showed a wide spread in

the strength and phase of the AMOC variations at 30�N

among five systems from the EU ENSEMBLES project.

Further north there are some agreements in terms of phase,

but not strength (Pohlmann et al. 2013).

The strength of the AMOC is intimately tied to the three

dimensional ocean density structures (Cunningham et al.

2007; Kanzow et al. 2007; Marotzke 1997; Hawkins and

Sutton 2007). Observational and model studies also suggest a

link among subpolar ocean wintertime convection, deep-

water formation, and AMOC strength (Curry et al. 1998;

Dickson et al. 1996; Marshall and Schott 1999; Delworth

et al. 1993; Delworth and Greatbatch 2000; Timmermann

et al. 1998; Jungclaus et al. 2005). The wintertime convec-

tion in the North Atlantic is observed in the Labrador Sea,

Irminger Sea, and Nordic Seas (Dickson et al. 1996; Curry

et al. 1998; Bacon et al. 2003; Pickart et al. 2003; Marshall

and Schott 1999). However, the causes of convective vari-

ability are not fully understood. Hatun et al. (2005) suggested

that as high-latitude sea surface temperatures are close to the

freezing point in winter, density change is mainly deter-

mined by salinity, while Marshall and Schott (1999) indi-

cated that high-latitude oceanic convection is caused by heat

loss associated with atmospheric variability. In the latter

case, oceanic changes can modulate the strength of con-

vection by impacting the stability of the upper ocean.

Despite some model agreement on some processes, there

remain significant differences in the mechanisms for sim-

ulated AMV among models. Delworth et al. (1993) placed

importance on the interaction of the subpolar gyre (SPG)

and AMOC, with anomalous salt advection to the sinking

regions modulating the intensity of deep convection. While

others found the AMOC to be modulated by freshwater

export from the Arctic (Jungclaus et al. 2005) and sub-

tropics (Vellinga and Wu 2004) into the sinking regions.

Delworth and Greatbatch (2000) and Griffies and Tziper-

man (1995) suggested that the origin of the low-frequency

time scales is from atmospheric stochastic forcing. How-

ever, Timmermann et al. (1998) propose a coupled positive

feedback that amplifies oceanic variations.

Therefore, model intercomparison is important and nec-

essary to better understand the reasons for model difference

and to improve their representation of AMV. There have been

a few multi-model comparisons related to AMV (Medhaug

and Furevik 2011; Ting et al. 2011; Menary et al. 2012;

Marini and Frankignoul 2013; Kavvada et al. 2013; Zhang

and Wang 2013). Medhaug and Furevik (2011) analysed 24
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coupled general circulation models (CGCMs) from coupled

model intercomparison project phase 3 (CMIP3) database

used for the intergovernmental panel on climate change

(IPCC) fourth assessment report (AR4). They suggested the

CGCMs could reproduce the observed warm and cold epi-

sodes during the twentieth century, and most models show a

realistic structure in the overturning circulation. However, the

CGCMs were forced by observed greenhouse gas concen-

tration and direct effect of sulphate aerosols and natural

forcing (volcanic aerosols and solar variability) from 1850 to

2000; and recent studies suggest these may be important

drivers of North Atlantic SST changes in the historical period

(Otterå et al. 2010; Booth et al. 2012).

Ting et al. (2011) indicated the strong relation between

AMV and precipitation, and the clear physical mechanism

for linkage in terms of meridional shifts of the Atlantic

intertropical convergence zone (ITCZ) for the twentieth,

twenty first centuries and preindustrial eras with 23

CGCMs. They focus on the AMV’s climate impacts, such

as Sahel rainfall. Menary et al. (2012) test the proposed

mechanism in Vellinga and Wu (2004) with extended

control simulations of three climate models. However, they

only focus on the centennial variability. Here we present a

multi-model comparison of unforced, internally generated

AMV. Ten CGCMs have been used to investigate to what

extent the climate models simulate observed AMV, and the

similarities and differences among them.

