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ABSTRACT

The Atlantic multidecadal oscillation (AMO) and its possible change during the Holocene are examined

in this study, using long-term simulations of the earth system model Community Earth System Models

(COSMOS). A quasi-persistent;55–80-yr cycle characterizing in the North Atlantic sea surface temperature

is highly associated with the multidecadal variability of the Atlantic meridional overturning circulation

(AMOC) during theHolocene. This mode can be found throughout theHolocene, indicating that theAMO is

dominated by internal climate variability. Stronger-than-normal AMOC results in warmer-than-normal

surface temperature spreading over almost the whole North Hemisphere, in particular the North Atlantic

Ocean.During thewarm phase of theAMO,more precipitation is detected in theNorthAtlantic low and high

latitudes. It also generates a dipolar seesaw pattern in the sea ice anomaly. The results reveal that the influence

of the AMO can be amplified by a more vigorous AMOC variability during the early Holocene in the

presence of a remnant of the Laurentide Ice Sheet and when freshwater entered the North Atlantic Ocean.

This conclusion could have potential application for the past AMO reconstruction and the future AMO

estimation.

1. Introduction

The Atlantic multidecadal oscillation (AMO) has

been considered a dominant mode of variability in the

North Atlantic sea surface temperature (SST) with

a duration of 55–80 yr. It was first detected in the in-

strumental data (Schlesinger and Ramankutty 1994;

Kerr 2000) and later on proved to exist in both proxy

(Mann et al. 1995; Lohmann et al. 2004; Grosfeld et al.

2007; Hetzinger et al. 2008; Poore et al. 2009; Knudsen

et al. 2011) and climate models (Delworth and Mann

2000; Latif et al. 2004; Knight et al. 2005).

The typical feature of theAMO is that during its warm

(cold) phase, the North Atlantic Ocean experiences

a general warming (cooling) in the amplitude of about

0.28C (e.g., Enfield et al. 2001). Previous studies have

demonstrated that this basinwide pattern has a large

influence on almost the whole North Hemisphere cli-

mate, for example, Atlantic hurricanes (Goldenberg

et al. 2001; Knight et al. 2006; Zhang and Delworth

2006), India/Sahel rainfall (Folland et al. 1986; Rowell

et al. 1995; Knight et al. 2006), North American climate

(Enfield et al. 2001; McCabe et al. 2004; Hu and Feng

2008; Feng et al. 2011), Arctic temperature (Chylek et al.

2009), North Pacific climate (Zhang and Delworth

2007), Asian monsoon (Lu et al. 2006), and even part of

the SouthHemisphere, for example, northeastern Brazil

rainfall (Folland et al. 2001; Knight et al. 2006). Conse-

quently, understanding and predicting the AMO is

highly important for all of society, especially in the un-

dergoing anthropogenic-induced global warming con-

ditions, which may be masked by the AMO signal (Latif

et al. 2004). A more recent study based on observation

(Wang and Dong 2010) has revealed that the AMO and

global warming have an equal contribution to the ba-

sinwide warming in the North Atlantic Ocean. This

basinwide warming, in turn, could contribute to global

warming via the AMOC change and the associated at-

mospheric CO2 increase.

Some attempts have been made to forecast the AMO

in the next decades (Latif et al. 2004; Knight et al. 2005).

However, because of the relatively short length of the

instrumental data, there are still many uncertainties con-

cerning its persistence and forcing mechanism, which

makes any prediction more difficult. Thus, proxy data

and modeling studies provide us with a complementary

approach. Previous studies based on proxy data can date
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back to the Holocene, an epoch during which or-

bital change, greenhouse gases (GHGs), solar forcing,

and volcanic activities control the climate evolution.

Knudsen et al. (2011) applied the spectral analyses

to several high-resolution records from the region

bounding the North Atlantic Ocean, and they found

that a quasi-persistent 55–70-yr cycle existed through

large parts of the last 8000 yr. Based on proxy SST

records, Feng et al. (2009) pointed out that the cen-

tennial variability of the North Atlantic SST during the

Holocene resembled the common AMO feature. More

recently, Giry et al. (2012) showed that a substan-

tial AMO-like signature can be found in their mid-

Holocene coral records from the Caribbean, which

have been used to reconstruct the temperature varia-

tion associated with the AMO (Heslop and Paul 2010).

