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Abstract Internal variability of the Atlantic subpolar

gyre is investigated in a 600 years control simulation of a

comprehensive coupled climate model. The subpolar gyre

shows irregular oscillations of decadal time scale with most

spectral power between 15 and 20 years. Positive and

negative feedback mechanisms act successively on the

circulation leading to an internal oscillation. This involves

periodically enhanced deep convection in the subpolar gyre

center and intermittently enhanced air-sea thermal cou-

pling. As a result, anomalies of the large-scale atmospheric

circulation can be transferred to the ocean on the ocean’s

intrinsic time scale, exciting the oscillator stochastically. A

detailed understanding of oscillatory mechanisms of the

ocean and their sensitivity to atmospheric forcing holds

considerable potential for decadal predictions as well as for

the interpretation of proxy data records.

Keywords Ocean circulation � North Atlantic �
Subpolar gyre � Decadal variability

1 Introduction

The large-scale North Atlantic ocean circulation is an

important modulator of global climate, mainly because of

its northward transport of heat. Changes in this transport

have a wide range of consequences on various time scales

ranging from the impact on ice sheets during the last gla-

cial (Stocker 2000; Ganopolski and Rahmstorf 2001),

abrupt cooling events during the early Holocene (Alley and

Áugústsdóttir 2005; Wiersma et al. 2006; Born and

Levermann 2010) to effects on fisheries in recent decades

(Hátún et al. 2009). Many observational and modeling

studies describe decadal to multidecadal variability in the

Atlantic Ocean, associated with the large-scale ocean cir-

culation and sometimes referred to as the Atlantic Multi-

decadal Oscillation (Delworth and Mann 2000; Kerr 2000;

Dijkstra et al. 2006).

Anomalous freshwater input into the North Atlantic and

adjacent Nordic Seas is considered critical for the observed

variations as it may weaken the thermohaline circulation.

These anomalies can typically be imposed externally onto

the ocean circulation, e.g. by melting ice sheets or

increased advection of sea ice, but the generation of

anomalies by the circulation itself through internal vari-

ability has also been found in a number of studies

(Delworth et al. 1993; Pohlmann et al. 2004; Jungclaus

et al. 2005; Danabasoglu 2008; Keenlyside et al. 2008;

Guemas and Salas-Melia 2008). Such a mechanism can

lead to an oscillatory behavior that recently raised hope for

much needed climate predictions on decadal time scale

(Latif et al. 2006; Smith et al. 2007; Goddard et al. 2009).
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In this context, but also on longer time-scales, many studies

identified the important role of the Atlantic subpolar gyre

(SPG) (see Yoshimori et al. 2010 for an overview). This

circulation system was found to redistribute freshwater

anomalies in the North Atlantic and Nordic Seas (Hátún

et al. 2005; Wu and Wood 2008) and to advect salinity

anomalies into the Labrador Sea convection region

(Delworth et al. 1993). Similar mechanisms potentially

decouple the ocean circulation from atmospheric forc-

ing and may thus develop independently (Lohmann

et al.2009a, b). Idealized modeling studies showed that the

gyre circulation introduces instabilities of regular occur-

rence that provide potential for predictions (Spall 2008).

Both observational and model studies suggest that sur-

face wind stress has a strong influence on the SPG strength

and variability (Curry et al. 1998; Böning et al. 2006).

However, a number of studies emphasize the importance of

the density structure on the gyre transport (Mellor et al.

1982; Greatbatch et al. 1991; Myers et al. 1996; Penduff

et al. 2000; Eden and Willebrand 2001). Eden and Jung

(2001) conclude that interdecadal ocean variability is pri-

marily driven by buoyancy forcing, while the effect of

variations in wind stress is limited to shorter time scales.

On a more conceptual level, these characteristics of the

buoyancy-driven gyre circulation were formulated as

positive feedback mechanisms and their usefulness dem-

onstrated in paleo applications (Levermann and Born 2007;

Born and Levermann 2010; Born et al. 2010a, b, 2011):

First, a stronger SPG transports more saline subtropical

water into the subpolar North Atlantic (salt feedback). This

increases the density gradient between the center and the

relatively light exterior of the gyre. Sea surface elevation

drops through pressure adjustments in the water column

and the geostrophic response strengthens the gyre. Sec-

ondly, isopycnal mixing is intensified owing to the

enhanced isopycnal outcropping associated to a stronger

SPG. This results in cooling and again increases the density

in the center of the SPG and therewith its strength (tem-

perature feedback).

The original formulation of these feedback mechanisms

is based on simulations with a coarse-resolution coupled

climate model using in particular a simplified, statistical-

dynamical atmosphere model that does not produce inter-

nal variability (Montoya et al. 2005). In this model, two

SPG regimes exist that are stable over several centuries. It

is the aim of the present study to further investigate these

feedback mechanisms in the presence of variability simu-

lated by a comprehensive atmosphere-ocean general cir-

culation model. Furthermore, we will test the hypothesis

that the above feedback mechanisms dynamically influence

the variability.

