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Abstract We have examined the mechanisms of a mul-

tidecadal oscillation of the Atlantic Meridional Overturn-

ing Circulation (AMOC) in a 335-year simulation of the

Climate Forecast System (CFS), the climate prediction

model developed at the National Centers for Environ-

mental Prediction (NCEP). Both the mean and seasonal

cycle of the AMOC in the CFS are generally consistent

with observation-based estimates with a maximum north-

ward volume transport of 16 Sv (106 m3/s) near 35�N at

1.2 km. The annual mean AMOC shows an intermittent

quasi 30-year oscillation. Its dominant structure includes a

deep anomalous overturning cell (referred to as the

anomalous AMOC) with amplitude of 0.6 Sv near 35�N

and an anomalous subtropical cell (STC) of shallow

overturning spanning across the equator. The mechanism

for the oscillation includes a positive feedback between the

anomalous AMOC and surface wind stress anomalies in

mid-latitudes and a negative feedback between the anom-

alous STC and AMOC. A strong AMOC is associated with

warm sea surface temperature anomaly (SSTA) centered

near 45�N, which generates an anticyclonic easterly surface

wind anomaly. This anticyclonic wind anomaly enhances

the regional downwelling and reinforces the anomalous

AMOC. In the mean time, a wind-evaporation-SST (WES)

feedback extends the warm SSTA to the tropics and

induces a cyclonic wind stress anomaly there, which drives

a tropical upwelling and weakens the STC north of the

equator. The STC anomaly, in turn, drives a cold upper

ocean heat content anomaly (HCA) in the northern tropical

Atlantic and weakens the meridional heat transport from

the tropics to the mid-latitude through an anomalous

southward western boundary current. The anomalous STC

transports cold HCA from the subtropics to the mid-lati-

tudes, weakening the mid-latitude deep overturning.

1 Introduction

Sea surface temperature (SST) observations since the late

nineteenth century reveal an apparent ‘‘Atlantic Multi-

decadal Oscillation’’ (AMO, Kerr 2000) dominated by

anomalies of the same sign across the North Atlantic. Peak

values form a horseshoe-shaped pattern spanning the

Atlantic at 40–50�N, extending southward near Africa, and

continuing westward near 20�N (Folland et al. 1986;

Kushnir 1994; Enfield et al. 2001; Sutton and Hodson

2007, among others). Though sampling and instrumental

problems contribute to observational uncertainty, the AMO

(sometimes referred to as Atlantic Multidecadal Variabil-

ity) is corroborated by much longer time series of proxy

data (Gray et al. 2004; Delworth and Mann 2000).
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Previous studies (e.g., Knight et al. 2005; Latif et al.

2006; Semenov et al. 2010, among others) have suggested

that the AMO is the surface manifestation of fluctuations of

the Atlantic Meridional Overturning Circulation (AMOC).

The AMOC consists of net northward flow in the upper

1 km and southward return flow from about 1 to 4 km,

linked by sinking north of 60�N and diffuse upwelling

primarily in the Southern Ocean and Indo-Pacific basins.

The AMOC’s northward heat transport plays a crucial role

in the global heat balance (Ganachaud and Wunsch 2000)

and the climate in North America and Europe. Experiments

with ocean–atmosphere coupled general circulation models

(CGCMs) show that a large increase in surface freshwater

flux in the AMOC sinking region (e.g., Manabe and

Stouffer 1988; Timmermann et al. 2005; Dahl et al. 2005;

Stouffer et al. 2006; Hu et al. 2008) substantially slows the

AMOC within 10 years (Vellinga and Wood 2002). The

reduction of heat transport cools down the North Atlantic

SST in a pattern broadly resembling the AMO cold phase

(e.g., Dong and Sutton 2002). Some CGCM simulations in

Phase 3 of the Coupled Model Intercomparison Project

(CMIP3) show a robust horseshoe-shaped SST pattern on

multidecadal scales that are arguably related to the AMOC

fluctuations (Ting et al. 2010). However, Wen et al. (2010)

suggest that a drop in the AMOC transport by 6 Sv, which

seems beyond the natural range, is needed to cause sig-

nificant SST anomalies in the tropical Atlantic. Whether

the natural AMOC fluctuation accounts for the observed

AMO needs further evidence.

To understand the influence of the multidecadal AMOC

variability on the SST, we should first understand the

mechanisms of the multidecadal AMOC variability.

Although many CGCMs can produce such fluctuations

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

Cheng et al. 2004; Dong and Sutton 2005; Danabasoglu

2008), their causes seem diverse, as reflected by the wide

range of oscillatory periods from 20 (e.g., Danabasoglu

2008) to 70–80 years (e.g., Jungclaus et al. 2005) and

longer (Vellinga and Wu 2004). An underlying cause

seems to be the time lag between temperature and salinity

anomalies in the formation area of the North Atlantic Deep

Water because the AMOC-induced temperature anomalies

drive an anomalous gyre circulation, which subsequently

advects salinity anomalies (Delworth et al. 1993). Some

idealized ocean-only models can also show this kind of

behavior (e.g., Weaver and Sarachik 1991). The physics

determining the time scale of this oscillation, however, has

yet to be pinned down (Delworth et al. 2007). On the other

hand, the westward propagation of mid-latitude tempera-

ture anomalies alone may also cause AMOC fluctuations

(Huck et al. 1999; Te Raa and Dijkstra 2002; Zhu and

Jungclaus 2008; Park and Hwang 2009). These two

mechanisms are consistent with the two major bands of

frequencies found at round 20–30 and 50–80 years in

observations and models (Frankcombe et al. 2010). The

former is associated with temperature propagation while

the latter is more strongly affected by salinity. To further

understand the characteristics of these different mecha-

nisms, it is helpful to examine these processes separately in

the CGCM context.

Although functioning in CGCMs, these mechanisms have

been construed as either unstable modes (Huck et al. 2001)

or damped oceanic oscillations (Delworth and Greatbatch

2000) in idealized uncoupled ocean model experiments.

Whether air–sea feedback plays any role in forming or

sustaining these oscillations is still an unsolved question. On

the other hand, many CGCM studies mentioned above dis-

played a close link between the multidecadal variations of

the AMOC and the North Atlantic Oscillation (NAO, e.g.,

Delworth et al. 1993; Dong and Sutton 2005; Danabasoglu

2008). However, it is unclear whether the low-frequency

NAO is a passive response to the AMOC-induced SST

anomalies, a random atmospheric forcing, or an indication

of air–sea coupling. Delworth and Greatbatch (2000) argue

that the NAO fluctuations simply stimulate the ocean

internal mode through surface heat flux anomalies. Exam-

ining the water-hosing experiments, Chiang and Bitz (2005),

Dahl et al. (2005), and Broccoli et al. (2006), among others,

showed that the SST cooling in high latitudes is transmitted

to the subtropics because of the thermodynamic feedbacks

between the surface wind, evaporation and SST (WES,

Chang et al. 1997; Xie 1999), which generates surface wind

and SST anomalies resembling the NAO and AMO patterns.

Examining the multidecadal oscillation in a CGCM, Tim-

mermann et al. (1998) found that the AMOC-induced NAO

change modulates the evaporation in the North Atlantic and

the freshwater exchange with the Greenland Sea. Weaver

and Valcke (1998) also argued that the multidecadal AMOC

variability is a coupled mode.

The search for the coupled mechanisms is currently

concentrated on the surface buoyancy effects but little is

known about the influences of the surface wind stress over

the North Atlantic. It can be argued that the dynamical

forcing of the AMOC-induced wind stress anomalies may

play a more significant role in the AMOC variability than

the papers cited above indicate. Marshall et al. (2001)

proposed an idealized model in which anomalous wind curl

drives an anomalous gyre straddling the subtropical and

subpolar gyres and the heat transport of this ‘intergyre’

gyre causes a delayed response to the mid-latitude wind

stress on decadal time scales. The earlier study by Weng

and Neelin (1998) also discussed a similar mechanism.