More efforts have been made concerning the recon-

struction of the AMO for the last several centuries

(e.g., Mann et al. 1995; Gray et al. 2004; Hetzinger

et al. 2008).

Several modeling studies have been carried out in

the direction of understanding the forcing mecha-

nisms of the AMO and its climate influence (e.g.,

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

et al. 2005; Knight et al. 2006). However, only few

modeling studies (e.g., Oglesby et al. 2011) focus on

the past AMO reconstruction. In this study, we in-

vestigate the AMO pattern and its robust feature

during the Holocene by performing several numerical

experiments. Moreover, comparisons between experi-

ments allow us to explore the AMO variation during

the Holocene, resulting from different external forc-

ing. We also show the climate influence of the AMO

under different climate background conditions, which

might provide useful information for the future AMO

dynamics.

2. Model description and experiment setup

In this study, we use the earth system model Commu-

nity Earth System Models (COSMOS) developed by the

Max Planck Institute for Meteorology. The atmospheric

component is the spectral atmosphere model ECHAM5

(Roeckner et al. 2003) with the resolution of T31, cor-

responding to 3.758 3 3.758 in the horizontal, and 19

hybrid sigma-pressure levels in the vertical. The land pro-

cesses are integrated into the atmosphere model using

the land surface model Jena Scheme for Biosphere–

Atmosphere Coupling in Hamburg (JSBACH) (Raddatz

et al. 2007) except for river routing, for which the hy-

drological discharge model is responsible (Hagemann

and Dümenil 1997; Hagemann and Gates 2003). The

ocean–sea ice component is the ocean general circu-

lation model Max Planck Institute OceanModel (MPI-

OM) (Marsland et al. 2003) with the resolution of

GR30 in the horizontal and 40 unevenly spaced vertical

levels, which includes the dynamics of sea ice formu-

lated using viscous-plastic rheology (Hibler 1979). An

orthogonal curvilinear grid allows for an arbitrary

placement of the grid poles in the ocean model. In our

setup, the North Pole is shifted to Greenland and the

South Pole to the center of the Antarctic continent.

The effect of mixing by advection with the unresolved

mesoscale eddies is parameterized after Gent et al.

(1995). No ice sheet model is included in this setup, that

is, ice sheets are prescribed. Coupling between the at-

mosphere and the ocean components is done by the

Ocean Atmosphere Sea Ice Soil, version 3 (OASIS3)

coupler (Valcke 2006).

Several long-term timeslice experiments are per-

formed: a preindustrial control experiment, CTL; a mid-

Holocene one, H6K (i.e., 6 kg yr before A.D. 1950, short

for 6 ka BP); and three different early Holocene runs

(H9KO, H9KT, and H9KM; i.e., 9 kg yr before A.D.

1950, short for 9 ka BP), by prescribing the appropriate

boundary conditions (Table 1). Orbital parameters are

calculated according to Berger (1978). In the CTL and

H6K experiments, the GHGs are prescribed according

to the Paleoclimate Modelling Intercomparison Project

(PMIP) (Crucifix et al. 2005). For the early Holocene

experiments, the GHGs are taken from the ice core

measurement (Indermühle et al. 1999; Brook et al. 2000;

TABLE 1. Boundary conditions used in each simulation.