Delworth et al. (1993) (hereafter D93) is an early work on

simulated AMV mechanism that many studies compare to

(Delworth and Greatbatch 2000; Timmermann et al. 1998;

Vellinga and Wu 2004; Ba et al. 2013). Therefore, here a

multi-model comparison is made to test the sensitivity of this

mechanism to model formulation and the mean state. In

particular, we investigate the ocean wintertime convection in

different models and its relationship with AMOC, the tem-

perature and salinity contributions to density anomalies in the

convection regions that tend to precede the AMOC changes,

and the relationship between the SPG and AMOC. We

investigate also the relation between AMOC and SST, and the

role of the North Atlantic Oscillation (NAO) in driving

AMOC decadal variability.

The paper is organized as follows. Section 2 describes

the ten CGCMs used in this study. Section 3 indicates the

similarity of simulated AMV in these CGCMs to obser-

vations. Section 4 investigates the robustness of the

mechanism proposed by D93 across the CGCMs. Summary

and discussion follow in Sect. 5.

2 Model data

This study is based on ten coupled long control simula-

tions, in which six models are contributed by the EU

project THOR (Thermohaline Overturning—at risk?): the

Bergen Climate Model (BCM) (Otterå et al. 2009), the

Max Planck Institute for Meteorology Earth System Model

(MPI-ESM-CR) (Jungclaus et al. 2010), the EC-EARTH

(Hazeleger et al. 2012), the Institute Pierre Simon Laplace

(IPSL-CM4) (Marti et al. 2010), the Kiel Climate Model

(KCM) (Park et al. 2009; Park and Latif 2010) and the

Hadley Center Climate Model (HadCM3) (Gordon et al.

2000; Pope et al. 2000). The other four models are the

Centre National de Recherches Météorologiques Coupled

Model (CNRM-CM3) (Guemas and Salas-Mélia 2008;

Voldoire et al. 2013), the Centro Euro-Mediterraneo per i

Cambiamenti Climatici (CMCC) (Bellucci et al. 2008), the

Model for Interdisciplinary Research on Climate (MIROC)

(K-1 model developers 2004; Oka et al. 2006) and the

Institute of Numerical Mathematics Climate Model (INM-

CM4) (Volodin et al. 2010). Key model details are listed in

Table 1.

From the model output, all the indices are detrended. In

correlation (regression) analysis among various indices and

spatial fields, we filter the indices with an 11-year running

mean to isolate the multidecadal signal. Significance tests

applied account for the resulting reduced number of

degrees of freedom.

3 Multi-model comparison of simulated North Atlantic

multidecadal variability

Multidecadal variability is observed over the North

Atlantic with a 70–80 year time scale, as illustrated by the

AMV index (Fig. 1a; Knight et al. 2005; Enfield et al.

2001). The AMV index is defined as linearly detrended

average SST over the North Atlantic (0�–60�N, 7.5�–

75�W) (Sutton and Hodson 2005). The regression

Table 1 List of unforced long control simulations with 10 CGCMs

Model length

(year)

Horizontal

grid (Atm)

Horizontal grid

(Ocn) (nominal)

BCM 700 T42 2.4�
MPI-ESM-CR 3000 T31 3�a

EC-EARTH 600 T159 1�
IPSL-CM4 1150 2.5� 9 3.75� 2�
KCM 1000 T31 2�
HadCM3 1500 2.5� 9 3.25� 1.25� 9 1.25�
CNRM-CM3 1000 T42 2�
CMCC 759 T31 2�
MIROC 3600 T42 1.4� 9 0.56�
INM-CM4 500 2� 9 1.5� 1� 9 0.5�
a Northern pole located over southern Greenland, convergence of

mesh-size towards the poles translates into a grid spacing of

30–200 km in the North Atlantic

A multi-model comparison of Atlantic 2335

123



coefficients between the AMV index and SST are positive

almost over the entire North Atlantic (Fig. 1b, Sutton and

Hodson 2005). The region with largest positive regression

is located in the mid-latitude (30�N–60�N) and eastern

tropical North Atlantic, while the weaker regression values

are in the western tropical and subtropical North Atlantic.