Correspondingly, Alvarez-Garcia et al. (2008) demon-

strated that these wind anomalies generate shallow over-

turning subtropical circulation (STC) anomalies on decadal

time scales in an ocean model. Häkkinen and Rhines
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(2009) found that a northeastward tilt of the zero line in the

wind stress curl field since 2000 expanded the subtropical

gyre and increased the penetration of the subtropical waters

toward the Nordic Seas. It weakened the subpolar gyre

simultaneously. Eden and Willebrand (2000) found that

Ekman transport from observed winds may drive multi-

decadal North Atlantic deep overturning anomalies, while

Böning et al. (2006) also found complex links between the

wind-driven subpolar flow and the meridional overturning.

CGCM studies have not discussed oscillations resulting

from interaction between the wind stress and the ocean

overturning.

In this paper, we examine a CGCM multidecadal

Atlantic oscillation in which feedback between AMOC and

wind stress anomalies play a key role in amplifying both.

We also find important interactions between the subtropical

variability in the upper ocean and the AMOC fluctuations

associated with the mid-latitude temperature anomalies.

We concentrate on (1) how effectively WES can propagate

the AMOC-induced SST and wind anomalies in mid and

high latitudes into the subtropics and (2) whether the

resultant anomalous subtropical winds lead to a significant

feedback to the higher latitudes. The paper is structured as

follows: Sect. 2 describes the CGCM and the experimental

design. The multidecadal variability of the AMOC is

identified in Sect. 3, a typical oscillation lifecycle is

examined in Sect. 4, and physical mechanisms responsible

for atmosphere–ocean feedback are examined in Sect. 5.

The summary and conclusion are given in Sect. 6.

2 The CGCM simulation

The CGCM used in this study is the Climate Forecast

System (CFS) developed at the National Centers for

Environmental Prediction (NCEP) and has been the oper-

ational climate forecast model there from 2004 to 2011

(Saha et al. 2006). The atmosphere has a spectral expansion

of spherical harmonics at a triangular truncation at T62

(*210 km grid spacing) and 64 vertical (r-coordinate)

levels. The greenhouse gas concentrations are held fixed at

present-day level.

The oceanic component is the global (non-polar) Geo-

physical Fluid Dynamics Laboratory (GFDL) Modular

Ocean Model (MOM Version 3, Pacanowski and Griffies

1998), extending from 74�S to 64�N. The model horizontal

grid is 1� 9 1� poleward of 30�S and 30�N with the

meridional resolution increasing gradually to 1/3� between

10�S and 10�N. Vertically, it has 40 z-coordinate levels,

with 27 in the upper 400 m. The subgrid mixing parame-

terization includes the non-local K-profile vertical turbu-

lent mixing in the planetary boundary layer (Large et al.

1994) and quasi-isopycnal tracer mixing by mesoscale

eddies (Gent and McWilliams 1990). The model temper-

ature and salinity are relaxed toward observed climatology

of monthly temperature and salinity in the sponge layers

near the model northern and southern boundaries. The

oceanic and atmospheric components are coupled once per

simulated day without flux correction. Our simulation was

initialized from the observed ocean-atmospheric state on

January 1, 1985, which is derived from the NCEP

Reanalysis II (Kanamitsu et al. 2002) for the atmospheric

state and the NCEP Global Ocean Data Assimilation Sys-

tem (GODAS, Behringer and Xue 2004) for the oceanic

state. The integration has been conducted for 385 years.

For this analysis, we have discarded the first 50 years as

spin-up and used the last 335 years.

Compared with other climate models, a potential limi-

tation of the AMOC simulation by the CFS is the non-polar

configuration and the lack of sea ice in its oceanic compo-

nent. However, it turns out that the simulated mean AMOC

transport is generally realistic outside the sponge layer near

the model northern boundary at 65�N. The mean meridional

overturning stream function within the Atlantic Ocean

averaged over the 335-year simulation demonstrates two

deep overturning circulation cells throughout the basin

(Fig. 1a). The upper cell depicts a clockwise circulation in

the upper 3 km associated with sinking in the higher

northern latitudes between 50�N and 60�N. Its maximum

northward transport is shown by the positive centers of the

stream function and to be referred to as the positive cell, as

well as the AMOC, hereafter. The warm waters flow

northward to replace the cold deep southward flow, with a

maximum exchange of 16 Sv (106 m3/s) between 30�N and

45�N. Superimposed on the AMOC are the shallow sub-

tropical cells (STCs) within the upper few hundreds of

meters that are anti-symmetric with respect to the equator

(Schott et al. 2004). The AMOC pattern and strength, as well

as the STC, are qualitatively comparable to those produced

by the 26-year GODAS ocean analysis (Fig. 1b), calculated

from the same ocean model in uncoupled mode under the

forcing of the surface fluxes from the NCEP reanalysis II

while assimilating the observed temperatures from 1979 to

2004 into the upper 700 m of the ocean (Behringer and Xue

2004). The AMOC transport in the GODAS is also 16 Sv at

its peak near 40�N though it is generally weaker than that of

CFS in the subtropics (Fig. 1c). The AMOC strengths from

both the CFS simulation and the GODAS analysis are

qualitatively consistent with other model and observation-

based estimates although they are on the lower side of the

observational estimates of 16–18 Sv from zonal hydro-

graphic sections (e.g., Ganachaud and Wunsch 2000; Talley

et al. 2003; Lumpkin and Speer 2003, 2007). The most

recent estimate based on the RAPID-MOCHA trans-basin

observing array installed along 26.5�N puts the value at

18.5 Sv (Johns et al. 2011), which seems to be close to the
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AMOC strength estimated from the European Centre for

Medium Range Weather Forecasts’ operational ocean

analysis for the period 1959–2006 (Balmaseda et al. 2007).

In addition, there is a clear anticlockwise (negative) bottom

cell in both the CFS and GODAS, which is fed by the

Antarctic Bottom Water and occupies the lower portion of

the Atlantic basin. The strength of this cell is 2 Sv in CFS,

significantly weaker than 8 Sv in GODAS (Fig. 1b). Com-

pared with the observational estimate of 6 Sv by Talley et al.

(2003), the CFS (GODAS) underestimates (overestimates)

the intensity of this bottom cell.

Figure 2 shows the seasonal departures of the CFS

monthly AMOC climatology from its long-term mean. The

December–February (DJF) seasonal departure (Fig. 2a) is

characterized by an intensive anomalous positive cell in

full depth within 20�S–30�N with the negative cells pole-

ward on both sides. A similar pattern with opposite signs

appears in June–August (JJA), featuring a negative tropical

cell (Fig. 2c). Compared with the strong positive tropical

departure in DJF, the negative tropical departure is weaker

in its peak but stays longer from March–May (MAM,

Fig. 2b) to September–November (SON, Fig. 2d). The

corresponding seasonal departures in GODAS (not shown)

give very similar patterns. Moreover, our result is quali-

tatively similar to the JJA pattern of the AMOC seasonal

departure shown by Sime et al. (2006) from an ocean

Fig. 1 The AMOC stream

function from a a 335-year

simulation from the NCEP CFS

and b the ocean analysis for

1979–2004 from the NCEP

GODAS. The contour interval

for (a) and (b) is 2 Sverdrup

(Sv, or 106 m3/s) with zero lines

omitted. Positive values indicate

clockwise circulation. c Shows

their difference with (a) minus

(b). The contour interval for

(c) is 1 Sv with zero lines

omitted
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model simulation. Finally, the AMOC annual cycle in the

CFS roughly corresponds to the observed seasonal volume

transport variability based on the RAPID-MOCHA array at

26.5�N from 2004 to 2007, with minima in MAM and

peaks appearing from late fall to winter, causing an abrupt

decrease from winter to spring but a more gradual recovery

into late fall (Johns et al. 2011; their Fig. 12). The spatial

patterns shown in Fig. 2 imply that the major cause of the

seasonal overturning departures is the Ekman transport in

response to the seasonal cycle of the zonally averaged

surface zonal wind stress, as demonstrated by the decom-

position of Sime et al. (2006).