The text is organized as follows. The coupled climate

model is described in Sect. 2. Output from the model is

analyzed in Sect. 3, subdivided into the presentation of

SPG variability (Sect. 3.1), the analysis of driving mech-

anisms and feedbacks (Sects. 3.2, 3.3), and a discussion on

the role of atmospheric variability (Sect. 3.4). We sum-

marize and discuss in Sect. 4.

2 Model description

The simulations analyzed here have been carried out with

the high-resolution version of Institut Pierre Simon Laplace

coupled model version 4 (IPSL CM4), comprising ocean,

sea ice, atmosphere and land surface components (Marti

et al. 2010). The atmosphere is simulated by a compre-

hensive general circulation model (LMDZ, Hourdin et al.

2006) with a resolution of 2.5� zonally by 1.875� meridi-

onally. This is higher than in the previous version used in

the Coupled Model Intercomparison Project Phase 3

(CMIP3) and the Paleoclimate Modelling Intercomparison

Project Phase 2 (PMIP2), that uses a lateral resolution of

3.75� by 2.5�. The vertical grid comprises 19 levels. Pre-

cipitation over land is returned to the ocean by means of a

river routing scheme implemented in the land surface

model (ORCHIDEE, Krinner et al. (2005)).

The dynamical core of the ocean model is based on the

OPA system (Madec et al. 1997). The configuration used

here (ORCA2) uses a horizontal resolution based on a 2�
Mercator mesh, enhanced to 0.5� meridional resolution

near the equator for a better representation of the equatorial

wave channel and with two poles over the continents in the

Northern Hemisphere in order to avoid a singularity in the

Arctic Ocean. There are 31 unevenly spaced levels in the

vertical. A free-surface formulation is used for the upper

boundary (Roullet and Madec 2000), allowing an explicit

representation of surface freshwater fluxes instead of vir-

tual salt fluxes. In order to reduce numerical entrainment, a

diffusive boundary parametrization is used for the bottom

(Madec et al. 1997; Beckmann 1998), using a coefficient of

10,000 m2 s-1. The eddy-induced velocity parametrization

follows Gent and McWilliams (1990), using a coefficient

of 2,000 m2 s-1.

The dynamic sea ice model (LIM2, Fichefet and Ma-

queda 1997; Fichefet and Maqueda 1999) uses the hori-

zontal ocean grid to compute ice rheology and advection.

Thermodynamics are computed in three vertical layers, the

uppermost for snow. Ice growth and melting are deter-

mined by an energy balance at both the snow-ice and

water-ice boundaries and in leads. Internal forces follow a

viscous-plastic law (Hibler 1979). The model features

parametrizations for the trapping of shortwave radiation

by brine pockets, leads in the ice, as well as an implicit

representation of subgrid variations in snow and ice

thickness.
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This model has been used in its lower resolution version

in several studies of past climate states (Braconnot et al.

2008; Zheng et al. 2008; Born et al. 2010b), present-day

climate sensitivity to anomalous freshwater forcing

(Swingedouw et al. 2007b; Mignot and Frankignoul 2009),

and future projections (Swingedouw et al. 2007a; IPCC

2007). Swingedouw et al. (2007b) showed that an excess

of freshwater forcing over the Labrador Sea in this

model version was responsible for the lack of deep con-

vection in this region and the relatively weak Atlantic

meridional overturning circulation (AMOC) (11 Sv =

11� 106 m3 s-1).

The natural variability of the AMOC, its link to deep

convection and its impact on the atmosphere have been

studied by Msadek and Frankignoul (2009) in the low

resolution version. In this version, only two deep convec-

tion regions could be defined, one in the Nordic Seas and

one in the Irminger basin south of Iceland. Msadek and

Frankignoul (2009) found that multidecadal fluctuations of

the AMOC are mostly driven by deep convection in the

subpolar gyre, which in turn is primarily influenced by the

variability of the East Atlantic Pattern (EAP), the second

dominant mode of atmospheric variability in the North

Atlantic region. This result is probably affected by the

model bias mentioned above, the lack of deep convection

in the western North Atlantic and consequently an over-

representation of the dynamics in the eastern basin (Mignot

and Frankignoul 2009). The model version analyzed here,

unlike the one used by Msadek and Frankignoul (2009),

does show considerable variability of convection in an

additional region located at the southern tip of Greenland,

that is in the center of the SPG, close to the maximum of

the depth-integrated volume transport (Fig. 1). This is due

to an improvement of the bias described in Swingedouw

et al. (2007b) (Marti et al. 2010). As shown below, this

modified dynamics in the SPG has important consequences

for the variability in this region.

3 Results

3.1 Periodicity of the subpolar gyre

We analyze a 600-year control run with fixed preindustrial

boundary conditions. It follows a 250-year spin-up initial-

ized with climatological hydrography and ocean at rest.