The simulated AMV indices in the ten models are cal-

culated using the same definition as for observations. In all

models, SST averaged over the North Atlantic (for the

same region as the index) is colder than observed

(Table 2). Except for INMCM4, the models simulate

weaker AMV than observed during the instrumental period

(Table 2). These differences could result from the external

forcing that is fixed to preindustrial conditions in the most

control simulations.

The corresponding power spectra of the simulated AMV

indices show a wide range of variability, but exhibit a

similar red noise character (Fig. 2). Most AMV indices

show power on multi-decadal time scales, but with dif-

ferent periodicity. The spatial patterns of SST variation

associated with the AMV index in the ten models are

illustrated in Fig. 3. The regression patterns show simi-

larities with the observations in most models, with the

largest loadings in the mid-latitude region and weaker

regression in the western tropical and subtropical North

Atlantic. However, the regression values are higher than in

observations. Except for CNRM-CM3, KCM and IPSL-

CM4, the regressions in the eastern tropical and subtropical

region are weaker than mid-latitude region. The INM-CM4

has the weakest regression over the North Atlantic. Had-

CM3 shows the strongest negative regression over the

Arctic region and MIROC shows the strongest negative

regression values in the Greenland-Iceland-Norwegian

(GIN) Sea region. In addition to model error, differences in

patterns could also be related to observational uncertainties

as well as the absence of time varying external forcing in

our simulations.

Fig. 1 a Observed Atlantic

multidecadal variability (AMV)

Index defined as linearly

detrended North Atlantic

(0–60�N) average sea surface

temperature (SST). b The

spatial pattern of observed SST

variation over North Atlantic

associated with the observed

AMV Index by regressing the

detrended SST on the

normalized AMV index

Table 2 Mean SST averaged over the North Atlantic (0�–60�N,

7.5�–75�W) and the standard deviation of the AMV indices in

observation and ten CGCMs

Observation/model Mean (�C) Standard deviation (�C)

Observation 21.08 0.26

BCM 18.34 0.12

MPI-ESM-CR 20.96 0.17

EC-EARTH 19.90 0.14

IPSL-CM4 19.31 0.21

KCM 18.60 0.18

HadCM3 20.48 0.21

CNRM-CM3 19.93 0.20

CMCC 19.61 0.14

MIROC 19.14 0.15

INM-CM4 18.78 0.36

Fig. 2 The spectra of detrended AMV Indices in ten coupled general

circulation models (CGCMs). The AR1 red noise fit is the mean of the

AR1 red noise fits from ten models. Due to the varying autocorre-

lation for the models, the individual red-noise spectra are not shown
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Atlantic multidecadal variability (AMV) is thought to be

strongly linked to fluctuations in the AMOC, through asso-

ciated variations in the northward heat transport (Hall and

Bryden 1982; Delworth et al. 1993; Timmermann et al. 1998;

Delworth and Mann 2000; Latif et al. 2004; Jungclaus et al.

2005; Gastineau and Frankignoul 2012). This is consistent

with the larger mid-latitude loadings in the SST variability

pattern related to AMV (Fig. 3). Figure 4 shows the time

mean North Atlantic meridional overturning stream functions

for the ten models. In each model the stream function has a

maximum located from 30�N to 50�N. Compared to the mean

value of the observed AMOC (17.4Sv) from the RAPID array

at 26.5�N (Cunningham et al. 2007), the AMOC strength in

BCM, CNRM-CM3, and MIROC at the same latitude are

stronger. However, KCM, IPSL-CM4 and CMCC have rel-

atively weak transport. The AMOC strength in MPI-ESM-

CR, EC-EARTH and HadCM3 are closest to the observed

value. We note that the INM-CM4 AMOC weakens by

around 2.5Sv (not shown) over the course of the simulation,

which is limited in length by computational resources; this

drift may contribute to the weaker AMV pattern (Fig. 3). The

large spread in AMOC strength among models remains to be

fully explained. Further, the large uncertainty in the obser-

vational estimate from RAPID should be also considered in

this context.