For variations on time scales longer than the seasonal

cycle, we have applied the multi-channel singular spectrum

analysis (MSSA, see a review by Ghil et al. 2002) to

identify the major modes of overturning. Here we generally

follow the procedure outlined by Moron et al. (1998). The

MSSA obtains eigenvalues of the lag-covariance matrix for

the anomalous overturning stream function with a chosen

maximum lag M. For a given eigenvalue, the corresponding

eigenvector forms a lag-sequence of spatial fields while the

projections of the eigenvector onto the dataset constitute its

time series. Though similar to the empirical orthogonal

function (EOF) analysis in formulation, which corresponds

Fig. 2 The departure of the

seasonal climatology of the

meridional overturning stream

function from its annual mean

averaged for a December–

January–February (DJF),

b March–April–May (MAM),

c June–July–August (JJA) and

d September–October–

November (SON). The contour

interval is 1 Sv with the zero

line omitted
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to M = 0, the MSSA allows the identification of propa-

gating oscillations as degenerate pairs of eigenmodes,

having close eigenvalues and similar spatio-temporal

structures except for an orthogonality in phase. Applied to

the seasonally averaged data with a range of suitable values

of M, the first two eigenmodes of the MSSA consistently

form a degenerate pair, which corresponds to a 5-year

oscillation with southward propagation of a sequence of

positive and negative overturning cells of full depth from

the northern subtropical to the southern equatorial Atlantic

Ocean (not shown). This interannual oscillation is highly

correlated with the contemporary El Niño/Southern Oscil-

lation (ENSO) cycle. There is evidence that it is generated

by the Ekman transport of the ENSO-induced surface wind

anomalies over the Atlantic in the CFS.

We would like to point out that the CFS-simulated

AMOC variability, though vigorous on seasonal and

interannual time scales, which are largely wind driven, is

expected to be weaker on mutidecadal time scales due to

the lack of anomalous sea ice variability and freshwater

exchange with the Arctic Ocean in the model. Especially, it

has been demonstrated in other models that the lower fre-

quency band of the multidecadal variability is partly

attributed to the influences of the sea ice and salinity

(Frankcombe et al. 2010). Therefore, it is interesting to

examine the characteristics of the lower frequency varia-

tion of the AMOC in the CFS, which is mainly driven by

the temperature anomalies. Also, this gives us an oppor-

tunity to examine the mechanisms of the multidecadal

fluctuations associated with ocean temperature anomalies

in mid-latitudes by largely excluding the influence of the

salinity change due to sea ice fluctuations.

3 AMOC multidecadal variability

To derive the leading modes of the multidecadal AMOC

variability, we apply the MSSA to the annually averaged

overturning stream function anomalies. To eliminate a mild

climate drift in the deep ocean, the overturning stream

functions are first detrended by subtracting a quadratic least-

square fit at each grid point. A 5-year running mean is also

applied to smooth out the major interannual fluctuations

discussed in last section. Then the MSSA is carried out with

a range of maximum lags M from 10 to 60 years at a 10-year

increment. In all of these cases, the first eigenmode, which

explains the highest percentage of the total variance, rep-

resents a stationary variation of nearly 300 years. Since its

time scale is outside the range of multidecadal variability,

the characteristics of this mode will be described only

briefly later. On the other hand, the 2nd and 3rd eigenmodes

form a degenerate pair and represent an oscillation with the

dominant period around 30 years for M C 20. We choose to

present this oscillatory mode with M = 30 years, which is a

compromise between resolving the oscillation and preserv-

ing its instantaneous characteristics.

This propagating oscillatory mode characterized by the

2nd and 3rd MSSA eigenmodes together accounts for 14%

(7.6% plus 6.4%) of the total variance. The closeness of

their eigenvalues suggests that the two eigenmodes form a

degenerate pair, which has been confirmed by eigenmodes

at larger values of M. Following the procedure of Plaut and

Vautard (1994), the oscillation mode is reconstructed based

on these two eigenmodes as the filtered space–time series

of the same dimensions as the original data. In this way, the

characteristics of the oscillation can then be represented

economically by the two leading EOF modes of the filtered

data, as shown in Fig. 3.

The 1st EOF of the filtered data (Fig. 3a) explains 74.2%

of the total variance of the filtered fields. Its spatial pattern

is characterized by a relatively deep anomalous overturning

cell centered near 40�N at depth below 500 m. Though the

cell extends to great depth, at mid-latitudes most of the flow

in the top limb of the cell is confined to the top 100 m or so,

a point we will return to in Sect. 4.1. This overturning cell

extends into the tropical and southern Atlantic at deeper

levels between 1,000 and 3,000 m. It is accompanied by a

shallow negative overturning cell between 10�S and 20�N

above 500 m and a deeper but weaker negative cell to the

north. The 2nd EOF mode (Fig. 3b), which explains 23% of

the total variance, is characterized by a negative cell around

40�N while the positive and negative anomalies remain in

the subtropical ocean in the lower and upper layers

respectively. The principal components (PC1 and PC2) of

these two EOFs show similar variations and have a clear 90�
phase shift, as expected from an oscillation (Fig. 3c). This

oscillation has a dominant period of 30 years and is inter-

mittent in nature. Their magnitudes are large in the first one

hundred years but gradually decrease and become very

weak in the next hundred years. The oscillation is re-

enhanced between Years 220 and 270 and seems to be

reviving again near the end of the run.

To verify the existence of this multidecadal oscillation

as identified by the MSSA, we have conducted an inde-

pendent analysis of the AMOC index, which is defined as

the maximum AMOC annual mean northward transport to

the north of 40�N in 300–3,000 m, reflecting the fluctua-

tion of the AMOC center in the North Atlantic (Fig. 1a).

The time series has a standard deviation of 0.9 Sv and is

composed of variations on a variety of time scales (black

curve, Fig. 4a). We have separated the variations based on

their time scales using the ensemble empirical mode

decomposition (EEMD, Wu and Huang 2009). Unlike

Fourier transform-based time series analysis, which uses

a priori ‘‘global’’ basis functions of rigid periods, the

method of empirical mode decomposition (EMD)
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decomposes a complicated time-series into a relatively

small collection of empirically determined intrinsic mode

functions (IMF) based on the local characteristic time scale

of the data, usually leading to easier physical interpreta-

tions (Huang et al. 1998). More recently, the EEMD

technique was developed to improve the robustness of the

decomposition. In the EEMD, multiple noise realizations

are added to the single observed time series, mimicking a

scenario of multiple experimental trials with inherent

uncertainty. The ensemble average is used to derive the

corresponding IMFs (Wu and Huang 2009). It has been

shown that the EEMD extracts scale-consistent signals and

makes the IMFs less dependent on the sample size. More

detailed descriptions of the method can be found in Huang

and Wu (2008) and Wu and Huang (2009). This method

has been used to analyze various climate phenomena (e.g.,

Wu et al. 2011; Huang et al. 2011a; Hu et al. 2011).

The intrinsic mode functions derived from the AMOC

index can be easily categorized into the interannual, decadal,

multidecadal, and century components based on their time

scales. A nonlinear trend is also identified as a part of the

EEMD, which is shown as the red curve in Fig. 4a. In this

study, we concentrate on the multidecadal and century

components and refer them collectively as the low-frequency

signals. This low-frequency AMOC index derived from the

EEMD analysis (red curve, Fig. 4b) shows significant fluc-

tuations that are very similar to the detrended 11-year run-

ning mean of the original annual AMOC index (blue curve).

It has a standard deviation of 0.4 Sv with maximum mag-

nitude of 1 Sv and accounts for 20% of the total variance of

the original index. This confirms that the CFS still generates

substantial AMOC fluctuations on multidecadal and longer

time scales although there is no active sea ice and freshwater

exchange with the Arctic Ocean in the model.