Boundary conditions

Integration time* (a)Experiment Orbital

Greenhouse gases

Topography Melt flux (Sv)CO2 (ppm) CH4 (ppb) N2O (ppb)

CTL Present 280 760 270 Present 0 3500 (1000)

H6K 6 ka BP 650 3000 (1000)

H9KO 9 ka BP 265 700 245 Present 0 3500 (1000)

H9KT 9 ka BP 3000 (1000)

H9KM 0.09 1500 (300)

* Total integration time with spinup time in the bracket.
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Sowers et al. 2003). In H9KO, the topography is kept

the same as the CTL and H6K, whereas the H9KT and

H9KM experiments use the topography at 9 ka BP based

on reconstruction from the ice sheet model ICE-5G

(VM2) (Peltier 2004), which includes the prescribed

Laurentide Ice Sheet (LIS) (Fig. 1) and its feedback,

for example, albedo, elevation, and vegetation. This

changed topography results in the global averaged sea

level height decreasing by about 30 m in these two

setups. In the H9KM experiment, we additionally

prescribe a freshwater forcing for a LIS background

melt flux by adding 0.09 Sv (1 Sv [ 1 3 106 m3 s21)

freshwater into the North Atlantic Ocean between

408 and 608N (Licciardi et al. 1999). These three early

Holocene experiments enable us to distinguish the cli-

mate impact of the LIS and its melting.

For all the runs except H9KM, the atmospheric

model is initialized by the mean climatology from an

Atmospheric Model Intercomparison Project (AMIP)-

style experiment, which is performed using observed

monthly sea surface temperatures and sea ice cover for

the period 1978–99 (Roeckner et al. 2004). The ocean

model is initialized using the Ocean Model Inter-

comparison Project (OMIP) forcing, which is derived

from the European Centre for Medium-Range Weather

Forecasts (ECMWF) reanalysis dataset (Gibson et al.

1999). The H9KM experiment starts from the 2000 yr of

the H9KT experiment. Integration time of each experi-

ment can be seen in Table 1. For the statistical analysis

used in this study, only the integration periods after the

spinup are taken into account. Once the runs are ini-

tiated, no changes are permitted to the forcing. Con-

sequently, all the simulated climatic fluctuations are

generated by internal climate variability in the coupled

system.

3. Results

a. Large-scale feature of mean climate

The seasonal and annual mean climatology is calcu-

lated by averaging the corresponding parameters over

the whole valid integration periods.

The simulated surface air temperatures are shown in

Fig. 2. Compared to the preindustrial condition, the

most intriguing large-scale feature during the mid-

Holocene is that the North Hemisphere high latitudes

experience a warming up to 28C in boreal summer,

especially over the continents (Fig. 2a). It is attributed

mainly to increased insolation in boreal summer, which

is induced by a larger tilt of the orbital plane (Berger

1978), consistent with previous modeling studies (e.g.,

Braconnot et al. 2007). This effect is amplified dur-

ing the early Holocene, resulting in a stronger summer

warming in the North Hemisphere (Fig. 2b). Mean-

while, the winter cooling during the early Holocene is

more pronounced than that during the mid-Holocene

(Figs. 2a,b). Together with the cooling effect generated

by less greenhouse gases, more cooling is seen in the

annual mean values (Fig. 2b). Changes in the topography

during the early Holocene have a considerable global

influence. Compared with H9KO, a general warming

due to the sea level change can be clearly seen in H9KT

(Figs. 2b,c). Notably, there is a strong cooling (more

than 108C) directly over the LIS (Fig. 2c) due to the

combined effect of higher surface elevation and surface

albedo. This cooling overcompensates the positive in-

solation anomaly and can extend to the northern part of

the North Atlantic Ocean. The background melting of

the LIS contributes additional cooling over the North

Atlantic Ocean, which leads to up to 58C over this area

as well as Scandinavia (Fig. 2d).

Corresponding to the insolation change during the

Holocene, the precipitation pattern is characterized by

wetter conditions over Africa and India in both 6 and 9

ka BP (Figs. 3a–d). This increase in precipitation results

from the ocean feedback on the increased summer in-

solation and has been found to be a key feature during

the Holocene climate evolution (Kutzbach and Liu

1997; Zhao et al. 2005). This feature is further in-

terpreted to be mainly caused by zonal moisture

transport change during the last interglacial (Herold

and Lohmann 2009). Over the tropical Atlantic, the

enhanced land–sea contrast favors a northward shift of

the intertropical convergence zone (ITCZ), which has

been recorded in the proxy data (Haug et al. 2001).

