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Abstract The variability of the Atlantic meridional

overturning circulation (AMOC) is investigated in several

climate simulations with the ECHO-G atmosphere-ocean

general circulation model, including two forced integra-

tions of the last millennium, one millennial-long control

run, and two future scenario simulations of the twenty-first

century. This constitutes a new framework in which the

AMOC response to future climate change conditions is

addressed in the context of both its past evolution and its

natural variability. The main mechanisms responsible for

the AMOC variability at interannual and multidecadal time

scales are described. At high frequencies, the AMOC is

directly responding to local changes in the Ekman trans-

port, associated with three modes of climate variability: El

Niño-Southern Oscillation (ENSO), the North Atlantic

Oscillation (NAO), and the East Atlantic (EA) pattern. At

low frequencies, the AMOC is largely controlled by

convection activity south of Greenland. Again, the atmo-

sphere is found to play a leading role in these variations.

Positive anomalies of convection are preceded in 1 year by

intensified zonal winds, associated in the forced runs to a

positive NAO-like pattern. Finally, the sensitivity of the

AMOC to three different forcing factors is investigated.

The major impact is associated with increasing greenhouse

gases, given their strong and persistent radiative forcing.

Starting in the Industrial Era and continuing in the future

scenarios, the AMOC experiences a final decrease of up to

40% with respect to the preindustrial average. Also, a weak

but significant AMOC strengthening is found in response to

the major volcanic eruptions, which produce colder and

saltier surface conditions over the main convection regions.

In contrast, no meaningful impact of the solar forcing on

the AMOC is observed. Indeed, solar irradiance only

affects convection in the Nordic Seas, with a marginal

contribution to the AMOC variability in the ECHO-G runs.
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1 Introduction

The Atlantic meridional overturning circulation (AMOC) is

a key factor in understanding the climate of the Northern

Hemisphere by virtue of its role in the Earth’s energy balance

and its contribution to climate variability. Atlantic northward

ocean heat transport peaks at about 1 PW (1015 W) in the

northern tropics (e.g. Trenberth and Caron 2001). A sub-

stantial amount of this heat is conveyed by the deep and

intermediate overturning circulation (e.g. Talley 2003),

which thereby contributes to temper the climate in
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Instituto de Geociencias (UCM-CSIC), Facultad de Ciencias

Fı́sicas, Universidad Complutense de Madrid, Ciudad

Universitaria, 28040 Madrid, Spain

J. Mignot

IPSL/LOCEAN, UPMC/CNRS/IRD/MNHN,
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northwestern Europe. Through its interaction with the

atmosphere, the AMOC has been shown to account for a

significant part of surface variability on interannual and, to a

larger extent, on decadal and multidecadal time scales.

A number of studies suggest an active role of the AMOC

in shaping Atlantic and Pacific multidecadal variability

(Delworth and Mann 2000; Kerr 2000; Wu and Gordon

2002; Sutton and Hodson 2003; Dong et al. 2006). The

AMOC is thought to be linked to the Atlantic multidecadal

oscillation (Kushnir 1994; Delworth and Mann 2000; Kerr

2000; Knight et al. 2005), which has in turn been related to

widespread regional multidecadal variability (Knight et al.

2006). Furthermore, climate model studies suggest that

Atlantic sea surface temperatures (SSTs) are linked to dec-

adal and interdecadal variations of the North Atlantic

Oscillation (NAO; Wu and Gordon 2002; Sutton and Hodson

2003), and contribute as well to a multidecadal modulation of

El Niño-Southern Oscillation (ENSO) variance (Dong et al.

2006). Likewise, Timmermann et al. (2007) and Dong and

Sutton (2007) report enhanced ENSO interannual variability

and stronger asymmetry between El Niño and La Niña events

as a response to a weakening in the AMOC strength.

Given the evidence that the AMOC may contribute to

climate variability at multiple time scales, there is increasing

interest in understanding the origins of its variability and

investigating its possible response to climate change con-

ditions. Natural AMOC variability has been widely studied

through the use of control simulations under current climate

conditions performed with atmosphere-ocean general cir-

culation models (AOGCMs; Delworth et al. 1993; Tim-

mermann et al. 1998; Delworth and Greatbatch 2000;

Vellinga and Wu 2004; Latif et al. 2004; Dong and Sutton

2005; Knight et al. 2005; Jungclaus et al. 2005; Mignot and

Frankignoul 2005; Hawkins and Sutton 2007). These studies

have led to the identification of several modes of ocean

variability operating from interannual to centennial time

scales. AMOC interannual variability is found to be mainly

dominated by surface wind-stress variations, through

changes in both the Ekman transport and the vertical shear of

the meridional flow (Eden and Willebrand 2001; Vellinga

and Wu 2004; Mignot and Frankignoul 2005; Hirschi et al.

2007; Cabanes et al. 2008). These wind variations are in turn

related to modes of atmosphere variability like NAO and

ENSO. In contrast, interdecadal to centennial variability in

the AMOC is characterised by a delayed response of the

overturning, usually forced by near surface density anoma-

lies in the North Atlantic deep water formation (DWF)

regions (e.g. Delworth et al. 1993; Timmermann et al. 1998;

Delworth et al. 2002; Dong and Sutton 2005). The origin of

these anomalies differs from one model to another, also

producing differences in the dominant time scales of AMOC

variability. For instance, Delworth et al. (1993) presented a

50-year damped oscillation in a 600-year control simulation

with the GFDL model, in which a weakening of the AMOC

was found to lead to lower temperatures in the subpolar

North Atlantic, thereby enhancing density in the region and

leading to a strengthening of the subpolar gyre. The

strengthened subpolar gyre contributed in turn to increase

the transport of salinity anomalies to the convection region,

thus establishing a mechanism for phase reversal. This

mechanism was later found as well by Dong and Sutton

(2005) in a 1000-year control run with the HadCM3 model,

albeit with a shorter time scale (25 years). A complementary

analysis with an extended 1,600 year long version of the

same HadCM3 control run was performed by Vellinga and

Wu (2004) to identify centennial oscillations. They found a

secular mode in which variations in the AMOC strength led

to shifts in the Intertropical Convergence Zone (ITCZ)

location and thereby to the formation of tropical salinity

anomalies. These anomalies were subsequently advected to

the North Atlantic, causing a lagged response of the AMOC

that contributed to restore the initial ITCZ position. A dif-

ferent multidecadal mechanism has been observed in the

same HadCM3 control run (Hawkins and Sutton 2007) as

well as in a 500 year control simulation with the ECHAM5/

MPI-OM model (Jungclaus et al. 2005). Both simulations

identify an internal mode with overturning variability driven

by freshwater discharges from the Artic Ocean that modu-

late the convective activity in the deep water formation

regions. In the HadCM3 model, convection happens most

actively in the Nordic Seas region and generates overturning

variability in a range of time scales, from multidecadal to

centennial. In the ECHAM5/MPI-OM simulation most deep

convection variability takes place near the Labrador Sea,

where the freshwater export from the Arctic leads to a

fluctuation of 70–80 years. Finally, Guemas and Salas-

Mélia (2008) have analysed a 400 year long preindustrial

control simulation with the CNRM-CM3 model, where the

overturning strength also responds to North Atlantic con-

vective forcing on time scales of 5–10 years. They find that

convection variability is controlled by the NAO in the

Labrador Sea, and is favoured by intensified northerly winds

in the Nordic and Irminger Seas. A summary and compari-

son of the main modes of North Atlantic multidecadal var-

iability in both observations and simulations can be found in

Frankcombe et al. (2010).

At the end of the spectrum, studies addressing multi-

centennial AMOC variability in the context of an exter-

nally-forced climate are scarce (e.g. Hofer et al. 2011).

Since there is a sizeable contribution of the AMOC to

climate variability in multidecadal time scales, progress in

understanding its dynamics may be important for the

assessment of decadal predictability and also in discrimi-

nating anthropogenic climate change from natural climate

variability in the next decades (Dong and Sutton 2005;

Keenlyside et al. 2008). A related question is whether and
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how the overturning circulation is expected to change

under an externally forced climate. This has been inten-

sively addressed in the context of future scenario climate

change simulations driven by increasing greenhouse gas

(GHG) concentrations (Cubasch et al. 2001; Thorpe et al.