Fig. 3 a The spatial pattern of

the 1st EOF mode of the

reconstructed AMOC

multidecadal mode based on the

degenerate pair of the 2nd and

3rd MSSA eigenmode of the

5-year running mean Atlantic

meridional overturning stream

function, which together explain

about 14% of total variance for

the 5-year running mean data.

b Shows the pattern of the 2nd

EOF mode. The contour interval

in (a) and (b) is 0.05 Sv with

zero lines omitted. Their

corresponding principal

components (PCs) are shown in

(c) with the solid red curve for

the PC1 and the solid blue curve
for the PC2. The dashed green
curve in (c) represents the

multidecadal mode of the

EEMD analysis of the annual

averaged AMOC index. The

PCs and the EEMD mode are

normalized
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The multidecadal EEMD component shows an inter-

mittent oscillation with a dominant period of about

30 years (Fig. 4c), which is prominent in the first 100-year

and around the years 210–270 of the simulation but rela-

tively weak in between. The century EEMD component

shows a long period of near 300 years (Fig. 4d). To further

demonstrate the relationship between the original AMOC

index and its EEMD components, Fig. 5a shows the power

spectra of the annual mean AMOC index and the two low-

frequency EEMD components. The nonlinear trend (the red

curve in Fig. 4a) is removed from the total AMOC index

before the spectral analysis. In the low-frequency band, the

power spectrum of the AMOC index shows two distinctive

peaks centered near the periods of 30 and 300 years

respectively (blue curve, Fig. 5a). On the other hand, the

spectrum of the multidecadal (century) EEMD component

peaks at the period of 30 (300) years as shown in the red

(green) curve in Fig. 5a, which is also consistent with the

temporal characteristics demonstrated in Fig. 4c (Fig. 4d).

The fact that the power spectral peaks of the AMOC index

closely match those of the EEMD time series suggests that

the EEMD modes are representative of the AMOC varia-

tions with the respective characteristic time scales.

We notice that the peak of the quasi 30-year oscillation

in the spectrum of the AMOC index is below the level of

the corresponding red noise spectrum (dashed black curve),

which weakens our claim that the AMOC index has a

distinctive oscillation on the 30-year time scales somewhat.

Fig. 4 a The annual mean

AMOC index (the black curve)

and its long-term trend from the

EEMD analysis. b Low

frequency AMOC index (red
curve) as the sum of the EEMD

multidecadal and century

components of the EEMD

modes. This EEMD low-

frequency index is similar to the

11-year running mean of the

detrended original AMOC index

(blue curve). c The EEMD

multidecadal component of the

AMOC index. d The EEMD

century component of the

AMOC index
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On the other hand, we argue that some technical factors

may contribute to this. First, the high intermittency of the

quasi 30-year oscillation, as the EEMD time series shows,

may cause its under-representation in a power spectrum,

which is most efficient in measuring stationary processes

(e.g., Huang and Wu 2008). Second, comparing the struc-

tures of the spectra of the AMOC index (blue curve) and

red noise (dashed back curve) shown in Fig. 5a, it is pos-

sible that red noise may not be the most suitable back-

ground for the spectrum of the AMOC index. In fact, the

slope of the spectrum of the AMOC index clearly deviates

from that of a red noise spectrum in low frequencies,

although it is roughly consistent with the red noise in the

interannual-to-decadal band. We suspect that these factors

may partly be why the local 30-year peak does not pass the

significance level of red noise. The existence of local peaks

in both spectra of the original and EEMD indices, however,

suggest that our statistical methods, both the MSSA and

EEMD, identify the intermittent quasi 30-year fluctuation

as a physical entity, instead of an artifact of band filtering.

To further demonstrate the intermittency of the quasi

30-year oscillation, we have conducted a wavelet analysis

of the annual mean AMOC index with its trend removed,

following the procedure of Hu and Nitta (1996). The

wavelet transform (Fig. 5b) shows that the multidecadal

AMOC fluctuation has larger amplitude in the frequency

band centered at 30-year period in the first 100 years of the

simulation and again between 210 and 270 years. The

amplitudes, however, are much weaker between these two

episodes. This result is consistent with those derived

independent from the EEMD analysis and further verifies

the validity of characterizing the AMOC multidecadal

variations as an intermittent quasi 30-year oscillation.

Moreover, the temporal characteristics of the multi-

decadal EEMD component are generally consistent with

the independently derived propagating MSSA mode dis-

cussed above. In fact, the green curve in Fig. 3c is the

normalized version of the EEMD multidecadal component

(Fig. 4c), which shows a fixed phase relation with both the

PC1 and PC2 when their amplitudes are relatively large.

The maximum transport (i.e., the EEMD time series) leads

the PC1 by a quarter of the period most of the time and is

nearly out-of-phase with PC2. It is interesting to see that

the EEMD shows more distinctive signals in the second

major epoch of the oscillation during the years 210–270.

This suggests that the EEMD is more effective in delin-

eating the intermittent signals of short duration.

The EEMD century component (Fig. 4d) is largely

consistent with the dominant time variation of the 1st

MSSA eigenmode, as shown by its near in-phase relation

with the PC1 of the reconstructed fields (Fig. 6b). The

EOF1 (Fig. 6a) shows a basin-wide strengthening and

Fig. 5 a The power spectrum

of the annual mean AMOC

index with its nonlinear trend

removed (blue curve) and its

corresponding red noise

spectrum (dashed black curve).

The red (green) curve shows the

power spectrum of the

multidecadal (century) EEMD

components. b The wavelet

transform of the annual mean

AMOC index with its nonlinear

trend removed
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weakening of the AMOC on century time scales. Overall,

the similarity between the MSSA and EEMD is reassuring

and confirms the robustness of these modes.

4 Composite lifecycle

In this section, we use the phase-compositing technique

described by Plaut and Vautard (1994) and Moron et al.

(1998) to examine the evolution of the multidecadal

oscillation within a complete cycle. This evolution can be

measured by a phase index calculated from the PC1

(Fig. 3c) of the reconstructed space–time series, following

Moron et al. (1998), which varies from 0 to 2p within each

cycle. Averaging model variables over intervals in the

phase index that are p/4 long for all cycles produces a

composite oscillation composed of 8 averages, which we

refer to as the eight phases of the lifecycle. Since the period

of the oscillation is around 30 years, each of these phase

composites represents an averaging period of roughly

4 years. The composites are based on the 5-year running

mean data for all variables. We use first 100-year data to

construct the composites because this is the period in which

the intermittent oscillation is strongest and the phase

increase within each cycle is monotonic. The other active

episode of the oscillation, from years 210 to 270, also

shows similar features. The lifecycles of several key vari-

ables are described below.

4.1 Overturning anomaly

The multidecadal overturning anomaly is characterized by

a ‘‘deep’’ overturning anomaly which reaches depths of a

few kilometers, and a ‘‘shallow subtropical’’ overturning

Fig. 6 a The spatial pattern of

the 1st EOF mode of the

reconstructed AMOC centennial

mode based on the 1st MSSA

eigen mode of the 5-year

running mean Atlantic

meridional overturning stream

function, which explains about

22% of total variance and

represents the long stationary

oscillation of 300 years. The

contour interval in (a) is 0.05 Sv

with zero lines omitted. The

corresponding principal

component (PC) is shown in

(b) with the red curve for the

EOF1. The green curve in

(b) represents the century mode

of the EEMD analysis of the

annual averaged AMOC index.

The PC and the EEMD mode

are normalized
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anomaly in the top few hundred meters (Fig. 7). The

amplitudes of the overturning structures are about 0.6 Sv

for the deep anomaly and more than 0.3–0.4 Sv for the

shallow subtropical anomaly.

Each deep overturning anomaly starts in the north and

grows southward while coexisting with, and eventually

replacing, the opposite anomaly. The positive (northern-

downwelling) phase of the deep anomaly begins at around

50�N during Phase 2 (Fig. 7b) and strengthens at the same

location until Phase 4 (Fig. 7c, d). The center of the cell then

moves southward to about 35�N (Fig. 7e). During this time,

the top of the overturning anomaly is at the surface and its

bottom reaches 3,000 m. By Phase 6 (Fig. 7f) the positive

anomaly extends into the southern hemisphere; in the

extension, the top of the overturning occurs below about

500 m depth. During Phases 7 and 8, the anomaly weakens

north of about 30�N (Fig. 7g, h) until only the southward

extension of the anomaly is left (Fig. 7a, h). The negative

phase of the deep overturning begins at high latitudes at

Phase 6 (Fig. 7f) and follows a similar evolution (Fig. 7a–d).