Over the tropical Pacific Ocean, a dipole anomaly ex-

ists along both the northern ITCZ and the South Pacific

convergence zone (SPCZ). The former is mainly trig-

gered by the cooling along the equator and the warming

FIG. 1. Ice sheet coverage used in the simulation. Light blue

represents the ice sheet coverage in the present-day condition; dark

blue is the ice sheet coverage anomaly in 9 ka BP, prescribed in

experiments H9KT and H9KM.
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over the midlatitude (Fig. 2) in response to the in-

solation change, which favors a northward displace-

ment of the ITCZ (e.g., Koutavas et al. 2006).

The simulated Atlantic meridional overturning cir-

culation (AMOC) streamfunction for the present con-

dition has the maximum of 16.1 Sv at 1000-m depth of

308N (Fig. 4a), consistent with the estimates of global

circulation from the hydrographic data (15 6 2 Sv;

Ganachaud and Wunsch 2000). This value decreases by

2.3 Sv in the mid-Holocene and 3.3 Sv in the early Ho-

locene run H9KO (Figs. 4b,c). A study by Fischer and

Jungclaus (2009) using a similar model setup showed

that this reduction of the North Atlantic Deep Water

(NADW) formation also occurs in their mid-Holocene

and Eemain experiments, when the North Hemisphere

high latitudes get more insolation compared to the

preindustrial condition. It can be explained by a com-

bined effect of insolation-induced warming over the

high latitudes and sea ice reduction in the Arctic. In

experiment H9KT, the AMOC shows a very different

feature with that in H9KO, with more than a 3-Sv in-

crease at 408N relative to CTL and a 6-Sv increase rel-

ative to H9KO (Fig. 4d). The cooling effect of the LIS

over the North Atlantic increases the surface water

density and thus produces enhanced deep water for-

mation, which can overwhelm the warming effect by the

orbital change. This cooling is most significant over 408–

608N. As a consequence, the deep-water formation

increases dramatically in the same latitude band, lead-

ing to a shift of the AMOC maximum from 308 to 408N

FIG. 2. Simulated SST anomalies (8C) relative to CTL in (a) H6K, (b) H9KO, (c) H9KT, and (d) H9KM for (left) boreal winter (De-

cember–February), (middle) boreal summer (June–August), and (right) annual mean.
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(Fig. 4d). Contrary to the cooling effect by the ice

sheet, the melting of the LIS injects large amounts

of freshwater into the North Atlantic and triggers

a strong reduction of the NADW formation. The

magnitude of this reduction (;6 Sv; Fig. 4e) is com-

parable to that in a Holocene transient run with

identical forcing (Renssen et al. 2010) except that in

FIG. 3. Annual precipitation anomalies (mm month21) relative to

CTL in (a) H6K, (b) H9KO, (c) H9KT, and (d) H9KM.

FIG. 4. Annual AMOC streamfunctions (mm month21) in

(a) CTL and their anomalies relative to CTL in (b) H6K, (c) H9KO,

(d) H9KT, and (e) H9KM.
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this run, the prescribed LIS melting flux increased to

0.1 Sv to prevent any deep-water formation in the

Labrador Sea.

b. Periodicity of the AMO indices

The AMO indices (Fig. 5) are constructed based on

the simulated SSTs in a similar way following previous

studies (e.g., Knight et al. 2005; Sutton and Hodson

2005; Dima and Lohmann 2007). Each index is calcu-

lated by averaging the annual mean SST over the region

08–608N, 758–7.58W. All the indices are detrended and

then normalized by subtracting each of them from their

ownmean values over thewhole period.A roughly 0.48C

peak-to-peak oscillation can be obtained from an 11-yr

running mean of each index. This is in good agreement

with the observed AMO variation (e.g., Enfield et al.

2001).