In many models, AMOC anomalies propagate southward

with a time scale of several years from the subpolar to the

subtropical region, because of the contribution of the slower

interior transport in this region (Zhang 2010). Cross-cor-

relation of the AMOC indices at 45�N with AMOC indices

at lower latitudes indicates that these ten models also

behave similarly (Fig. 5), where the AMOC indices are

defined as the maximum Atlantic meridional overturning

stream function at the different latitudes. In all models

AMOC at 45�N leads AMOC at 30�N by a few years with a

high correlation. Unless otherwise indicated, in further

analysis the AMOC indices are defined as the maximum

Atlantic meridional overturning stream function at 30�N,

because the strength of the overturning stream function at

30�N is generally much higher than at other latitudes.

To assess the role of the AMOC in AMV the lead-lag

relationship between the AMV and AMOC indices is

computed (Fig. 6a). In five models (EC-EARTH, KCM,

IPSL-CM4, CMCC, HadCM3) AMOC and AMV indices

variations are strongly related and almost in phase. EC-

EARTH and CMCC show AMV leads AMOC by about

1–2 years, while KCM, IPSL-CM4 and HadCM3 show

AMV lags AMOC by about 1–5 years. Consistent with

Fig. 5, variations in AMOC at 45�N lead AMV by several

years in all models, except for INM-CM4; the relation is

also overall stronger (not shown). The AMOC index

spectra are shown in Fig. 6b. The AMOC indices show

power on multi-decadal time scales, but with different

periodicity. While the spectra have an overall red character,

there are notable differences to the spectra of an AR-1

process, as expected (Mecking et al. 2013). Cross-spectral

analyses for the five models with the strongest AMOC and

AMV relation confirm that this relationship occurs on

multidecadal timescales (not shown). These relationships

between SST and AMOC simulated in models differ over

the North Atlantic. Figure 6c shows the cross-correlation

between AMV indices and the averaged SST over the

tropical and subtropical region in the North Atlantic. Fig-

ure 6d illustrates the relationship in the mid-latitude North

Atlantic. It indicates that the significant relationship

between AMV and AMOC is mainly located in the mid-

Fig. 3 The spatial patterns of SST variations over North Atlantic

associated with the AMV indices in ten CGCMs. The regressions are

calculated by detrended SSTs and AMV indices in ten models

A multi-model comparison of Atlantic 2337
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latitude North Atlantic, which is consistent with the pat-

terns shown in Fig. 3.

It has been suggested that AMOC fluctuations that affect

the North Atlantic SST variations are linked to the NAO

(Visbeck et al. 1998; Eden and Jung 2001). Latif et al. (2006)

and Latif and Keenlyside (2011) showed that low-frequency

variability of an SST based AMOC index lags the NAO by

about one decade. However, this relationship between the

AMOC and NAO is not clear in these ten models (Fig. 7).

The power spectra of the model NAO indices show that they

are essentially consistent with white noise (Fig. 7a). The

relationships between AMOC indices and NAO indices in

the ten models are not significant (Fig. 7b). This is consis-

tent with the analysis of EC-EARTH from Wouters et al.

(2012); and the analysis of the BCM by Medhaug et al.

(2012), which identify a link between AMOC and the NAO

with low explained variance (*11 %). However, the

atmosphere’s role needs further exploration.

Fig. 4 The mean state of Atlantic meridional overturning circulation (AMOC) stream function in ten CGCMs

2338 J. Ba et al.
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4 Multi-model mechanism assessments to key aspect

of D93

D93 is one of the earliest studies to investigate the mech-

anism behind AMV, and is often mentioned and compared

to in other works (Delworth and Greatbatch 2000;

Timmermann et al. 1998; Vellinga and Wu 2004; Ba et al.

2013). In D93 AMOC variations on multidecadal time-

scales are driven by changes of North Atlantic high-latitude

density, associated with wintertime oceanic convection.

The key aspects of D93 are compared here among our ten

CGCMs.

Fig. 5 The cross-correlation between AMOC indices at 45�N and AMOC indices at 40�N, 30�N, 20�N, 5.5�N, respectively in ten CGCMs

A multi-model comparison of Atlantic 2339
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We analyze the relationship between the AMOC and

specific convection regions in the different models. This is

a slightly different approach to D93, who considered the

Atlantic region from 52� to 72�N as the sinking region for

AMOC, and did not specify the individual convection

regions. The relative importance of different convection

sites across the models may have implications for the

model’s susceptibility to different mechanisms of internal

and externally-forced variability, a feature which would

have been masked by choosing a broader North Atlantic

convection region.