2001; Gregory et al. 2005; Schmittner et al. 2005; Meehl

et al. 2007; Drijfhout and Hazeleger 2007; Drijfhout et al.

2008). According to most simulations (Cubasch et al.

2001; Meehl et al. 2007), temperature and precipitation are

expected to increase at high-latitudes of the Northern

Hemisphere throughout the twenty-first century, both likely

contributing to a weakening of the AMOC. In fact, all the

experiments including an increase of anthropogenic emis-

sions support this weakening, although none of them sim-

ulates a complete collapse by the end of the current century

(Gregory et al. 2005; Schmittner et al. 2005; Meehl et al.

2007). Another feature observed in some future scenario

projections is a shallowing of the overturning cell that is

simultaneous to a northward shift of DWF regions (Dri-

jfhout et al. 2008). In comparison, the influence of other

forcing factors (e.g. volcanic aerosols and solar irradiance)

on the AMOC is less documented, and the magnitude of its

potential impact remains unclear (Zorita et al. 2004;

Stendel et al. 2006; Stenchikov et al. 2009; Swingedouw

et al. 2010; Ottera et al. 2010).

Here, the variability of the AMOC is analysed in a

1000-year long control run, two forced experiments of the

last millennium driven by estimations of natural and

anthropogenic factors, and also two future climate change

scenario simulations. This provides a new perspective by

which future simulated changes of the ocean circulation

can be placed in a broader temporal context. The mecha-

nisms responsible for the AMOC variability at interannual

and longer time-scales are explored in the available suite of

model experiments. Besides, the response to changes in the

external forcing is investigated, with a special emphasis on

the AMOC and other related quantities. This is done by

focusing on the particular influence of each forcing factor.

The paper is organised as follows: Sect. 2 gives a

description of the model and the simulations. A first tem-

poral and spatial intercomparison among simulations is

addressed in Sect. 3. Sections 4 and 5 describe the main

features of AMOC variability at interannual and interdec-

adal time scales, respectively. The AMOC response to the

different forcing factors is presented in Sect. 6 Finally, the

main conclusions are summarised in Sect. 7.

2 Model and experiments

This study leans on the analysis of several climate simu-

lations performed with the ECHO-G AOGCM. The ECHO-

G model (Legutke and Voss 1999) consists of the spectral

atmospheric model ECHAM4 (Roeckner et al. 1996) and

the ocean model HOPE-G (Wolff et al. 1997). Its atmo-

spheric component is set up with a T30 horizontal resolu-

tion (ca. 3.75� 9 3.75�) and 19 vertical levels extending up

to 10 hPa, with five of them located above 100 hPa. The

horizontal resolution of the ocean model is about

2.8� 9 2.8�, with an enhancement of the meridional reso-

lution in the Tropics and towards the Equator, where it

reaches a minimum grid point separation of 0.5�. This

refinement in resolution is intended to provide a more

realistic representation of equatorial and tropical ocean

currents. Vertical discretisation of the ocean incorporates

20 variably spaced levels, 14 of which are located in the

upper 1,000 m. To avoid climate drift, the ocean compo-

nent includes both heat and freshwater flux adjustments.

The same corrections are applied to all experiments ana-

lysed in this study. They are diagnosed as annual mean

values from the relaxation terms during the last 100 years

of a coupled spin-up phase which preceded the control

experiment. In that spin-up phase, SST was relaxed to

monthly climatological values calculated from the Atmo-

spheric Model Intercomparison Project (AMIP) data for

1979–1994 (Gates 1992) assuming a relaxation constant of

40 W/m2 K. Sea surface salinity is relaxed to seasonal

climatological values (Levitus et al. 1994) on a time scale

of 30 days. No salinity relaxation is applied in the clima-

tological sea-ice regions as diagnosed from the AMIP SST

to avoid distortion of the upper salinity changes related with

sea-ice production. Both flux fields are normalized to vanish

globally. With this flux correction method the wind-stress,

which plays an important role in the processes described in

this study, is determined by the model. These adjustments

are a drawback if ECHO-G is compared to other simulations

that do not use flux corrections (e.g. Vellinga and Wu 2004;

Jungclaus et al. 2005) since their need is an indication of

erroneous feedbacks in the transient climate (Marotzke and

Stone 1995). The degree to which they may affect the results

shown herein is not known. However, large impacts are not

expected since the mechanisms that will be described are

comparable in physics and time scales to those of other

simulations without flux corrections.

The study makes use of five different simulations: a

1000-year control simulation (CTRL), two forced simula-

tions for the period 1000–1990 AD (FOR1 and FOR2), and

two future scenario simulations (A2 and B2) that extend

FOR1 until 2100 AD. In CTRL the external forcing is

fixed to present day values ([CO2] = 353 ppm; [CH4] =

1,720 ppb; [N2O] = 310 ppb; solar constant = 1.365 W

m-2). The forced simulations of the past millennium

(FOR1, FOR2) use identical estimates of natural and

anthropogenic forcing factors: solar irradiance, the radia-

tive effects of stratospheric volcanic aerosols, and con-

centrations of greenhouse gases (CO2, CH4 and N20) based
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on reconstructions provided by Crowley (2000). Figure 1

shows the time evolution of all these forcing factors. In

particular, the representation of the volcanic forcing is

rather simplified, with the effect of volcanic aerosols

incorporated as global variations in the effective solar

constant. Note that changes in tropospheric sulphate aero-

sols and vegetation, both of which are likely to attenuate

the warming trends in the twentieth and twenty-first cen-

turies (Bauer et al. 2003; Osborn et al. 2006) are not

included. Within the climate change scenarios net solar

irradiance is kept constant and fixed to the value of year

1990, and GHG concentrations vary according to the IPCC

emission scenarios A2 and B2 (Nakicenovic et al. 2000).

The two long forced simulations start from different

initial conditions. FOR1 is initiated from year 17 in

CTRL and FOR2 from year 1700 AD in FOR1. In both

cases a spin down period of 100 years was allowed to

drive the model to equilibrium with the forcing conditions

of year 1000 AD. The initial state was comparatively

warm in FOR1 and the spin down period proved to be too

short to reach at least equilibrium in surface temperatures

(Goosse et al. 2005; Osborn et al. 2006). In turn, FOR2

was started from a colder state and its temperature vari-

ability was found to be well within the range of other

millennial simulations (Jansen et al. 2007; Zorita et al.

2007). Both FOR1, and to a lesser degree, FOR2, exhibit

initial trends in the deep ocean, indicating that it requires

some time to reach thermal adjustment. For that reason,

the first two centuries of each simulation, which incor-

porate the largest drifts, will not be considered in this

study. In the analysis that follows, it will become

apparent that the differences introduced by the initial

conditions have a small impact on the climatology and the

main mechanisms described.

A more detailed description of the model setup, the

forcing and the simulations can be found in Zorita et al.

(2004) and González-Rouco et al. (2009). Internal climate

variability has been validated against instrumental data in

the control run (Min et al. 2005a, b). Many features of the

long forced simulations employed in our study have been

analysed in previous works (González-Rouco et al. 2003a,

b, 2006, 2009; von Storch et al. 2004; Zorita et al. 2003,

2005; Beltrami et al. 2006; Gouirand et al. 2007a, b;

Stevens et al. 2007).

3 Climatology and temporal evolution of the AMOC

3.1 The mean AMOC state

Figure 2 shows the mean of the AMOC streamfunction for

the three long simulations (CTRL, FOR1 and FOR2). All

experiments exhibit a realistic circulation, with maximum
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mean values comparable to North Atlantic Deep Water

(NADW) estimates of 15 ± 2 Sv (Ganachaud and Wunsch

2000). The simulated Antarctic Bottom Water (AABW)

inflow into the Atlantic is in all cases below estimates of

5-8 Sv (Orsi et al. 1999; Ganachaud and Wunsch 2000;

Talley et al. 2003). Also, the NADW cell is generally

deeper than indicated by recent observations (Talley et al.

2003) and other model climatologies (e.g. Dong and Sutton

2005; Mignot and Frankignoul 2005).