As mentioned in the description of the MSSA EOF1

(Sect. 3 and Fig. 3a), much of the upper limb of the cell

occurs in the top 100 m or so in the strongest part of the

cell near 30�N. This is much shallower than the mean

AMOC cell, which has an upper limb filling the top kilo-

meter of the water column (Fig. 1a), or the century mode

(Fig. 5a). Such shallow flow looks less like a typical deep

overturning cell and more like an overturning associated

with Ekman transport, such as the STC’s or the seasonal

variation in overturning (Fig. 2).

The anomaly of the shallow cell displays a simpler

evolution, with a single cell between 20�S and 20�N

oscillating in place (Fig. 7). The anomalous cross-equato-

rial shallow cell has downwelling and upwelling occurring

Fig. 7 The lifecycle composite of the AMOC oscillation at a period

around 30 years based on the 2nd and 3rd MSSA modes of 5 year

running mean AMOC shown in Fig. 3c for a Phase 1, b Phase 2,

c Phase 3, d Phase 4, e Phase 5, f Phase 6, g Phase 7 and h Phase 8.

Each phase of the composite is averaged from the corresponding

phases of major episodes in the first hundred years. The contour

interval is 0.1 Sv with zero contours omitted. The composite is

constructed using the total anomalies of the 5 year running mean

AMOC stream function
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in opposite hemispheres and contrasts with the mean

Subtropical Cells (STCs, McCreary and Lu 1994; Liu

1994; Schott et al. 2004). Since the anomalous shallow cell

spans the domain of both STCs and apparently affects their

strength, we will refer to it as the subtropical cell anomaly

(STCA), noting that it has a different spatial structure from

the mean STCs and affects the strength of both STCs south

and north of the equator. The STCA tends to be of the

opposite sign to the deep anomaly directly beneath it. On

the other hand, the STCA is not exactly out of phase with

the deep overturning anomaly. The positive STCA is

enhanced in Phases 2–3 when the negative deep over-

turning dominates near 35�N and extends south of the

equator (Fig. 7b, c). However, while the deep negative

anomaly is weakened throughout the basin in Phase 4, the

positive STCA is persistent and expands northward

(Fig. 7d). As a result, the deep and shallow overturning

anomalies have the same sign in Phase 5 (Fig. 7e).

4.2 SST and HCA anomalies

The AMOC oscillation is associated with a systematic

evolution of SST anomalies (SSTA, Fig. 8). Mid-latitude

(roughly 30–50�N) SST cools during phases 1–4 (Fig. 8a–

d), when and after the deep cell is associated with weak-

ened northward upper-ocean volume transport (Fig. 7a–c),

and warms during phases 5–8 (Fig. 8e–f), during and after

strengthened upper-ocean volume transport (Fig. 7e–g).

These anomalies first form near the western boundary

(Fig. 8a, e) then extend eastward. The cold (Fig. 8b) and

warm (Fig. 8g) mid-latitude SSTA also extend southward

along the eastern boundary and westward around 10�N in a

horseshoe-shape reminiscent of the observed AMO pattern

(e.g., Fig. 1a of Sutton and Hodson 2007). The SSTA in the

southern hemisphere tropics and in the northern hemi-

sphere high latitudes tend to have opposite sign to the mid-

latitude SSTA.

We measure subsurface temperature variation with the

upper ocean heat content anomaly (HCA), defined as the

ocean temperature anomaly averaged over the upper 460 m.

At mid-latitudes, these show similar sign and evolution

(Fig. 9) as SSTA (Fig. 8). In contrast to the horseshoe-shaped

SSTA pattern (Fig. 8), the northern hemisphere HCA tends to

have subtropical values with opposite sign of its mid-latitude

values (Fig. 9). The southern hemisphere subtropics does not

have as strong an HCA signal. Zhang (2007) has pointed out

that the out-of-phase relation between the SSTA and HCA is

an AMOC signature in the tropical North Atlantic.

Fig. 8 The composite SSTA in the eight phases of the lifecycle of the

multidecadal AMOC oscillation as shown in Fig. 7 for a Phase 1,

b Phase 2, c Phase 3, d Phase 4, e Phase 5, f Phase 6, g Phase 7 and

h Phase 8. The contour interval is 0.1�C for the SST anomalies, with

the zero lines omitted and the contours of ±0.05�C added to highlight

the range of anomalies in the tropics. The maximum/minimum

contours are at ±0.5�C respectively. The color bar for the shading is

shown at the bottom
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Fig. 9 The composite HCA in the eight phases of the lifecycle of the

multidecadal AMOC oscillation as shown in Fig. 7 for a Phase 1,

b Phase 2, c Phase 3, d Phase 4, e Phase 5, f Phase 6, g Phase 7 and

h Phase 8. The contour interval is 0.1�C with the zero lines omitted

and the contours of ±0.05�C added to highlight the range of

anomalies in the tropics. The maximum/minimum contours are at

±0.5�C respectively. The color bar for the shading is shown at the

bottom

Fig. 10 The composite

anomalous meridional heat

transport in the Atlantic Ocean

as a function of latitude and

phase in a the whole depth of

the ocean and b the upper 460

meters only. The contour

interval is 10 terawatts

(1012 Watts) with zero lines

omitted
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The overturning stream function anomalies (Fig. 7) may

influence SSTA and HCA through meridional heat trans-

port anomalies, which are shown as a function of latitude

and phase in Fig. 10a. Negative (Fig. 7a–c) and positive

(Fig. 7e–g) mid-latitude overturning anomalies are asso-

ciated with the same sign anomalous northward heat

transport centered at 30�N (Fig. 10a). The divergence of

the anomalous northward heat transport implies cooling of

the 30�N–50�N region during phases 1–3 and warming

during phases 4–7, which is consistent with the HCA and

SSTA evolution in that region. Between 15�N and 30�N,

the anomalous northward heat transport divergence is

opposite to the mid-latitude values, which is consistent

with the HCA evolution in that region (warming during

phases 1–3 and cooling during phases 4–7) but not the

SSTA. We argue in Sect. 5.2 that latent heat flux anomalies

associated with wind speed anomalies account for the

subtropical SST evolution.

4.3 SSS anomaly

We have also analyzed the fluctuation of the salinity in the

AMOC multidecadal oscillation. The only region where the

sea surface salinity (SSS) shows significant anomalies is

around 40�N–50�N (Fig. 11) where the SSTA and HCA are

also strongest (Figs. 8, 9). In general, the local cold SSTA

is associated with negative SSS anomaly (SSSA) with a

phase delay. While cold SSTAs prevail in the mid-latitudes

from Phase 2 to 4, a nearly zonal belt of the negative

SSSAs appears in the same location as the largest SSTAs

Fig. 11 The composite

anomalies of the sea surface

salinity in the eight phases of

the lifecycle of the multidecadal

AMOC oscillation as shown in

Fig. 7 for a Phase 1, b Phase 2,

c Phase 3, d Phase 4, e Phase 5,

f Phase 6, g Phase 7 and h Phase

8. The contour interval is 0.05

psu with the zero lines omitted.

The color bar for the shading is

shown at the top
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between 35�N and 45�N in Phase 3 (Fig. 11c). This belt is

enhanced in the next two phases (Fig. 11d–e) then weak-

ened in Phase 6 (Fig. 11f). A similar delayed evolution of

positive SSSA with respect to the warm SSTA occurs from

Phases 7–8 (Fig. 11g–h) to Phases 1–2 (Fig. 11a–b). Since

the SSTA in this region is likely determined by the effect of

the subsurface water, this implies that the upwelled sub-

surface water is fresher than the surface water in this area

and the salinity tends to compensate the temperature’s

effect on density anomaly. The delay between the SSTA

and SSSA is consistent with previous results from Del-

worth et al. (1993) and suggests that the advection by the

gyre circulation affects the SSSA distribution.