Wintertime mixed-layer depth (MLD) is used here as a

measure of oceanic convection and deep water formation.

Surface buoyancy fluxes drive deep water formation by

Fig. 6 a Cross-correlations among AMV indices and AMOC indices

at 30�N in ten CGCMs. b Power spectra of AMOC indices at 30�N.

The AR1 red noise fit is the mean of AR1 red noise fits from ten

models. c Cross-correlation between averaged SST (0�–30�N) in

North Atlantic and AMOC indices at 30�N. d Cross-correlation

between averaged SST (30�–60�N) in North Atlantic and AMOC

indices at 30�N. For the correlations an 11-year running mean is

applied and the 95 % confidence level is around 0.3 (black dotted

line) in each model

Fig. 7 a Power spectra of

North Atlantic Oscillation

(NAO) indices in ten CGCMs.

b Cross-correlation among

AMOC indices at 30�N and

NAO indices. For the

correlations an 11-year running

mean is applied and the 95 %

confidence level is around 0.3

(black dotted line) in each

model
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causing both large-scale sinking and convective overturn-

ing (Isachsen et al. 2007; Lazier et al. 2002). Although

convection cannot directly drive meridional overturning

circulation changes, as it only involves vertical mass

exchange, observations and models suggest a close relation

among MLD, deep water formation, and changes in over-

turning strength (Eden and Willebrand 2001; Curry et al.

1998; Dickson et al. 1996). Thus, MLD is often used as an

indicator for oceanic convection in connection with AMOC

changes (Delworth et al. 1993; Jungclaus et al. 2005;

Wouters et al. 2012; Ba et al. 2013). Nevertheless, MLD in

BCM is not an ideal proxy for oceanic convection, because

of the mixing scheme implemented in this isopycnal model

(Medhaug et al. 2012); we only use it here for consistency.

In the nine models (INM-CM4 MLD data is not available)

the regions with the largest standard deviation in winter-

time mixed layer depth correspond to the regions with the

deepest mean MLD, and are used to determine the regions

of wintertime deep convection. The standard deviation is

used here to define the convective regions since we focus

on the variability.

The regions of wintertime deep oceanic convection

differ among the models (Fig. 8): there are three models

with Labrador Sea convection (BCM, CNRM-CM3 and

HadCM3); eight with Irminger Sea convection (BCM,

CNRM-CM3, MPI-ESM-CR, KCM, IPSL-CM4 (eastern

Irminger Sea), CMCC, MIROC and HadCM3); five with

South Greenland Sea convection (MPI-ESM-CR, EC-

EARTH, KCM, CMCC and MIROC); and all nine with

GIN Sea convection. Wintertime convection in BCM and

HadCM3 are much shallower than in the other models.

South Greenland Sea convection was not observed during

the instrumental record. However, its presence in models is

likely related to model bias that is discussed later.

Figure 9 shows the cross-correlation between convec-

tion indices (defined as the averaged MLD in the boxes

depicted in Fig. 8) and AMOC indices at 30�N in the nine

models. Labrador Sea convection indices are not

Fig. 8 The standard deviation of winter mixed layer depth (MLD) in

nine CGCMs (data from INM-CM4 is not available). The region with

the largest mean state is same with the largest standard deviation. The

convection regions for the further analysis are highlighted by black

boxes in every model respectively

A multi-model comparison of Atlantic 2341
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significantly related with variations in the AMOC in the

three models with convection in this region. However,

Medhaug et al. (2012) used a different convection defini-

tion (not MLD) and find the relationship between Labrador

Sea and AMOC in BCM, while Guemas and Salas-Mélia

(2008) showed the AMOC index defined at 50�–60�N lags

Labrador Sea convection by 1 year in CNRM-CM3. Irm-

inger Sea convection is seen in eight models (apart from

EC-EARTH) and tends to precede the AMOC, most sig-

nificantly by about 10 years in five models (BCM, CNRM-

CM3, MPI-ESM-CR, KCM and IPSL-CM4). South

Greenland Sea convection significantly leads the AMOC

only in EC-EARTH, consistent with Wouters et al. (2012).