Deep water formation north of the Greenland-Scotland

ridge (GSR) is negligible in CTRL, and accounts for a GSR

overflow of 2–3 Sv in FOR1 and FOR2. Yet, its strength is

underestimated if compared to observations (6 Sv; Hansen

and Østerhus 2000; Olsen et al. 2008). The discrepancy

among simulations points to differences in the properties of

water masses in the North Atlantic. Indeed, the reservoir

north of the sills is climatologically lighter in CTRL, both

due to fresher and warmer waters, exhibiting also less

convective activity (not shown). Similar conditions are also

observed in the scenario simulations (A2 and B2) and will

be detailed in Sect. 6.3 In contrast, in the forced experi-

ments the overflow brings dense waters to the subpolar

North Atlantic, contributing to a stronger AMOC below

1,500 m.

3.2 Variability of the AMOC strength

The meridional overturning index (MOI), first defined by

Delworth et al. (1993) as the maximum value attained by

the Atlantic meridional overturning streamfunction, is

often employed to characterise the AMOC strength, since it

is both intuitive and robust against changes in models and

simulations (e.g. Delworth et al. 1993; Weaver and Valcke

1998; Timmermann et al. 1998; Delworth and Greatbatch

2000; Thorpe et al. 2001; Delworth et al. 2002; Gregory

et al. 2005; Mignot and Frankignoul 2005). In order to

focus on decadal to multidecadal variability, Fig. 3 shows

the temporal evolution of a 11-year running mean of the

MOI in the five ECHO-G simulations. In broad terms,

AMOC variations in FOR1 and FOR2 are within the range

of variability in CTRL. Besides, FOR1 tends to exhibit

larger values than FOR2, as a result of their different initial

stratification, given that all other factors are the same

(Sect. 2) A common feature to both simulations is a

weakening of the AMOC beginning with the industrial era

that continues along the scenario simulations (Fig. 3). By

the last decade of the twenty-first century, the MOI expe-

riences a decrease of 35% in B2, and 42% in A2 relative to

the mean preindustrial value in FOR1 (ca. 20 Sv). We will

show in Sect. 6.3 that this decrease is mainly caused by

increased precipitation at high latitudes. The larger

decrease in A2 seems reasonable, since this scenario is

characterised by stronger emissions. This future response is

most probably overestimated due to the lack of sulfate

aerosols (Delworth and Dixon 2006) in all the simulations.

Fourier spectra of the unfiltered MOI (Fig. 4a) indicate

that the AMOC behaviour is approximately described by a

red-noise process in all three millennial simulations (note

that the scenarios are excluded). Variance exceeds slightly

that of a first order autoregressive process (AR1) at inter-

annual and interdecadal time scales, suggesting that other

processes than just the integration of synoptic weather

noise by the ocean (Hasselmann 1976) contribute to vari-

ability at these time scales. The peaks of variance are most

clear in CTRL, and less so in the forced runs (particularly

at interdecadal timescales). The analysis of AMOC vari-

ability at both frequency ranges will be addressed sepa-

rately in Sects. 4 and 5. Finally, in the lowest frequencies

(periods above 100 year) the CTRL run presents relatively

small spectral densities as compared to the forced runs, and

also to its corresponding AR1 process. The larger values in

FOR1 and FOR2 are possibly an indicator of some mod-

ulation from the external forcing at centennial timescales.

This increased low-frequency MOI variability is partly

explained by the AMOC weakening trend in the period

1800-1990, that accounts respectively for 29 and 8% of the

total industrial variance in FOR1 and FOR2. Indeed, if the

industrial period is excluded, spectral values in both sim-

ulations exhibit a general decrease at periods above

50 years (dotted grey lines in Fig. 4a).

3.3 Analysis of the maximum AMOC location

As indicated by Vellinga and Wu (2004) and Dong and

Sutton (2005), the location at which the AMOC maximum

is found varies with time, thus hindering the physical
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interpretation of the MOI variability. In order to assess the

robustness of the MOI, the variability in the location of the

maximum streamfunction value in terms of latitude and

depth is analysed (Fig. 5; results are shown only for A2

since those obtained for B2 are qualitatively very similar).

In CTRL the location of the maximum is quite stable,

oscillating in a small band of latitudes around 50�N and

mainly confined to the 1,050 m depth. Indeed, about one

third of the time the temporal maximum occurs at the same

location as the long-term mean maximum (47.4�N and

1,050 m). In contrast, the forced experiments are charac-

terised by the location of the AMOC maximum varying in

a wider range of latitudes as well as depths. This suggests

that the external forcing has a clear impact on the position

of the maximum, even if both the latitude and depth at

which the maxima occur are uncorrelated with the different

forcing factors (not shown). Indeed, the position of the

maximum exhibits some low-frequency modulation in

the forced runs, not so clear in CTRL. In both forced runs

the maxima are found between 10�N and 56�N, while these

are concentrated in a narrower latitudinal band in CTRL.

Also, FOR2 seems to exhibit some more latitudinal vari-

ability than FOR1. During the first centuries of FOR1 the

maximum is more confined to latitudes from 36�N to 56�N,

and only around 1800 AD this range seems to broaden. The

main discrepancies between FOR1 and FOR2 are observed

in depth. In FOR1, the maximum starts varying in a broad

range of levels, from 1,000 to 2,100 m. These variations

are shallower in FOR2, probably due to its different initial

conditions. Indeed, FOR2 was started from year 1700 AD

in FOR1, a period when the position of the maximum starts

to become shallower, and varies at similar depths as in

FOR2. This shoaling of the maximum continues through

the last three centuries of FOR1, and becomes more

important during the scenario simulations. In either case,

both forced and unforced simulations exhibit changes in

depth and latitude that seem to be correlated, with maxima

located at lower (higher) latitudes more likely to occur at

deeper (shallower) levels. This suggestion is supported by

linear correlations between both quantities of -0.57, -0.67

and -0.74 for CTRL, FOR1?A2 and FOR2, respectively.

Since the MOI is calculated as a maximum value, with

its position varying in a wide region of the North Atlantic

(Fig. 5), its short-term variability averages the signal

across different locations, thus hampering the identification

of the possible mechanisms operating at smaller spatial

scales (see Sect. 4) This limitation of the MOI has led some

authors to consider alternative overturning indices. Vel-

linga and Wu (2004) fixed the latitude near the climato-

logical maximum of the AMOC streamfunction to obtain a

Sp
ec

tr
al

 D
en

si
ty

0.005

Frequency (1/years)

Period (years)

CTRL

FOR1

FOR2

100

10
-1

10
-2

10-3

10
-4

100

10
-1

10
-2

10
-3

10
-4

100

10
-1

10
-2

10
-3

10
-4

0.0050.01 0.05 0.1 0.5

500 200 100 50 10 2

0.01 0.05 0.1 0.5

500 200 100 50 10 2

Frequency (1/years)

Period (years)

CTRL

FOR1

FOR2

(a) MOI (b) NAOFig. 4 Fourier spectrum of:

a the MOI and b the NAO series

in the millennial simulations

CTRL (top), FOR1 (middle) and

FOR2 (bottom). The black solid
lines represent the spectrum

calculated for the complete

simulations. In the forced runs,

the grey dotted lines correspond

to the spectrum in the

preindustrial period

(1000–1800). In the right panel,
the orange lines reproduce the

spectral values for CTRL, to

ease the comparison with those

of the forced runs. The blue
lines represent the spectrum of a

red-noise process with the same

first autorregresive coefficient

as the complete time-series. The

green line sets the 90%

confidence interval of this red-

noise process
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better representation of variability at interannual time

scales. Similar definitions, with the overturning strength

evaluated at fixed locations, have also been used in an

attempt to link the AMOC variability to specific processes

in the North Atlantic, such as convection in the Labrador

Sea or NAO variability (Eden and Jung 2001; Eden and

Willebrand 2001; Eden and Greatbatch 2003) or to gauge

its variability at the latitude of the RAPID ocean obser-

vation array (e.g. Baehr et al. 2008). Finally, another

alternative is the use of EOF/PC analysis (e.g. Vellinga and

Wu 2004; Msadek and Frankignoul 2009).

In the following, Sects. 4 and 5 will address separately

the high and low frequency variability in the AMOC. To

analyse the high-frequency several local indices will be

introduced in order to survey the different AMOC

responses in the North Atlantic and identify the mecha-

nisms responsible for these variations. In this way the

diverseness of the local overturning short-term variability

is better represented. The selection will be made within the

locations where the AMOC streamfunction maxima have

been found to take place in the simulations (Fig. 5).