Results from both instrumental and modeling studies

(e.g., Knight et al. 2005; Dima and Lohmann 2007) have

suggested that the engine for the AMO involves varia-

tions in the AMOC, which leads us to investigate the

relation between the AMO and the AMOC in our

simulations. The lag correlation between these two in-

dices for each experiment is given in Fig. 5. The corre-

lation coefficients reach the maximum with significant

values when the AMOC leads the AMO by 1 yr in all

the experiments. However, considering the multidecadal

time scale of the AMOvariation, their relation is nearly

in phase, suggesting the AMO is highly associated with

the AMOC change. An interesting feature in the in-

terannual AMOC indices is that much higher variation

in H9KT and H9KM exists due to the cooling effect

from the LIS and its melting, regardless of their mean

values (Figs. 5d,e). This is contrary to the notion that

a weaker AMOC favors larger variability from a pre-

vious modeling study (Tziperman 1997).

Observed AMO indices typically have a 55–80-yr cy-

cle (e.g., Enfield et al. 2001). To identify their periodicity

in the simulation, we apply the multitaper method

(MTM) spectral analysis (Park 1992) to the corre-

sponding indices. As expected, a pronounced 55–80-yr

cycle exists in all the AMO indices (Fig. 6). Meanwhile,

variations in decadal and centennial time scale also can

be found in each spectrum. The latter has been sug-

gested to be associated with the centennial variation of

the AMOC induced by Southern Hemisphere westerly

winds (Wei et al. 2012). The prescribed forcing is kept

constant during the integration. Thus, the simulated 55–

80-yr cycle can provide further evidence that the peri-

odicity of the AMO inferred from the instrumental data

also exists in the simulation as indicated by previous

studies (Delworth and Mann 2000; Knight et al. 2005),

and is largely induced by the internal variability of the

climate system. Our results also reveal that the AMO

is a quasi-multidecadal oscillation independent of the

background climate conditions. Nevertheless, the back-

ground climate conditions can modulate both the peri-

odicity and magnitude of the AMO (Figs. 5 and 6).

To better investigate the influence of the background

climate conditions on the periodicity of the AMO, we

perform the wavelet spectral analysis (Fig. 6) using the

time series shown in Fig. 5 to analyze the temporal

modulation of the AMO periodicity. Similar with the

MTM spectral analysis, all wavelet spectrums display

a quasi-persistent 55–80-yr cycle. But interestingly, this

cycle is more pronounced in some experiments, for ex-

ample, CTL, H9KO, and H9KM (Figs. 5a,c,e). Com-

bining these results with the mean climatology discussed

in section 3a, however, there seems to be no direct ex-

planation for this difference. It is also worth mentioning

that significant spectral power overlapping the AMO

variation band can be observed in the wavelet spectrums

of the AMOC indices (not shown), as reflected by the

covariance feature of these two indices (Fig. 5).

c. Spatial patterns of the temperature and AMOC

associated with the AMO

The spatial patterns of the surface temperature asso-

ciated with the AMO are illustrated by composite

analyses of the surface air temperature with the corre-

sponding AMO indices (Fig. 7). During the warm phase

of the AMO, there is a quasi-monopolar temperature

structure (Dima and Lohmann 2007) over the Atlantic

Ocean, with dramatic warming in the north and slight

cooling in the south. This quasi-monopolar temperature

pattern is a robust feature of the AMO, as indicated by

both observation (Enfield et al. 2001;Dima andLohmann

2007) and modeling studies (Delworth and Mann 2000;

Latif et al. 2004; Knight et al. 2005). Meanwhile, the

North Pacific Ocean is also characterized by a general

warming, which is affected through atmospheric tele-

connections and local feedbacks (Dima and Lohmann

2007). A similar interdecadal Northern Hemispheric

climate mode has been interpreted as an inherently

coupled air–seamode in an earlier study (Timmermann

et al. 1998). It is worth noting that this feature of

the AMO shows no significant difference during the

Holocene.