The GIN Sea convection leads the AMOC index in CMCC

and MIROC. Thus, in eight models (BCM, CNRM-CM3,

MPI-ESM-CR, EC-EARTH, KCM, IPSL-CM4, CMCC

and MIROC) high-latitude density anomalies due to win-

tertime convection significantly precede decadal AMOC

changes, but uncertainty exists in the importance of various

convection sites.

In D93 the density anomalies in the sinking region that

drive AMOC changes are dominated by anomalous salin-

ity. Here we also investigate the relationship between the

AMOC and temperature and salinity contributions to

Fig. 9 The cross-correlations between convections and AMOC

indices at 30�N in nine CGCMs (data from INM-CM4 is not

available). Labrador Sea in red line; Irminger Sea in green line; South

Greenland Sea in blue line; GIN Sea in black line. For the correlations

an 11-year running mean is applied and the 95 % confidence level is

around 0.3 (black dotted line) in each model
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density in the sinking regions in different models (Fig. 10).

In each model, we only show these relationships in the

sinking regions where increased MLD most significantly

leads AMOC changes. Among the eight models (BCM,

CNRM-CM3, MPI-ESM-CR, EC-EARTH, KCM, IPSL-

CM4, CMCC and MIROC) in which wintertime convec-

tion tends to strongly lead the AMOC, salinity anomalies

play the most important role in seven models (Irminger Sea

in CNRM-CM3, MPI-ESM-CR, KCM and IPSL-CM4;

South Greenland Sea in EC-EARTH; GIN Sea in CMCC

and MIROC). KCM shows the strongest salinity-induced

density anomaly in wintertime Irminger Sea convection

that drives AMOC fluctuations. BCM is the only model in

which temperature variations control the increase in den-

sity prior to maximum AMOC. In the other seven models

temperature appears to counter balance the salinity driven

density anomalies.

D93 indicate that SPG variations control the transport of

anomalous salinity to the sinking region. The SPG index is

defined as the absolute maximum of the barotropic

streamfunction in the subpolar region. The relationship

between the SPG and AMOC is shown in Fig. 11 for only

nine models, because the barotropic streamfunction data

for CMCC is not available. SPG leads AMOC significantly

in eight models and strongly in five models (BCM, CNRM-

CM3, EC-EARTH, KCM, IPSL-CM4). SPG variations are

not the only possible mechanism controlling salinity in the

sinking regions. Other possibilities for example include

advection of salinity from high-latitudes (Jungclaus et al.

2005) or mean advection of anomalous salinity from the

low-latitudes (Vellinga and Wu 2004; Menary et al. 2012).

Analyzing the origin of the salinity-induced density

anomalies that appear in the sinking regions is beyond the

scope of this study.

Fig. 10 The cross-regressions of the AMOC indices at 30�N with

density variation (black) and corresponding contribution of temper-

ature (blue), salinity (red) to density in convection regions in nine

CGCMs. In each model, we only show these relationships in the

sinking regions where increased MLD most highly and significantly

leads AMOC changes. For the regression an 11-year running mean is

applied
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5 Summary and discussion

Lack of instrumental data in length and spatial coverage

prevent us from understanding AMV. Therefore CGCMs

provide an alternative and useful tool to investigate the

mechanisms of internal variability on the decadal to mul-

tidecadal time scale. However, the mechanisms differ from

model to model. Thus a multi-model comparison of AMV

is performed here to understand the similarity to observa-

tions in unforced long control simulations by ten CGCMs

and check the robustness of the mechanism proposed by

D93 with respect to model configuration. AMV indices in

most models show considerable power on multidecadal

time scales, but with different periodicity. The SST pat-

terns related to AMV in the models are largely similar to

the observed pattern. Thus, given the limited instrumental

record, it is difficult to conclude any of the ten models are

inconsistent with observations.