4 Mechanism of high-frequency AMOC variability

The main goal of the following two sections is to identify

which mechanisms drive the AMOC variability in the

ECHO-G model at high (i.e. interannual) and low (i.e.

decadal to centennial) frequencies. Previous studies (Eden

and Willebrand 2001; Vellinga and Wu 2004; Mignot and

Frankignoul 2005; Cabanes et al. 2008) suggest that sur-

face atmospheric circulation dominates the AMOC inter-

annual variability through changes in Ekman transport.

Variance exceeding that of a red noise process in the

shorter timescales (2–5 years) of the Fourier spectra

(Fig. 4a) also suggest a role of the atmospheric forcing.

Such atmospheric forcing at high-frequencies would

explain the fast variations observed in the location of the

maximum (Fig. 5). Thus, a correlation analysis between

both the global atmospheric fields of sea level pressure

(SLP) and wind stress, and a set of local overturning

indices is performed. In order to sample the regions where

the AMOC becomes more intense, only those locations

where the AMOC streamfunction reaches a maximum

value (Fig. 5) were considered. The local AMOC time-

series at these sites (ranging in number from 24 in CTRL to

22 in FOR2 and 30 in FOR1) were selected and high-pass

filtered by removing variability at time scales longer than

10 year. The filter employed uses least squares coefficients

to reduce Gibbs oscillations (Bloomfield 1976) and is

characterised by a sharp transfer window that allows an

accurate selection of the different timescales.

Inspection of the correlation maps between the afore-

mentioned surface atmospheric fields and the AMOC

indices suggests the local series can be classified into four

categories represented by the indices at only four locations

(Table 1; note that the indices MOI-loc1 to MOI-loc4 are

ordered by decreasing latitude). Their associated atmo-

spheric patterns are shown in Fig. 6. Correlations with the

MOI (Fig. 6, last row) generally exhibit a weaker signal

than those with locally defined indices. This result is to be

expected due to the integration by the MOI of different

local influences across the North Atlantic basin. Here, as in

the remainder of the text, statistical significance of all the

regression/correlation coefficients is assessed following a

Student’s t test. The sample size is corrected by taking into
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Fig. 5 Evolution of the position of the AMOC maximum in the

simulations: a CTRL, b FOR1?A2, c FOR2. The green line describes

in a three-dimensional plot the temporal variability of the location

where the maximum AMOC takes place. The light grey lines
represent the projections of the green line on the time-latitude and

time-depth planes. Light colors in b correspond to the evolution

during the scenario simulation

P. Ortega et al.: Variability of the Atlantic meridional overturning circulation

123



account the series autocorrelation, thus reducing the sample

degrees of freedom to its effective value (Bretherton et al.

1999). Correlation values are maximum at lag 0, and drop

substantially at other lags (not shown), thus showing evi-

dence of a fast overturning response to the atmospheric

forcing at high-frequencies.

The opposing phases of a zonally extended NAO-like

SLP pattern (e.g. Wallace and Gutzler 1981) are identified

for both MOI-loc1 and MOI-loc3. At mid-latitudes, rep-

resented by MOI-loc2, the overturning variability is linked

to an intense anticyclonic cell centred north of the Azores

islands (around 55�N and 30�W) that introduces a west-

east gradient over western Europe, and is accompanied to

the south by a band of negative pressure anomalies. These

are the main features described for the negative phase of

the East Atlantic (EA) Pattern by Barnston and Livezey

(1987). The negative anomalies across Greenland and the

Nordic Seas, as opposed to the positive cell at midlatitudes,

indicate that some weak contribution from the NAO may

also be present. MOI-loc4 is the only index defined at

tropical latitudes and is associated with a large-scale

pressure pattern with a noticeable signal in the tropical

Pacific, that is likely evidencing the influence of ENSO

variability (e.g. Trenberth and Shea 1987). The model’s

performance to reproduce both ENSO and NAO variability

has been previously analysed in CTRL (Min et al. 2005b).

Overall, both indices are well represented as compared to

observations and other model simulations. The occurrence

of ENSO is however too frequent, and its amplitude too

large. The main NAO bias is an overestimation of its

impact over the Pacific sector. Likewise, the centers of

action of the EA pattern (Fig. 6, second row) are in general

good agreement with those observed in other models (e.g.

Fig. 3b in Msadek and Frankignoul 2009). Linear corre-

lations (Table 2) support the observed links between the

MOI-loc4 and ENSO, between the NAO and both MOI-

loc1 and MOI-loc3, and also between MOI-loc2 and the

Table 1 Position of the local overturning indices used in Sect. 4

MOI-loc1 MOI-loc2 MOI-loc3 MOI-loc4

Latitude (�N) 55.8 41.8 33.5 10.0

Depth (m) 1,050 1,450 2,100 1,450
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Fig. 6 Correlation maps of the

local overturning indices (see

Table 1) with SLP (shaded) and

wind stress (vectors) anomalies.

Data have been high-pass

filtered for time scales below

10 year. All correlation values

are significant at a 0.05 level

according to a Student’s t test

and accounting for the effective

sample size by considering

autocorrelation

P. Ortega et al.: Variability of the Atlantic meridional overturning circulation

123



EA timeseries. In addition, all simulations show weaker but

significant contributions from the NAO to MOI-loc2 vari-

ability, as well as from the EA to the MOI-loc4. Interest-

ingly, all local indices show similar correlation patterns in

the three millennial experiments, and also similar correla-

tions with the main teleconnection indices. For the sake of

briefness, the analysis in high-frequencies will continue

focused exclusively on the CTRL run, with results for the

other runs leading to similar conclusions.

The underlying mechanism for the overturning response

to the former teleconnection patterns (i.e. NAO, ENSO and

EA) is now explored (Fig. 7). The large-scale patterns

modulate the zonal wind at different latitudes, thereby

inducing local changes in the meridional Ekman transport.

Figure 7 shows the spatial extension of AMOC changes

(bottom panels) in the context of the zonal wind variations

(top panels) associated with each teleconnection index.

Note that, in the Northern Hemisphere, easterlies force

northward and westerlies southward meridional transport,

while transports are reversed in the Southern Hemisphere.

In broad terms, the surface wind forcing is found to gen-

erate deep, latitudinally narrow and relatively local over-

turning cells. In the case of the NAO (Fig. 7a), easterlies

around 30�N force surface transport to the north, while

westerlies near 50�N force southward transport. Conver-

gence of water masses at 43�N results in local downwel-

ling, thus originating two overturning cells of opposite

sign. This is consistent with the fact that MOI-loc1 and

MOI-loc3 lie in the regions with largest negative and

positive anomalies, respectively. This pattern with oppos-

ing cells and downwelling near 40�N resembles the

instantaneous ocean response to the NAO first described by

Eden and Willebrand (2001) and also found in later studies

(Vellinga and Wu 2004; Mignot and Frankignoul 2005;

Deshayes and Frankignoul 2008). The pattern associated

with ENSO (Fig. 7b) is characterised by a large overturn-

ing cell confined to the tropical Atlantic, consistent with

the first EOF obtained by Vellinga and Wu (2004) at

interannual time scales, which they also relate to El-Niño

variability. In this case, the overturning cell is wider in

latitude, as a response to the combined effect of westerlies

to the south and easterlies to the north of the Equator, both

forcing northward meridional mass transport. Obviously,

Table 2 Correlations between the high-pass filtered (periods B 10

year) local overturning indices and the indices of the main telecon-

nection patterns (see also Fig. 6)

MOI-loc1 MOI-loc2 MOI-loc3 MOI-loc4

ENSO CTRL -0.06 0.01 0.07 0.49

FOR1 -0.04 -0.02 0.09 0.49

FOR2 -0.01 20.11 0.02 0.38

NAO CTRL 20.42 0.16 0.51 0.05

FOR1 20.64 0.15 0.64 -0.04

FOR2 20.65 0.11 0.68 0.07

EA CTRL -0.04 20.58 -0.06 0.25

FOR 0.03 20.64 -0.01 0.30

FOR2 20.10 20.59 0.08 0.27

Values in bold represent correlations significant at the 0.05 level

according to a Student’s t test that takes into account the series

autocorrelation to calculate the sample size
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Fig. 7 Analysis of high-frequency wind-driven changes of the

AMOC in CTRL. Upper panels correlation values between the

zonally averaged zonal wind-stress and the timeseries of the main

teleconnection patterns: a NAO defined as the difference between

normalised SLP anomalies at the closest gridpoints to Azores and

Iceland, b ENSO calculated as the 1st Principal component (PC) of

SST in the tropical Pacific, c EA computed as the 3rd PC of SLP in

the North Atlantic. Arrows indicate the direction in which the

meridional Ekman-transport is produced. Lower panels regression

maps between the AMOC streamfunction anomalies (in Sv), and the

indices of the respective teleconnection patterns. The crosses mark

the location where the local overturning indices are defined (note that

MOI-loc1 to MOI-loc4 are ordered by decreasing latitude). Data

filtering and significance is considered as in Fig. 6
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only the index defined in the Tropics (MOI-loc4) is well

placed inside the resulting overturning cell. Finally, and

similarly to the NAO, the EA pattern is also linked to a

dipole of narrow overturning cells (Fig. 7c), but more

displaced to the south than those in Fig. 7a, given the

influence of zonal winds further south. The regions with the

largest positive and negative overturning anomalies map

over the locations where MOI-loc4 and MOI-loc2 were

defined, as expected after correlations in Table 2.