4.4 SLP and wind stress anomalies

The AMOC multidecadal oscillation is closely associated

with sea level pressure (SLP) and wind stress (Fig. 12)

anomalies. In mid-latitudes, a cyclonic circulation anomaly

around a center of low SLP anomaly (SLPA) appears in

phases 2–4 (Fig. 12b–d), while an anticyclonic, high SLPA

center appears in phases 6–8 (Fig. 12f–h). The anticyclone

and cyclone are associated with cold (Fig. 8b–d) and warm

(Fig. 8f–h) mid-latitude SSTA, respectively. Like the

SSTAs, the wind and SLPA tend to extend eastward from

the western Atlantic and form major centers of the SLPA

and circulation near the eastern boundary between 40� and

Fig. 12 The composite SLP

(contour and shading) and wind

stress (vector) anomalies in the

eight phases of the lifecycle of

the multidecadal AMOC

oscillation as shown in Fig. 7

for a Phase 1, b Phase 2, c Phase

3, d Phase 4, e Phase 5, f Phase

6, g Phase 7 and h Phase 8. The

contour interval is 0.1 hPa with

zero lines omitted. The color
bar for the shading is shown at

the top center. The vector scale

for 0.01 Nm-2 is shown at

upper right
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50�N in their peaks. These surface atmospheric circulation

anomalies may be seen as a response of the lower atmo-

sphere to the anomalous SST gradient (e.g., Lindzen and

Nigam 1987). An additional atmospheric circulation

anomaly is centered at about 20�N and tends to have the

opposite circulation direction to the mid-latitude anomaly.

The potential mechanism of this STC will be discussed in

Sect. 5.2.

Overall, we have established that the 30-year oscillation

of the overturning stream function includes changes in both

the deep overturning in the mid-latitude Atlantic and the

shallow overturning in the subtropics with a fixed phase

relationship. It is also associated with the systematic fluc-

tuations of the SST and upper ocean heat content in the

extratropical and tropical Atlantic, as well as the SSS in the

mid-latitudes. The corresponding atmospheric fluctuations

suggest that the interactions between the atmosphere and

ocean are possibly an important component of the process.

The potential mechanisms that generate these connections

among different variables and cause the oscillation will be

discussed in the next section.

5 Potential feedback mechanisms

In Sect. 4, we have shown the multidecadal AMOC vari-

ation in the CFS as an oscillatory fluctuation around its

climatology with a quasi-period of 30 years. Physically, an

oscillation is a periodical movement around its equilibrium

state caused by a net restoring force, which grows stronger

as the system deviates away from the equilibrium state.

The period of oscillation is determined by the strength of

the net restoring force. In a climate system, such net

restoring force can be generated by the combination of a

positive feedback and a delayed negative one, such as the

delayed oscillator mechanism for ENSO (e.g., Schopf and

Suarez 1988; Suarez and Schopf 1988). In this section, we

provide some evidence to show that the combined effect of

a positive and a delayed negative feedback may be

responsible for the quasi 30-year oscillation in the CFS.

5.1 Positive feedback in mid-latitudes

A positive feedback between the ocean and atmosphere

may occur in the mid-latitudes, which sustains the anom-

alies of deep overturning. Surface wind anomalies (Fig. 12)

drive ocean Ekman upwelling and downwelling anomalies

beneath cyclones and anticyclones, respectively. The wind-

induced vertical movement is most clearly seen in the

zonally averaged Ekman pumping as a function of latitude

and phase of the composite lifecycle (Fig. 13a). In the mid-

latitudes, the Ekman upwelling (downwelling) starts

between 50�N and 55�N in Phase 2 (Phase 6) and then

expands equatorward, consistent with the enhancement of

the negative (positive) deep overturning cell. This domi-

nant effect of the Ekman pumping is confirmed by the

composite vertical velocity at 100 m, which shows a pat-

tern (Fig. 13b) qualitatively similar to Fig. 13a with

Fig. 13 The zonally averaged

a Ekman pumping and b the

vertical velocity at 100 m in the

Atlantic basin from 10�N to

60�N for the eight phases of the

composite AMOC multidecadal

lifecycle. The contour interval is

0.2 cm day-1 with zero lines

omitted
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comparable magnitude. The composites of the vertical

velocities at other model levels in the upper ocean (50, 200,

and 303 m) give similar patterns to that at 100 m.

In Subsect. 4.4, we have argued that the wind and hence

the Ekman pumping anomalies are responses to the SSTA

in mid-latitudes. Furthermore, we have also shown that the

SSTA in the mid-latitudes are largely induced by the HCA,

which is in turn a response to the meridional heat transport

by the anomalous deep overturning. Therefore, we suggest

that the wind-induced enhancement of the deep overturning

anomalies tend to sustain the mid-latitude HCA and SSTA

patterns. These processes then form a positive feedback

loop in the mid-latitude ocean–atmosphere interactions.

We have also examined the surface latent heat flux

anomalies (Fig. 14), which are usually a major factor to

generate mid-latitude SSTA. In this case, however, we do

not see a close association between the spatial patterns of

the latent heat flux anomalies and the SSTA in the mid-

latitudes. Especially, during Phases 3–4, when the negative

SSTA is largest between 40�N and 50�N (Fig. 8c–d), the

latent heat flux anomalies are generally positive (Fig. 14c–d)

and tend to damp out the SSTA. A similar relationship

occurs during Phases 7–8, when the SSTA is generally

positive in mid-latitudes. Therefore, we suggest that the

SSTA is mainly caused by the HCA, instead of the surface

heat flux. The surface heat flux, however, plays a major

Fig. 14 The composite

anomalies of the surface latent

heat flux corresponding to the

phases of the lifecycle of the

multidecadal AMOC oscillation

as shown in Fig. 7 for a Phase 1,

b Phase 2, c Phase 3, d Phase 4,

e Phase 5, f Phase 6, g Phase 7

and h Phase 8. Positive values
represent heat flux into the

ocean. The contours are drawn

at ±0.5, ±1.0, ±2.0, ±4.0, ±7.0

and ±10.0 Wm-2 with the zero

lines omitted. The color bar for

the shading is shown at the

bottom
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role in generating the SSTA in the tropics, to be described

in the next subsection.

5.2 Negative feedback from subtropics

The negative feedback involves the interactions between

the tropical and mid-latitude variations and explains the

out-of-phase relationship between the subtropical SSTA

and HCA, as well as the fluctuation of the STCA.

First, the AMOC-induced SSTA, once established in the

mid-latitudes, tends to expand into the subtropics through

the coupled WES interaction among the surface wind,

evaporation and SST. For instance, as the negative SLPA is

established in the mid-latitudes in Phase 2, a positive SLPA

center is developed at 25�N, enhancing the subtropical high

and the southeast trade winds to its south (e.g., Fig. 12b).

The stronger wind speeds between the equator and 20�N

induce substantial loss of latent heat from the sea surface

from Phase 1 to 5 (Fig. 14a–e), which are largest in Phase 2

(Fig. 14b). This heat loss is the main reason for the cooling

of the SST in the tropical region during Phases 2–5

(Fig. 8b–e). A similar relationship holds between the warm

SSTAs (Fig. 8f–h), weakened northeast trades (Fig. 12f–

h), and positive latent heat flux anomalies in the tropics

during the Phases 6–8 (Fig. 14f–h). The WES interaction

expands the mid-latitude SSTA into the tropical Atlantic

through a coupled process, as described in previous studies

(e.g., Dahl et al. 2005; Chiang et al. 2008; Mahajan et al.

2010).

The AMOC-induced tropical wind anomalies also cause

oceanic dynamical responses. The subtropical surface wind

stress anomalies described above form an anticyclone in

Phases 2–5 (Fig. 12b–e) and a cyclone in Phases 6–8

(Fig. 12f–h). These wind stress anomalies force Ekman

pumping centered at 15�N–20�N, with downwelling in

Phases 2–4 and upwelling in Phases 6–8 (Fig. 13a), which

are the major signals in the upper ocean vertical velocity

(Fig. 13b). The tropical vertical velocity anomalies are

generally out-of-phase with the extratropical ones. In the

tropical Atlantic, the downwelling generates warm HCA

during Phases 2–5 (Fig. 9b–e) while the upwelling causes

cold HCAs during Phases 6–8 (Fig. 9f–h). These subtrop-

ical HCAs have opposite signs to the subtropical SSTAs

and the mid-latitude HCAs. After the generation, the warm

HCAs are generally enhanced at the western boundary in

lower latitudes (Fig. 9c), then propagate northward along

the coast (Fig. 9d) and form a warm HCA belt between

30�N and 40�N (Fig. 9e), which reduces the cold HCAs in

the mid-latitudes. A similar cold HCA largely follows the

same propagation route.