Associated with the warm phase of the AMO, there is

coherent strengthening of the AMOC streamfunction

north of 308N (Fig. 8). This in-phase relationship be-

tween the AMO and the AMOC reflects the high

correlation of the AMO and AMOC indices (Fig. 5),

further confirming that the AMO is potentially driv-

en by the multidecadal variation of the AMOC. The

slight weakening of the overturning around 608N can
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FIG. 5. (left)AMO indices (8C) and theAMOC indices (Sv) for (a) CTL, (b)H6K, (c)H9KO,

(d) H9KT, and (e) H9TM. AMO indices are constructed based on annual SST averaged over

the region 08–608N, 758–7.58W. Shading represents the 11-yr running mean values. The AMOC

indices are derived from themaximummeridional streamfunction at 1000-m depth of 308N in the

Atlantic Ocean. Red solid lines indicate the mean and the 11-yr running mean values. Gray

dashed lines represent 61s of the corresponding indices. (right) Lag correlation between the

AMO indices and AMOC indices. Red dashed lines indicate the 99% significance level when

1000 degrees of freedom are selected concerning the autocorrelation in the time series. Positive

lags (yr) indicate that the AMOC leads the AMO and vice versa.
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FIG. 6. (right) MTM spectral and (left) wavelet spectral analysis of the

AMO indices for (a) CTL, (b) H6K, (c) H9KO, (d) H9KT, and (e) H9KM. In

the MTM spectrum, the significance levels of 90%, 95%, and 99% are plotted

by green, blue, and red dotted lines, respectively. In the wavelet spectrum, the

black circles indicate the 95% significant levels.
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be linked to the shrinking of the sea ice coverage, re-

sulting from the warming in the high latitudes (Fig. 9).

The AMOC patterns demonstrate this common fea-

ture in all the experiments except that it shows a larger

anomaly in H9TM (Fig. 8e), in which a relatively

vigorous fluctuation of the AMOC exists (Fig. 5e). The

most likely reason is that additional melt flux from the

LIS in H9TM alters the background climate, causing

a large-scale cooling in the North Atlantic Ocean (Fig.

2d). This cooling can lead to a more vigorous AMOC

fluctuation, which, as a consequence, generates a larger

AMO amplitude (Fig. 7e).

d. Climate influence of the AMO

During the warm phase of the AMO, not only the

North Atlantic Ocean experiences a large-scale warm-

ing but also the warming can spread over the wholemid–

high latitudes in the Northern Hemisphere (Fig. 7),

consistent with previous observation and modeling

studies (Knight et al. 2005). This warming shows a rel-

atively stronger signal in H9KM (Fig. 7e), suggesting

a possible stronger AMO influence associated with

melting of the LIS. Over the low latitudes and the

South Hemisphere mid–high latitudes, the AMO in-

fluence is not significant except for slightly warming

over the land areas, that is, part of South America,

North Australia, and part of Africa (Fig. 7).

The associated sea ice change (Fig. 9) is consistent

with the change in the surface temperature (Fig. 7).

During the warm phase of AMO, the warming in the

Northern Hemisphere high latitudes leads to melting

of sea ice. Decrease of the sea ice fraction has the

maximum in Barents Sea, where the strongest warming

occurs due to the heat transport by the ocean current.

The feature in the Southern Ocean is not clear. Both

positive and negative sea ice anomalies exist in this lat-

itude band, suggesting a different climate response to

the AMO in this region and possible difficulty in the

proxy data from this region to reconstruct the past

AMO signal.

The maximum positive anomaly in precipitation as-

sociated with the AMO warm period is located over the

North Atlantic low latitudes, with pronounced wetter

FIG. 7. Composite maps of annual surface temperature (8C) with

the AMO index for (a) CTL, (b) H6K, (c) H9KO, (d) H9KT, and

(e) H9KM, respectively. Bandpass filter has been applied to both

the indices and fields to assure only variations in multidecadal time

scale are represented. A linear trend is also removed before the

 

composite analysis. Composite maps shown here are calculated by

subtracting the fields that have higher than one standard deviation

of the mean from those with lower than one standard deviation

with respect to the indices. Here, anomalies with a significance

level higher than 95% using a Student’s t test are considered before

plotting.
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conditions (Fig. 10). Moderate anomalies include more

rainfall over the Sahel, drought conditions in the North

American east coastal areas, wetter conditions in Eu-

rope, and less precipitation in Brazil (Fig. 10), all of

which are consistent with previous findings (Sutton and

FIG. 8. As in Fig. 7, but for annual AMOC streamfunctions (Sv).