Our results confirm the influence of local atmospheric

circulation on the AMOC interannual variability. The fact

that the results are common in CTRL and the forced runs

(Fig. 6, Table 2) furthermore suggests that at high fre-

quencies changes in external forcing factors have no clear

influence on the AMOC variability. In the next section the

prominent features of the AMOC variability on longer time

scales are explored.

5 Low-frequency AMOC variability

This section focuses on complementary timescales to those

considered in Sect. 4, i.e. periods above 10 years. At low

frequencies, the MOI is related at lag 0 to overturning

variability over the whole Atlantic basin for each of the

long simulations (Fig. 8, middle panels). Although the

highest regression coefficients are found in the NADW

formation region, common basin-scale variability is found

from the North Atlantic to the Equator, indicating that at

these timescales the MOI gauges the variability of the

entire AMOC cell.

The development of these basin-scale anomalies begins

in the NADW formation region (Fig. 8, top panels), and

takes place gradually over several years, attaining its

maximum values at lag 0. Indeed, the low-pass filtered MOI

is significantly autocorrelated for lags up to 5-8 years

(Fig. 8, bottom panels). These autocorrelations are also

significant for the unfiltered index (not shown), thus sup-

porting a predominant AMOC mode at interdecadal time-

scales. Similar slowly-developing MOC variations have

been observed in the context of some ocean oscillatory

modes in other models (e.g. Timmermann et al. 1998; Dong

and Sutton 2005; Hawkins and Sutton 2007). In the ECHO-

G simulations, a thorough understanding of this AMOC

mode would require a complete description of the mecha-

nisms and cycles involved that is beyond the scope of this

study. In the following, a first insight on the mechanisms

behind the AMOC strengthenings is given instead.

At the low-frequencies, most of the mechanisms

described (e.g. Timmermann et al. 1998; Dong and Sutton

2005; Mignot and Frankignoul 2005; Hawkins and Sutton

2007) relate the AMOC variations to changes in North

Atlantic deep convection. Thus, in order to investigate the

mechanism responsible for interdecadal AMOC variability,

the link between the MOI and the variability of the mixed

layer depth (MLD) in the long simulations is explored

(Fig. 9, left column). The analysis shows that positive MOI

variations are preceded by increased activity south of

Greenland, with maximum correlation coefficients for a

leading time of 4 years. Likewise, recent analyses with

both observations and regional modelling (Bacon et al.

2003; Moore 2003; Pickart et al. 2003) suggest that deep

convection events in the Irminger Sea may be forced by a

so-called Greenland tip jet that enhances heat loss through

both fairly localised air-sea heat flux and strong wind-stress

curl. A similar mechanism seems to be taking place in the

ECHO-G simulations, in spite of the relatively coarse

resolution of this model. Indeed, the correlation maps in

Fig. 9 (right column) show that increased convection is

taking place in a context of negative winter SLP anomalies

over Greenland, along with intensified westerlies from the

Labrador to the Irminger Seas, and increased wind-stress

curl southeast of Cape Farewell. This general picture is

also compatible with the ocean response to NAO vari-

ability described by Deshayes and Frankignoul (2008), in

which the NAO was found to drive Irminger convection

through anomalous Ekman pumping over the region.

To identify the precursors for deep water formation the

rest of the analysis is performed focusing on convection

south of Greenland. Figure 10 shows lead-lag cross-corre-

lations between the mean mixed layer depth anomalies in

the convection regions near Cape Farewell (grey box in

Fig. 9) and the averages of other variables in the same

region. The MOI is found to lag the changes in convection

by 4 years (dashed line in Fig. 10) in consistency with

Fig. 9. The possible role of different quantities to foster

convection is now explored (Fig. 10). No leading contri-

bution on convection is found for either the averages of heat

and freshwater fluxes (both precipitation and evaporation),

the surface atmospheric temperature, or the mean ocean

temperature and salinity values at different depths (not

shown). Most interestingly, variations of the zonal wind-

stress do precede by about 1 year the changes in convection.

Hence, the atmosphere appears, again, as the main

source of low-frequency changes in convection, which

leads in turn the AMOC changes. In the forced runs, these

atmospheric variations seem to be ultimately forced by the

NAO, with a lead time of 1-2 years (grey dashed line in

Fig. 10, right panels). In the CTRL run, the contribution of

the NAO is not significant. To understand this different

influence the spectral and spatial features of the NAO are

investigated. A Fourier analysis of their respective time-

series shows some enhanced low-frequency NAO vari-

ability in the forced runs with respect to CTRL (black and

orange lines in Fig. 4b). Some differences are also

observed in the NAO spatial configuration. The latitudinal
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SLP gradient is stronger in the forced runs (Fig. 11), which

also shows anomalous low pressures over Greenland. Both

changes are accompanied by increased westerlies over the

North Atlantic and intensified Greenland tip jet, which has

been shown to drive Labrador convection, and thereby the

AMOC. Other studies support the role of positive NAO

phases to favour deep convection events in both the Lab-

rador (Dickson et al. 1996; Guemas and Salas-Mélia 2008)

and Irminger Seas (Pickart et al. 2003; Deshayes and

Frankignoul 2008). These results suggest spatial SLP

changes in FOR1 and FOR2 are being forced through the

effect of the external forcing (both natural and anthropo-

genic) on tropical and subtropical SSTs, which can

potentially impact the NAO (e.g. Rodwell et al. 1999; Peng

et al. 2005). Given the impact of external forcing on

atmospheric variability and the NAO in particular, and by

extension its possible modulation of AMOC variability in

FOR1 and FOR2, the following section investigates the

specific AMOC response to each forcing factor.

6 Analysis of the AMOC response to the forcing

While most models predict a slowdown of the overturning

strength in response to increasing GHG concentrations

(Schmittner et al. 2005; Schneider et al. 2007), the effect

of the comparatively moderate radiative forcing (i.e. vol-

canic aerosols and solar irradiance) on the AMOC vari-

ability has received less attention and is less clear (e.g.

Zorita et al. 2004; Stendel et al. 2006; Stenchikov et al.

2009; Swingedouw et al. 2010; Ottera et al. 2010).

A preliminary analysis, focusing on the preindustrial

era to omit the predominant effect of greenhouse gases,

is carried out in order to investigate the linear relation-

ships between the natural forcing factors and the MOI.

Neither the solar irradiance nor the radiative effect of

volcanic aerosols are significantly correlated with the

MOI, either at lag 0 (Table 3) or at other lead-lag times

(not shown). Moreover, the effective solar constant, that

accounts for the combined effect of both forcing factors,

appears also unrelated to the changes in the MOI. The

lack of a significant linear relationship between the

AMOC strength and both the slowly changing radiative

forcing and the fast-varying volcanic aerosols is also

found by Hofer et al. (2011) for several transient simu-

lations covering the last millennium. There is, however,

an obvious need to improve the analysis, taking also into

account the particularities of each forcing factor. The

main changes of the AMOC and other ocean quantities

related in response to each natural and anthropogenic
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forcing factor are investigated separately in the following

subsections.