The tropical HCAs correspond closely to the develop-

ment of the STCA shown in Fig. 7. In general, the warm

HCA (Fig. 9b–e) is associated with the positive STCA

(Fig. 7b–d). When the delayed subtropical negative feed-

back becomes dominant, the anomalous negative deep

overturning starts to weaken (Fig. 7c–d). The other half of

the lifecycle is a mirror image of the above processes with

the negative tropical HCA (Fig. 9f–h) paired with the

negative STCA (Fig. 7f–h). This suggests that the STCA is

a part of the wind-driven process in the subtropical and

tropical Atlantic.

The wind-driven STCA modulates the meridional heat

transport into the mid-latitude North Atlantic, which

changes the HCA and SSTA in the mid-latitudes and hence

weakens the positive feedback there. This contribution can

be estimated by comparing the total anomalous heat

transport (Fig. 10a) with those by the currents in the upper

460 m (Fig. 10b). The strong anomalous northward heat

transport within 10�S–10�N in Phase 2 (Fig. 10a, b) is

apparently due to the positive STCA during this period

(Fig. 7b). Accompanying the persistence of positive STCA,

the northward transport in the tropics continues until Phase

5 in the upper ocean (Fig. 10b). In Phase 4, the northward

heat transport as high as 20 terawatts (1012 Watts)

extending from the equator to about 30�N is mainly

because the STCA is elongated to the mid-latitude

(Fig. 7d). Therefore, even though the climatological STC is

largely confined within the subtropics, the northward

expansion of the STCA can be an important effect into the

mid-latitudes. Compared with Phase 2, the negative trans-

port in the upper ocean in Phases 7–8 is weaker because the

negative STCAs are weaker than the positive ones. How-

ever, the pattern is still consistent.

The wind-driven gyre circulation accompanying the

STCAs can also be seen from the oceanic barotropic stream

function anomalies (BSFA, Fig. 15). In general, an

anomalous anticyclonic gyre is developed between 20�N

and 40�N during Phases 2–4 (Fig. 15b–d) while a cyclonic

one is in Phases 6–8 (Fig. 15f–h). This oceanic response is

consistent with the subtropical wind stress forcing descri-

bed above. Further to the north, a narrower gyre is devel-

oped, opposite to the southern one. This BSFA pattern,

especially its southern lobe, bears some resemblance to the

anomalous ‘intergyre’ gyre, described by Marshall et al.

(2001) and Czaja and Marshall (2001) as a slow oceanic

response to the SLP changes, and affects the northward

heat transport from the tropics. Specifically, the heat

transport plays the role of eroding the SSTA and HCA in

the western mid-latitude Atlantic. In fact, the BSFA at

25�N and AMOC transport at 35�N has a nearly out-of-

phase relationship similar to the one between the deep and

shallow overturning (not shown).

Furthermore, the averaged current anomalies for the

upper 460 m in the western North Atlantic shows that

northward anomalous western boundary current (AWBC)

is initiated to the south of 25�N in Phase 2 (Fig. 16b), just
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as the positive STCA starts (Fig. 7b) and the warm HCA

forms near the western coast in the tropics (Fig. 9b). The

AWBC counters the southward extension of the south-

westward flow along the western coast from 35�N, which is

associated with cold HCA extending from 40�N (Fig. 9b).

In the next three phases, the northward AWBC strengthens

and expands further north (Fig. 16c–e). This is associated

with the enhancement of the warm HCA in the western

tropical Atlantic (Fig. 9c) and its expansion produces a

wedge of the warm HCA in the western ocean between

30�N and 40�N (Fig. 9d–e). The HCA is associated with

the SSTA in the western Atlantic between 30�N and 40�N

first appearing in Phase 4 (Fig. 8d) and substantially

enhanced in Phase 5 (Fig. 8e). As we have pointed out

before, the transition from the cold to the warm phase (or

vise versa) starts from the SSTA and HCA in the western

Atlantic between 30�N and 40�N in Phase 4.

In summary, the quasi 30-year oscillation of the AMOC

is associated with a positive air-sea feedback between the

deep overturning and the SST-induced surface wind

anomalies in the mid-latitude North Atlantic and a negative

feedback between the STCA and the mid-latitude deep

overturning. The subtropical–extratropical interaction

involves both thermodynamic air-sea interaction and oce-

anic dynamics: The WES feedback plays a crucial role in

expanding the AMOC-induced mid-latitude SST and wind

anomalies into the subtropical ocean while the wind stress

anomalies over the tropical Atlantic Ocean drive the

Fig. 15 The composite

anomalies of the barotropic

stream function in the eight

phases of the lifecycle of the

multidecadal AMOC oscillation

as shown in Fig. 7 for a Phase 1,

b Phase 2, c Phase 3, d Phase 4,

e Phase 5, f Phase 6, g Phase 7

and h Phase 8. The contour

interval is 0.5 Sv with the zero

lines omitted. The color bar for

the shading is shown at the top
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anomalous gyre and STCA. A schematic diagram of the

major feedback loops is presented in Fig. 17.

The proposed mechanism may provide new insight into

several aspects of the AMOC variability. For instance, it

explains why there is a nearly out-of-phase relationship

between the STCA and the AMOC fluctuation in the CFS.

Some previous studies (Jochum and Malanotte-Rizzoli

2001; Chang et al. 2008; Wen et al. 2010) have found that

the STC strengthens when the AMOC weakens. However,

these previous studies suggest that the STC strengthening

mainly is a result of less cancellation from the AMOC

upper branch. Our results suggest that a portion of the

STCA is a response to the AMOC-induced surface wind

changes in the subtropics, which may play an active role

during the oscillation. This mechanism also explains why

the SSTA and HCA have opposite signs in the tropical

Atlantic. The HCA is wind driven related to Ekman

pumping, while SSTA is fluxes driven related to latent heat

flux. This out-of-phase relationship between the SSTA and

HCA has been found as a signature of the AMOC

Fig. 16 The composite

anomalies of the mean current

averaged for the upper 460 m in

the eight phases of the lifecycle

of the multidecadal AMOC

oscillation as shown in Fig. 7

for a Phase 1, b Phase 2, c Phase

3, d Phase 4, e Phase 5, f Phase

6, g Phase 7 and h Phase 8. The

vector in the upper center
represents current magnitude of

0.5 cm s-1. The current

magnitude is also shown by the

shading on the maps. The color
bar for the shading is shown at

the center (unit: cm s-1)
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multidecadal variability by Zhang (2007) in a climate

model simulation and in observations but has not been fully

understood, as far as we know.

6 Summary and discussion

In this paper, we have analyzed the mean state and vari-

ability of the AMOC from a 335-year simulation of the

CFS. It is found that the CFS produces a realistic pattern of

the AMOC circulation with mean transport and seasonal

cycle consistent with observation-based estimates. On

multidecadal time scales, the AMOC variability is domi-

nated by an intermittent quasi oscillation with 30-year

period, based on the independent analyses of two statistical

methods, the mutichannel singular spectrum analysis

(MSSA) and the EEMD. A phase composite procedure

based on the MSSA modes is used to construct the lifecycle

of the oscillation and analyze its mechanisms.

It is found that the AMOC oscillation is associated with

the evolution of an anomalous deep overturning cell

between 30�N and 50�N, which extends to the tropical

ocean at levels below 500 m. This mid-latitude deep

overturning is associated with the fluctuation of an oppo-

sitely rotating STCA with a phase lag of several years. Due

to the enhanced northward heat transport by the positive

deep overturning, warm HCA and SSTA are formed in

30�N–50�N across the Atlantic. The anomalous meridional

SST gradient generates anticyclonic wind anomalies in

mid-latitudes, which cause downwelling and enhance the

overturning cell. Furthermore, the easterly wind anomalies

between 30�N and 40�N also initiate the WES feedback to

expand the warm mid-latitude SSTA into the tropical

Atlantic Ocean and form a basin-wide horseshoe-shaped

SSTA pattern. This process weakens the subtropical high

and the trade winds. The resulting subtropical cyclonic

wind anomalies force the shoaling of the thermocline and

generate cold HCA. This process weakens the subtropical

gyre and induces negative STCA, which reduces the

northward upper ocean transport and erodes the mid-lati-

tude SSTA and HCA by weakening the western boundary

current. As a result, the mid-latitude deep cell is weakened,

mostly due to the reversal of the HCA and SSTA anomalies

first appearing in the western Atlantic around 30�N–40�N.