The key findings of this paper are summarized in

Fig. 12. In observations and models, the SST pattern

related to AMV shows largest loadings in the mid-latitude

North Atlantic region. This is consistent with the signifi-

cant relationship between mid-latitude SST and AMOC at

30�N found in most (8/10) models. When considering the

AMV index (i.e., SST over the 0–60�N North Atlantic),

only the five models with pronounced multi-decadal vari-

ability show a clear relation between AMOC and AMV.

The relationship between the AMOC and NAO is not clear

in any of the models. This is in contrast to evidence from

observational studies and a few modeling studies (Eden

and Jung 2001; Delworth and Greatbatch 2000; Latif et al.

2006; Latif and Keenlyside 2011).

Fig. 11 The cross-correlations between subpolar gyre (SPG) and AMOC indices at 30�N in nine CGCMs (data from CMCC is not available).

The solid parts of the curves are significant at the 95 % level
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Compared to the main mechanism of D93, despite the

differences in model configuration, a certain degree of con-

sistency is found among the models. In essentially all models

(8/9) there is a deepening of the wintertime mixed layer depth

in at least one of the deep convection sites 5–10 years prior to

a strengthening AMOC. However, the sites and strength of

this relation differ, suggesting the need for other indices for

deep water formation. In most of these models (7/8) salinity

variations control density changes in the convective regions

where mixed layer deepening precedes AMOC strengthen-

ing. The SPG variations significantly lead AMOC changes in

most models (8/9) and strongly in five models.

However, the models inevitably depict some differ-

ences. The reason for the disagreement among models in

their representation of the different processes could be

related to their simulated mean climate states, which differ

from the observed (and each other). The model SST biases

are shown in Fig. 13. Except for BCM and CNRM-CM3,

the other models show a cold bias in the mid-latitude North

Atlantic (Randall et al. 2007). In particular, three models

(KCM, IPSL-CM4 and CMCC) have a colder bias than

others, which might be because of their weak AMOC in

North Atlantic (Fig. 4). However, the variance of the AMV

index (Table 2) or its structure (Fig. 3) cannot be clearly

related to the SST bias (Fig. 13).

The cold conditions in the North Atlantic might enhance

the role of salinity in AMV because in the colder regions

salinity tends to dominate the density anomalies. This could

be due to the thermal expansion coefficient of water at

standard pressure which becomes quite small when the

water temperature approaches the freezing point (Delworth

et al. 1993) and the non-linearity of the equation of state for

density; but an increase of sea ice also tends to strengthen

the salinity impact. On the other hand, in the warmer

regions thermal effects tend to dominate, so the warm bias

over the subpolar region might be the reason why density

anomalies in the sinking region result from temperature

changes in BCM. In addition, warmer conditions decrease

Fig. 12 The schematic for the summary of mechanism. The AMV is

significantly correlated with AMOC in five out of ten models. The

SST pattern related to AMV shows largest loadings in the mid-

latitude Atlantic region, consistent with the significant relationship

between mid-latitude SST and AMOC found in eight out of ten

models. Eight out of nine models show the strong and significant link

between wintertime convection and AMOC. Seven models show that

the AMOC variation is driven by salinity-induced density anomalies

in the convection region, while one model by temperature-induced

density anomalies. And SPG leads AMOC significantly in eight out of

nine models and strongly in five

Fig. 13 The annual mean SST compared to observation from the

Levitus data in ten CGCMs (model minus observation)

A multi-model comparison of Atlantic 2345

123



the sea ice and subsequently weaken the salinity impact.

Further analysis confirms a close relation between model

temperature biases and the relative importance of salinity in

density variability (Fig. 14). It shows a clear linear rela-

tionship between the temperature bias and the absolute ratio

of the salinity-induced density anomaly to the temperature-

induced density anomaly in the convection region of each

model that are related to AMOC variations. The BCM and

CNRM-CM3 have the lower value with the warm model

bias, while other models have the large value with the cold

bias. The result suggests that salinity variability is overly

important in most models. Furthermore, the existence of

South Greenland Sea convection in some models, which

was not observed, also might be a result of model bias.

Therefore, it is important to understand the impact of model

biases on AMV and its predictability, and to identify

strategies to bias correct forecasts in different models.
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