6.1 Impact of solar irradiance

Studies addressing the impact of solar variability analyse the

climate conditions during the Little Ice Age and, in partic-

ular, the Maunder Minimum (Rind et al. 2004; Zorita et al.

2004). These are periods characterised by a weak insolation

(Fig. 1), but also remarkable volcanic activity. The actual

role of the AMOC during this period remains unclear.

Models often show little sensitivity to solar variability (e.g.

Zorita et al. 2004; Stendel et al. 2006). Also, in some cases

the AMOC is found to weaken in response to increased solar

irradiance (Cubasch et al. 1997; Swingedouw et al. 2010)

since North Atlantic convection is reduced due to the upper

ocean warming. In contrast, other studies (Sedláček and

Mysak 2009a, b) report a wind-driven AMOC strengthening

from the LIA to the present climate, favoured by a reduction

of the sea-ice cover at high latitudes. There is more con-

sensus regarding the main atmospheric conditions in the

North Atlantic. Models show a general tendency to produce

negative NAO phases during periods of low radiative forc-

ing (Shindell et al. 2001; Rind et al. 2004; Zorita et al.

2004; Gouirand et al. 2007b; Swingedouw et al. 2010). In

some of these studies NAO changes are found to lag the

solar variations by 20 (Shindell et al. 2001) and 50 years

(Swingedouw et al. 2010), triggered in each case via tele-

connection mechanisms from the tropics and the Pacific

ocean, respectively. Finally, NAO changes may have a

subsequent impact on the ocean circulation. For example,

Zorita et al. (2004) show that predominant low NAO phases

lead to a weakening of the Gulf stream through a modulation

of the wind-stress forcing (Zorita et al. 2004).

In the ECHO-G simulations, estimates of solar irradi-

ance (Fig. 1) show a remarkable drop in solar activity from

the Medieval Climate Anomaly (MCA; ca. AD 1100–

1300) to the beginning of the LIA (ca. AD 1400–1600).

Although both periods are also punctuated by the effect

volcanism, the main radiative difference can be assumed to

be solar related. The significance of the AMOC changes

associated with this decrease in total insolation is estab-

lished by comparison with natural unforced variability. The

AMOC change from the LIA to the MCA is studied by

calculating the differences between the 200 year long

periods defined above. Its significance is analysed by ran-

domly extracting 1,000 comparable non-overlapping peri-

ods of 200 years in CTRL and calculating their respective

differences. This provides a metric of the largest possible

change related to solar forcing in the forced simulations

compared to internal variability in CTRL. Only those

values above the 97.5th or below the 2.5th percentiles are

shown (Fig. 12a). Overall, the AMOC changes tend to be

insignificant at the surface and also near the DWF region.

The largest significant values are located at depth near the

Equator, although with opposite sign in FOR1 and FOR2.

At this location remarkable changes in both temperature

and salinity are also observed (not shown). Since the deep

ocean needs long time to reach thermal and haline

adjustment, the different starting conditions in FOR1 (rel-

atively warm) and FOR2 (relatively cold) can therefore

explain the opposite AMOC changes in depth, pointing to

too short a spin up period to achieve equilibrium at large

depths. All these findings are difficult to reconcile with a

meaningful solar impact on the AMOC.

The general ocean response to the solar forcing is also

explored. To isolate the signal of solar variability, disre-

garding the contribution from volcanoes, the following

study is based on different linear regressions with the

70N
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Fig. 11 Differences between the NAO regression patterns in the

forced simulations and in CTRL. For each run, NAO is regressed with

the anomalies of SLP (shaded, in hPa) and the surface wind (vectors,

in m/s), and significance is assessed as in Fig. 6

Table 3 Correlations between the natural forcing and the MOI

during the preindustrial period (1200–1850)

Volcanic forc. Solar forc. Sol?Volc. forc.

FOR1 0.08 0.02 0.08

FOR2 -0.04 0.10 -0.01

Note that none of these values is significant at the 0.05 level

according to a Student’s t test that takes into account the series

autocorrelation to calculate the sample size
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standardised solar irradiance (Fig. 13). The sign of the

solar index has been reversed to show results correspond-

ing to a decrease in the solar activity (as occurred during

the LIA). This new approach produces similar results for

the AMOC to those in Fig. 12a (not shown). The reasons

for the poor AMOC response to solar forcing are investi-

gated through the analysis of other ocean quantities.

In both runs, surface salinity increases in the Arctic

following an increase of the sea ice thickness that removes

in turn fresh-water from the surface (Fig. 13a). However,

the changes in salinity are rather weak and occur far from

the Labrador and Irminger Seas, the region in the model

that dominates deep water formation. The main response to

the radiative cooling is observed for the SSTs (Fig. 13b),

which shows a global pattern of negative anomalies, more

intense in the Tropics. Yet, the anomalies in the vicinity of

the Labrador sea are also negligible. The most conspicuous

disagreement between simulations is related to the atmo-

spheric response (Fig. 13c). While FOR1 exhibits no sig-

nificant changes, FOR2 shows a SLP pattern that has some

resemblance to a negative phase of the NAO, introducing

anomalous easterlies near Cape Farewell. However, the

changes in wind-stress are not intense enough to affect

Labrador and Irminger Sea convection, as becomes

apparent in Fig. 13d. As a result, significant changes of

winter convection are weak and mainly localised in the

Norwegian Seas. This explains the little sensitivity of the

AMOC to the solar variability, and in particular the fact

that we find no response at the LIA. A similar picture arises

for the ocean lagging the solar variations for up to 20 years

(not shown).

6.2 Influence from volcanoes

Unlike the solar irradiance changes, that range from dec-

adal to multi-centennial timescales during the last millen-

nium, volcanic aerosols have a relatively short-lived strong

impact on the radiative forcing. The associated cooling

signal can penetrate deep into the ocean, influencing the

ocean thermal structure, and potentially producing low-

frequency changes on global quantities, such as the ocean

heat content, or the thermal expansion (Gleckler et al.

2006a, b). The particular ocean response to the 1815

Tambora and 1991 Pinatubo eruptions has been assessed by

Stenchikov et al. (2009) using the GFDL model. Besides

long-lasting changes in the ocean heat content and steric

height, both major eruptions have been found to produce a

10% increase in the strength of the AMOC, triggered by

enhanced convection favoured by denser conditions in the

upper ocean. An overall AMOC increase is also observed

in response to large tropical eruptions in the Bergen climate

model (Ottera et al. 2010).

The non-linear episodic influence of volcanoes cannot

be properly captured by the regression analysis applied to

solar variability. Hence, a composite analysis is employed

instead. The overall effect of volcanoes is characterised

during the 15 largest preindustrial eruptions, their radiative

forcing being at least half as large as for the 1815 AD

Tambora eruption. To represent the periods without vol-

canic forcing, a volcanic-free dataset is defined that

includes all the 237 years not preceded by a volcanic

eruption in the previous decade. This latter choice is

motivated by the fact that the analysis reveals that the

volcanic fingerprint is almost negligible 10 years after the

eruptions in both FOR1 and FOR2.

The composite maps in Figs. 12b and 14 are calculated

as the average of preindustrial anomalies in the volcanic

dataset, using a Monte Carlo test to assess significance. The

reference Monte Carlo ensemble is computed by random
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Fig. 12 Composites of the AMOC (in Sv) calculated as a the

difference in means between the Little Ice Age (1400–1600) and the

Medieval Climate Anomaly (1100–1300). b The average of prein-

dustrial anomalies from years 5 to 10 after the 15 largest preindustrial

eruptions. c The difference in means between the late twenty-first

century (2070–2100) and the preindustrial era (1100–1850). Com-

posites are shown for FOR1 (left) and FOR2 (right) in a and b, and for

both A2 (left) and B2 (right) with respect to FOR1 in c. Black

contours in b account for AMOC changes in increments of 0.25 Sv.

Significance is assessed at the 0.05% level by comparing with the 2.5

and 97.5 percentiles in three different ensembles: a 1,000 pairs of

non-overlapping 200 year long periods in CTRL, b 1,000 random

selections of 15 years from a preindustrial volcanic-free dataset, c the

721 different 31 year long periods throughout the preindustrial era
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selection of 15 years from the volcanic-free dataset. 1000

different realizations are performed. As in the previous

subsection, composite values are not significant if they fall

within percentiles 2.5th and 97.5th of the ensemble.