FIG. 9. As in Fig. 7, but for annual sea ice fraction (%).Gray solid

lines indicate the boundary of maximum sea ice coverage in each

experiment.
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Hodson 2005; Knight et al. 2006). This evidence further

supports that the Atlantic Ocean plays the dominant

role on themultidecadal time scale climate change in the

regions mentioned above (Sutton and Hodson 2005). It

is worth noting that there are also considerable pre-

cipitation anomalies over the western Pacific Ocean,

especially in the early Holocene runs (Figs. 10c–e). This

can be directly linked to the temperature anomalies

between two AMO phases (Figs. 7c–e), with more

convection under warmer conditions and vice versa.

Furthermore, there are strong drying conditions over

the western Pacific Ocean in the early Holocene runs

(Figs. 3c–e). It is likely that the drying gives rise to

a more sensitive character of this region to the AMO

change.

4. Discussion and conclusions

The simulated AMO indices under present-day and

Holocene climate conditions exhibit a quasi-multidecadal

periodicity, consistent with the 55–80-yr cycle of the

AMO found in the observation data (Schlesinger and

Ramankutty 1994; Kerr 2000). Such periodicities exist

throughout the Holocene, although it is not continuous

in each simulation. This intermittent feature of the cli-

mate system has also been documented by the proxy

data in the last 6000 yr (Moberg et al. 2005; Wanner

et al. 2008; Wirtz et al. 2010). There is no external

forcing change during the integration; therefore, the

AMO in the model is internally generated. This is

consistent with previous proxy AMO reconstruction

(Lohmann et al. 2004; Knudsen et al. 2011), suggesting

that the AMO is dominated by the internal variability

of the climate system but not necessarily forced by pe-

riodic solar activities.

Concerning the forcing mechanism of the AMO, the

most common believed physical process involves the

variation of the AMOC. Although a full understanding

of such a process is beyond the scope of this study, our

results show there is a significantly positive correlation

between the AMO and the AMOC.

A warm phase of the AMO is associated with an in-

tensified AMOC. It accompanies a hemispheric-scale

warming in the Northern Hemisphere, with the maxi-

mum warming over the North Atlantic Ocean and part

of the Arctic Ocean, which reduces the sea ice there.

Such a warming favors more convection and thus more

precipitation over most of the North Atlantic Ocean,

especially enhancing the Atlantic ITCZ. This finding

supports the suggestion that the Atlantic warm pool acts

as a link between theAMOand tropical cyclone activity,

which provides the fuel for more moisture convection in

this region (Wang et al. 2008).

FIG. 10. As in Fig. 7, but for annual precipitation (mm month21).

15 OCTOBER 2012 WE I AND LOHMANN 6999

Unauthenticated | Downloaded 08/25/22 09:30 AM UTC



The climate influence of the AMO demonstrates that

the basinwide warming is a common feature during the

Holocene despite the climate background conditions,

which further reveals that the AMO is an internal vari-

ability of the climate system.However, we argue that the

climate influence of the AMO might be amplified by

a vigorous background climate condition, which can

generate a larger fluctuation of the AMOC and thus

a higher magnitude of the AMO. It has been supported

by a previous study (Knudsen et al. 2011) that suggests

that the response to the AMO can be modulated by

orbitally induced shifts in large-scale ocean–atmosphere

circulation. This has potential application to the de-

glaciation periods, when stronger AMOC fluctuation

occurs, as well as the future climate, given the most

likely increasing in melting of the Greenland Ice Sheet

(e.g., Fettweis et al. 2007). Thus, it is conceivable that the

AMO influence could bemore significant under ongoing

global warming, which could either amplify or mask the

anthropogenic warming in the future.
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