The fluctuations in the northern hemisphere have rami-

fications in the southern hemisphere through the displace-

ment of the ITCZ and its effects on the southeast trade

winds, as well as the STCA, supposedly due to the asso-

ciated Ekman pumping. In fact, there are some indications

that the WES feedback originating from the northern mid-

latitude ocean extends across the equator in the CFS. For

instance, the warm SSTAs in the northern tropical Atlantic

can shift the ITCZ northward, which enhances the south-

east trade winds and causes cold contemporary SSTA in

the southern tropical Atlantic (Fig. 8g–h), as already

described by Zhang and Delworth (2005).

Although we have shown that the positive and negative

feedbacks are active in the quasi 30-year oscillation, fur-

ther evidence is needed to confirm that they are the cause

of the oscillation. The relative strengths of the feedbacks

need to be quantified to demonstrate the couplings are

strong enough to generate an oscillation. The timescale of

the oscillation also need to be accounted for, especially on

how it relates to the hypothesized mechanism. For the first

question, our results suggest that the deep overturning

anomalies and the STCA have comparable magnitudes

(Fig. 7) and provide similar amounts of meridional heat

transports (30–40 terawatts in their peaks), which implies

that the strength of the delayed negative feedback from the

tropics is comparable to the positive one in the mid-lati-

tudes. However, more definitive demonstration of their

respective roles requires further sensitivity experiments to

disconnect some of the links in the chain of feedback loops

shown in Fig. 17 and thus eliminate one of the feedbacks.

One possible way is to disconnect the air-sea coupling in

momentum and heat flux separately, which eliminates

either the Ekman pumping or WES feedback, two key

processes in our scenario, to see how they affect the

oscillation respectively. This kind of sensitivity experi-

ments will be the next step of this study.

For the second question, we propose that the time scale

of the oscillation is determined jointly by the characteristic

time scales of the mid-latitude and subtropical feedbacks.

Ideally, one would develop a box model for the AMOC

based on the proposed feedbacks (e.g., Marshall et al.

2001; Ou 2011) and show that, with reasonable parameters,

oscillations on the *30 year timescale can be generated.

In practice, however, an accurate estimate of these

parameters can be difficult and such a theoretical study is

AMOC Feedback Loops

strong
AMOC

mid-lat warm 
HCA, SSTA

mid-lat
Anticyclone 
wind curl

mid-lat
down-
welling

warm subtr. SSTA
weak subtr. high

WES

subtropical 
upwelling

cold subtr. HCA
weak STCA

weak AMOC weak STCA
heat transport

Positive feedback Negative feedback

Fig. 17 Schematic diagram of the feedback loops for the AMOC

oscillation. The closed loop in the left-hand side denotes the steps of

the positive feedback in the mid-latitudes. The right-hand side shows

the steps of the negative feedback from the subtropical Atlantic to the

mid-latitude ocean. The direction of the evolution is pointed by the

arrows
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beyond the scope of this study. On the other hand, based on

results from previous studies, it seems reasonable to expect

oscillations at the required timescale. Recent studies have

suggested that the AMOC has 20 to 30-year variability at

mid-latitude band in both observations and models (e.g.,

Frankcombe and Dijkstra 2009; Frankcombe et al. 2010).

In particular, theoretical studies show that temperature

anomalies propagate westward as large-scale oceanic

waves on this time scale (e.g., Huck et al. 1999). Recently,

Sévellec and Fedorov (2011) found a weakly damped

eigenmode of 24-year in an uncoupled ocean model asso-

ciated with westward propagating temperature anomalies

between 30�N and 60�N in the North Atlantic. In the CFS,

the center of the SLPA tends to be established near the

mid-latitude eastern Atlantic. The corresponding upwell-

ing/downwelling anomaly generates the HCA that then

extend southwestward in 30�N–50�N (Fig. 9), roughly

resembling these theoretical results. It implies that the

atmospheric wind anomalies are in a favorable position to

stimulate the Rossby waves. We understand that these

previous works deal with ocean internal modes. How air-

sea coupling affects these modes should be further studied.

The processes governing the STCA evolution in the CFS

are essentially similar to the ‘intergyre’ gyre by Marshall

et al. (2001), even though they do not deal directly with the

wind stress induced by the mid-latitude AMOC forcing.

The preferred time scale in these previous studies is dec-

adal, which is the intrinsic time scale of the subtropical

fluctuation. The more persistent wind anomalies in the

subtropical ocean induced from the mid-latitude may pro-

long the STCA and make it feedback to the slower mid-

latitude process. Our results suggest that a crucial effect of

the subtropical processes is on the subsurface temperatures

around 30�N–40�N near the western boundary, which has

attracted attention previously. We speculate that this

interference between the tropical and extratropical pro-

cesses also affects the time scale of the oscillation in the

CFS.

Other aspects of the hypothetical mechanism also need

further examination. Partly due to the restriction of the

model configuration, this AMOC oscillation is mainly

associated with surface and subsurface temperature

anomalies. Therefore, the mechanism we have outlined

above is different from those in several other models (e.g.,

Delworth et al. 1993; Danabasoglu 2008), where the

salinity plays a more active role. As we have described

above, thermal driven overturning also appears in other

coupled systems (e.g., Zhu and Jungclaus 2008) although

their mechanistic explanations may be different from ours.

Overall, the 30-year oscillation in the CFS is mainly

wind-driven. This overturning anomaly occurs near a band

of up to about 1 Sv Ekman transport near 30�N and has a

form reminiscent of the overturning anomalies driven by

high latitude wind stress anomalies (Klinger and Cruz 2009;

see their Fig. 3). The strongest full-column overturning

anomaly tends to be more confined in latitudes (Fig. 7b, e,

f) than one would expect from an AMOC variation driven

by high-latitude density anomalies. Including thermohaline

processes, Dong and Sutton (2005; see their Fig. 3b) show a

less confined stream function anomaly.

The WES mechanism that links the extratropical and

tropical surface anomalies in the CFS seems also different

from the Johnson and Marshall’s (2002) equatorial buffer

mechanism about the AMOC-induced tropical response,

which suggests that the equator prevents coastal Kelvin

waves induced by AMOC anomalies from entering the

southern hemisphere, which causes an anomalous heat

divergence in the northern tropical Atlantic with a corre-

sponding SST change. This oceanic process seems to

require longer delay between the high latitude and tropical

SSTAs than that generated in the CFS 30-year oscillation.

In this aspect, our results are more in line with the results of

the water-hosing experiments and also consistent with the

analysis of Zhang (2007). Moreover, the rough resem-

blance between the horseshoe-shaped SSTA pattern in

certain phases of the oscillation and the observed AMO

suggests that the AMOC-provoked WES feedback is a

major climate influence of the AMOC multidecadal

variability.

Finally, it is not clear as to what extent the mid-latitude

overturning anomalies can contribute to the total AMOC

fluctuation and interact with the thermohaline circulation

driven by surface density anomalies, as discussed by Del-

worth et al. (1993) and others, and to what extent this

interaction can affect the upper ocean circulation in the

tropical and subtropical Atlantic. More recently, by ana-

lyzing the AMOC variations in the GODAS ocean analysis,

Huang et al. (2011b) found that the AMOC seemed to have

experienced nearly a full cycle during the past 30 years.

They suggested that the AMOC is largely driven by the

momentum and heat fluxes related to NAO, and tempera-

ture anomalies play dominant role. Further study is needed

to demonstrate the role of the tropical ocean in the multi-

decadal variations of the Atlantic Ocean using more

sophisticated models and observational data.
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