Figure 12b shows the averaged AMOC response from

years 5 to 10 after the volcanic eruptions. Similarly to

Stenchikov et al. (2009) and Ottera et al. (2010), and in

contrast with the linear correlations in Table 3, a small but

significant increase of the AMOC is found in the NADW

formation region. Moreover, in the case of FOR2, positive

streamfunction values up to 0.5 Sv are found all across the

Atlantic basin. The analysis of other quantities help to

understand how they develop.

The depth penetration of the volcanic signal is evaluated

for temperature and salinity. Figure 14a shows that the

cooling in the Atlantic ocean reaches down to 600 m in

FOR1 and 1,000 m in FOR2, with the largest significant

values in the upper 200 m. The impact on salinity is clearly

smaller, and mainly localised in the upper 50 m (Fig. 14b).

In terms of latitude, the cooling is more important near the

subtropics (Fig. 14c), with the most persistent negative

anomalies occurring north of 55�N. North Atlantic con-

vection is favoured by an increase in upper salinity that is

partially due to a rise in sea ice thickness at high latitudes

(Fig. 14d) and unrelated to changes in precipitation and

evaporation (not shown). Both cooling and salinification

contribute to denser conditions near the surface, thus

leading to a slight increase in mixed layer depth both in the

Nordic Seas (north of 63�N, Fig. 14e), and, to a lesser

extent, in the Labrador and Irminger Seas (south of 63�N,

Fig. 14e), which may explain the small strengthening of

the AMOC (Fig. 12b). Unlike in Ottera et al. (2010), there

is no significant NAO response to volcanoes (not shown),

and therefore no wind-stress contribution to convection

(vectors in Fig. 14e). This may explain the smaller AMOC

changes in the ECHO-G model.
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Fig. 13 Linear regression

during the preindustrial period

(1200–1850) between the

negative and standardised index

of solar irradiance and the

following oceanic variables:

a annual sea surface salinity

(shaded, in psu) and winter sea

ice thickness (contours, in m),

b annual sea surface

temperature (in K), c) annual

SLP (contours, in hPa), wind

stress (vectors, in N/m2) and

wind stress curl (shaded, in

N/m3), d winter mixed layer

depth (in m). Significance is

assessed as in Fig. 6. The solar

irradiance was reversed to show

the patterns corresponding to a

decrease of the solar activity
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Fig. 14 Composites of the

averaged preindustrial

anomalies following the onset
of the 15 largest preindustrial

eruptions. The following

variables are explored: a depth-

dependent Atlantic mean

temperature (in K), b depth-

dependent Atlantic salinity

(in psu), c Atlantic temperature

in the upper 200 m (in K),

d Atlantic salinity in the upper

50 m (shaded, in psu) and sea

ice thickness (black contours, in

m), e mixed layer depth

(shaded, in m) and zonal wind-

stress (vectors, in N/m2). The

black dashed lines in e indicate

the latitude of the sills, thus

separating the two main regions

of convection. Significance is

assessed as in Fig. 12b
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6.3 The fingerprint of increasing GHGs

The large sensitivity of climate models to increasing GHGs

emerges from the fact that its radiative effect is both strong

(unlike for the solar forcing) and long-lasting (unlike for

volcanic aerosols). Most climate change projections are

characterised by a decrease in surface density in the North

Atlantic, due to the combined effect of increased precipi-

tation and surface warming (Rahmstorf and Ganopolski

1999; Cubasch et al. 2001; Gregory et al. 2005; Meehl

et al. 2007). In response to the lighter waters NADW for-

mation is weakened, and therefore the AMOC.

The impact of increasing GHG concentrations is ana-

lysed computing the difference in means between the last

31 years of the future projections (when the GHG forcing

is larger) and the preindustrial era, that can be assumed to

incorporate only natural forcing changes. Significance is

assessed by comparing these differences to the percentiles

2.5th and 97.5th of a new preindustrial ensemble. This

time, each member is calculated as the average of the

preindustrial anomalies in a period of 31 years. There is a

total of 721 different such periods throughout the prein-

dustrial era. Due to the strong forcing, most of the differ-

ences turn out to be significant (Figs. 12c, 15). By the end
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Fig. 15 Difference between the

climatological mean of different

quantities in the period

2070–2100 of the future

scenarios A2 (left) and B2

(right) and the preindustrial era

(1100–1850) in FOR1. The

variables explored are: a SLP

(contours, in hPa), wind-stress

(vectors, in N/m2) and wind-

stress curl (shaded, in N/m3),

b winter mixed layer depth (in

m), c density changes (in g/cm2)

due to temperature, d density

changes (in g/cm2) due to
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m/s) related to precipitation

(black line), evaporation (green
line) and snow melt (yellow
line). Note that positive

precipitation and snow melt

relate to freshwater fluxes from

the atmosphere to the ocean,

while positive evaporation

relates to freshwater fluxes from

the ocean to the atmosphere.

Black contours in panels
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Fig. 12c
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of the twenty-first century both scenario simulations (A2

and B2) show a substantial weakening of the AMOC cell

with respect to the mean preindustrial values (Fig. 12).

This weakening is more prominent in the deep ocean, with

a maximum decrease of *14 Sv around 3000m depth that

leads to a shoaling of the whole AMOC cell that is com-

patible with results from other climate change simulations

(Manabe and Stouffer 1994; Schaeffer et al. 2004; Bryan

et al. 2006; Drijfhout et al. 2008). Also relevant is a

slowdown of the GSR overflow.

To understand these changes, other quantities are

investigated. The main response in SLP is shown in

Fig. 15a, characterised by a dipole-like structure that

resembles a positive phase of the NAO. Other global

warming runs also predict a positive increase in the NAO

with increasing GHG concentrations (Stephenson et al.

2006; Meehl et al. 2007). As already shown in Sect. 4,

positive NAO phases go along with increased Ekman

pumping and zonal wind stress south of Cape Farewell,

both countering the weakening effect of the lighter surface

conditions on convection activity. As a result, there is a

small increase in the mixed layer depth at the western

Irminger Sea (Fig. 15b). Other regions, like the Inner

Labrador or the Nordic Seas, show a general weakening of

convection (Fig. 15b). However, these changes seem

insufficient to explain the major reduction in the AMOC

strength.

We turn our attention to the basin-scale changes in

density, separating the contributions from temperature and

salinity. Under climate change conditions the Atlantic

ocean experiences a general warming which translates into

negative density anomalies all across the basin, more

important in the Nordic Seas and at tropical latitudes

(Fig. 15c). However, the main changes in density are lar-

gely related to salinity (Fig. 15d). In the Tropics, surface

salinity increases through reduced precipitation and

enhanced evaporation (Fig. 15e), canceling out the effect

of the local warming on density. Note that positive fresh-

water fluxes (from the atmosphere to the ocean) are related

to reduced evaporation and increased snow melt and pre-

cipitation. In contrast, North Atlantic salinity decreases

considerably in response to a general increase in precipi-

tation, a local decrease of evaporation near 50�N, and a

lesser contribution from snow melt at higher latitudes. In

the Nordic seas, the combined effect of both salinity and

temperature adds up to produce a local drop in density. The

lighter waters north of the sill, plus the small net changes in

the Tropics are associated with a sizeable reduction of the

meridional density gradient (black contours in Fig. 15c, d),

that favours a weakening of the GSR overflow as well as of

the AMOC (Thorpe et al. 2001). Therefore, results high-

light the crucial role of salinity and the water cycle to drive

the major changes in the Atlantic.

7 Conclusions and discussion

The present paper focuses on the analysis of the AMOC

variability in an unforced present-day control run, two

forced runs for the last millennium, and two IPCC sce-

narios. The evolution of the MOI throughout the millennial

simulations shows that most of the AMOC variability takes

place at multidecadal time scales both in the control and

the forced runs. The main mechanisms responsible for the

overturning variability in two different time scales have

been identified and analysed. In the high-frequency the

local overturning variability is found to be forced by dif-

ferent wind regimes at different latitudes, largely driven by

three well-known teleconnection patterns: ENSO, NAO,

EA. The analysis in the low frequencies underlines the role

of Labrador and Irminger convection in the North Atlantic

deep water formation, and thereby in the variability of the

overturning circulation. The delayed influence of the NAO

in the forced runs, leading convection changes by one year,

is in line with other model simulations (Delworth and

Greatbatch 2000; Eden and Willebrand 2001; Bentsen

et al. 2004; Guemas and Salas-Mélia 2008) and observa-

tional analyses (Dickson et al. 1996; Curry et al. 1998).

The balance of evidence from available modelling and

observational studies suggests that both heat fluxes changes

and wind-stress variations are important means of con-

veying NAO variability to influence AMOC variations in a

wide range of frequencies. Although our results emphasise

more the role of wind-stress changes, anomalous heat flux

forcing can also play an important contribution as sug-

gested in other studies (Delworth and Greatbatch 2000;

Eden and Willebrand 2001). The importance of persistent

anomalous heat fluxes for AMOC variability and predict-

ability in the ECHO-G model is analysed in a companion

paper (Ortega et al. 2011).

The influence of the radiative forcing has been also

evaluated. The first notable impact is an interdecadal

modulation on the position of the AMOC maximum.

Several processes can contribute to this modulation. For

example, the existence of a GSR overflow in the forced

runs, which is not resolved in CTRL, can explain the

occurrence of the maximum at deeper levels in FOR1 and

FOR2. Also, externally forced changes in the main tele-

connection patterns, either in their prevailing frequencies

or in their spatial features, can modify the location at which

AMOC maxima occurs. Indeed, an enhanced role of the

NAO forcing has been identified in both FOR1 and FOR2.

The meridional pressure gradient in the North Atlantic is

found to increase in response to the forcing, thus leading to

stronger wind forcing over the Labrador Sea. Potential

changes on ENSO and EA variability have not been spe-

cifically analysed, and could also impact AMOC variability

at high-frequencies. In a final step, the isolated influence of
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the three forcing factors has been investigated. Only the

GHG concentrations have a strong impact on the AMOC

strength. The two forced simulations exhibit a substantial

decrease in the overturning strength starting in the Indus-

trial Era and continuing in the future scenario simulations

(Fig. 3), well below the range of natural AMOC variability

simulated for the past millennium and the control simula-

tion. This final weakening is associated with a reduced

meridional density gradient and with decreased convection

in the North Atlantic, both mainly responding to changes in

the atmospheric water transport. In contrast, the forcing

due to insolation and volcanic aerosols produces minor

changes in salinity and moderate shallow changes in tem-

perature. In the case of solar irradiance, these changes

occur far from the Labrador and Irminger convection

regions, and thereby the impact on the AMOC is negligi-

ble. More interestingly, the upper cooling following the

main volcanic eruptions is accompanied by a rise in surface

salinity, both therefore contributing to a small general

increase of convection in the North Atlantic. This produces

a minor strengthening of the AMOC cell, in particular if

compared to results from other models (Stenchikov et al.

2009; Ottera et al. 2010).

The response of the major circulation patterns to the

forcing and their potential impact on the AMOC have been

also assessed. The main response is a clear tendency to

positive NAO phases with the increasing GHGs, previously

identified in Zorita et al. (2005). However, it has a negli-

gible effect on the AMOC, whose response is mainly

dominated by density changes. An important caveat to

consider is the coarse vertical resolution in the atmospheric

component of ECHO-G, with only five levels in the

stratosphere. In fact, models lacking a realistic represen-

tation of the stratosphere, both chemical and dynamical,

tend to underestimate the impact of the radiative forcing on

high-latitude atmospheric circulation (Knutson et al. 2006;

Miller et al. 2006; Stenchikov et al. 2006). This implies

that the NAO sensitivity to the forcing might be underes-

timated in ECHO-G, which would have potential conse-

quences for the interpretation of the AMOC response.

In the analysis of the response to the forcing, another

source of uncertainty resides on the reconstructions con-

sidered. The range of solar variability between the Maun-

der Minimum and the present climate has been reduced in a

factor of 2-4 by recent estimates (Wang et al. 2005;

Krivova et al. 2007; Tapping et al. 2007), as compared to

the ones employed herein (Lean et al. 1995; Crowley

2000). These new estimates should significantly weaken

the global response in temperature, and thus reduce the

influence on convection and the sensitivity of the AMOC.

Likewise, the ocean impact of volcanic aerosols might be

underestimated in the model because of the low-resolution,

the simplified physics and the smoothing effect of

composite averaging. For example, other works analysing

large individual eruptions (e.g. Tambora, Pinatubo, Krak-

atoa) find a deep cooling signal persisting for several

decades (Gleckler et al. 2006a, b), that may have a large

impact on the AMOC (Stenchikov et al. 2009). Also, the

Bergen climate model, with a higher resolved atmospheric

component, shows a remarkable AMOC strengthening

caused by the direct radiative cooling, but also through a

volcanic modulation of the NAO (Ottera et al. 2010).

Yet, one of the main open questions is to determine

whether and how the AMOC responds to the increasing

GHG concentrations, given the uncertainty in the future

emissions (Nakicenovic and Swart 2000) and the com-

plexity of the feedback mechanisms involved. Indeed, in

response to identical future scenarios, different models

simulate somewhat different changes (Schmittner et al.

2005; Schneider et al. 2007). The multi-model spread is

rather large, but no model predicts an abrupt change or a

complete shutdown of the AMOC within the next century

(Meehl et al. 2007). Our results are in line with these

findings. Finally, the potential effect of other forcing fac-

tors is discussed. None of the forced simulations incorpo-

rate the influence from sulphate aerosols, which probably

results in an overestimation of the AMOC weakening

(Delworth and Dixon 2006). Changes in the vegetation

cover, which have been found to attenuate the industrial

warming trend in other GCM simulations (Bauer et al.

2003), were not included either. The associated cooling

could also influence the variability of the AMOC, but the

nature and magnitude of this change remains still

uncertain.

The processes and interactions described above are

specific to this model and thus are influenced by its par-

ticular biases. The representation of the ocean circulation,

and in particular of the western boundary currents, is

influenced by the use of flux corrections, that reach max-

imum values in their vicinity, and also in the upwelling

regions at the western coasts of the continents. Maps

showing the spatial distribution of these fluxes, as esti-

mated for a previous simulation in ECHO-G, can be found

in Legutke and Maier-Reimer (1999). The absence of

momentum flux adjustments and the time invariant nature

of the corrections minimise their potential influence on the

mechanisms described, given the prevailing role of the

wind forcing to drive the AMOC changes. Furthermore, an

accurate representation of ocean dynamics and thereby of

deep water formation is hindered both by the coarse reso-

lution and by the fact that ECHO-G is not eddy-resolving.

Therefore, the model misrepresents quantities as the

overflow through the Greenland-Scotland Ridge (0–3 Sv,

Fig. 2), or the intensity of the subpolar gyre (*15 Sv, not

shown), both below the range of observational estimates of

6 Sv (Olsen et al. 2008) and 20–33 Sv (Clarke 1984),
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respectively. Likewise, deep convection is generally weak

in the North Atlantic as compared to observations (Mar-

shall and Schott 1999), and locally overestimated over the

Central Irminger Sea. As a result of the different unre-

solved processes, the typical timescales of the mechanisms

described herein might be rather long. Indeed, latitudinal

propagation of overturning anomalies is significantly faster

in eddy-permitting models, due to a better representation of

fast boundary waves (Getzlaff et al. 2005). Perhaps more

importantly, the little sensitivity of the AMOC to the

moderate forcing (e.g. solar irradiance and volcanic aero-

sols) can be fostered by misrepresented deep convection in

the model, given the lesser role that the high latitudes

(more sensitive to the forcing) are found to play on deep

water formation. Therefore, evaluating in other models the

validity of these results is an important subject for further

work.
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Getzlaff J, Böning C, Eden C, Biastoch A (2005) Signal propagation

related to the north atlantic overturning. Geophys Res Lett

32:L09,602, doi:10.1029/2004GL021002

Gleckler P, AchutaRao K, Gregory J, Santer B, Taylor K, Wigley T

(2006a) Krakatoa lives: the effect of volcanic eruptions on ocean

heat content and thermal expansion. Geophys Res Lett

33(17):L17,702, doi:10.1029/2006GL026771

Gleckler PJ, Wigley T, Santer B, Gregory J, AchutaRao K, Taylor KE

(2006b) Krakatoa’s signature persists in the ocean. Nature

439:675
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