This experiment exhibits pronounced variations in the

subpolar gyre index, defined as the absolute value of the

local minimum of the depth-integrated streamfunction in

the subpolar North Atlantic (Fig. 2). The average strength

of the gyre is 21.5 Sv with a standard deviation of 2.0 Sv.

Most spectral power of these variations is found in the

decadal band between 15 and 20 years. Periods of strong

cyclonic circulation follow events of enhanced deep con-

vection in the gyre’s center, with approximately 8 years lag

(Fig. 3).

Since the following analysis concerns decadal variabil-

ity and is based on the characteristic time scale discussed

above, all time series are filtered with a 15-year running

average. This interval was chosen to remove faster varia-

tions of large amplitude but short enough to not affect the

multidecadal band. Figure 3 (bottom) illustrates that the

results are qualitatively unchanged for a lower frequency

cut-off. This smoothing procedure reduces the degrees of

freedom of the time series because in order to be inde-

pendent, two signals have to be spaced at least half of the

averaging interval, 7.5 years. However, the presence of

decadal variations implies that signals spaced about

20 years are still correlated. Significance tests shown

throughout this study thus assume a number of degrees of

freedom of 600 years/20 years = 30. We use the two-sided

Student t test. The significance of the frequency spectrum

was tested against a set of 10,000 random realizations of

red noise with autoregressive parameters estimated from

the original SPG index time series.

3.2 Vorticity balance in the North Atlantic ocean

Unforced ocean currents follow contours of constant

planetary potential vorticity, i.e. mostly topographic fea-

tures and following a zonal direction where the ocean

bottom is flat. Flow across these contours, for example in

Fig. 1 Depth-integrated streamfunction, averaged over the entire

duration of the experiment (black contours, spacing 5 Sv, negative
dashed), average of annual maximum mixed layer depth (red
contours, spacing 300 m). Red shading highlights regions where the

standard deviation of the mixed layer depth exceeds 300 m. Deep

convection takes place in three regions: in the Nordic Seas, the

Irminger Basin and south of Greenland (Compare with Msadek and

Frankignoul (2009, Fig. 1)). The two regions south of the Greenland-

Scotland ridge are connected in this long-term average, but do

correspond to distinct local maxima of mixed layer standard deviation
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ocean gyres, requires vorticity input by one of two driving

mechanisms: the curl of wind stress from the surface and

baroclinicity interacting with the sloping ocean bottom

from below. Following Mellor et al. (1982) and Mellor

(1996), this vorticity balance is expressed mathematically

as

M � r f

H

� �
¼ Mxox

f

H

� �
þMyoy

f

H

� �

¼ H�2ðoyHoxU� oxHoyUÞ

þ ox
soy

q0H

� �
� oy

sox

q0H

� �
;

ð1Þ

where M is the vertically integrated volume transport

vector, f the Coriolis parameter, H the local water depth,

U ¼
R 0

�H dzz � gðq� q0Þq�1 an expression for the potential

energy, g, q and q0 the gravitational constant, local water

density and reference density, and s0x and s0y the meridi-

onal and zonal surface wind stress. Intuitively, the dot

product on the left hand side is the total integrated transport

across contours of constant planetary potential vorticity,

f/H. The first term on the right hand side is the vorticity

input to the ocean due to variations in the potential energy

supported by a sloping topography (‘JEBAR’, Sarkisyan

and Ivanov 1971; Mertz and Wright 1992; Cane et al.

1998; Mellor 1999). The second term on the right hand side

represents vorticity input due to wind stress.

Where bottom topography is flat, density gradients are

weak or both, the first term on the right hand side of Eq. 1)

becomes zero and JEBAR does not create vorticity in the

ocean. In these regions, the wind stress term dominates the

dynamics and Eq. 1 reduces to the topographic Sverdrup

balance. However, in the presence of steep topography and

strong baroclinic gradients, the JEBAR exceeds vorticity

input by wind stress multiple times (Fig. 4, left). Thus,

while the Sverdrup balance is a good approximation in flat

parts of the tropical and subtropical North Atlantic, the

SPG is driven predominantly by baroclinicity. The

importance of baroclinicity for the SPG is consistent with

previous work on observational data by Mellor et al.

(1982) and Greatbatch et al. (1991). Montoya et al. (2011)

discuss the contribution of the respective terms of Eq. 1 to

the SPG strength under different climatic boundary

conditions.

Because the JEBAR scales with the invariant topo-

graphic gradient, it might be expected that the findings

above apply only to the long term average, while vari-

ability is dominated by the wind forcing. Comparison of

the variances of the two terms of Eq. 1 shows that the wind

forcing is more variable in several regions indeed, but that

the variance of the JEBAR is larger in the subpolar region

(Fig. 4, right). Since the invariant topography does not

contribute to the variance, this can entirely be attributed to

a high variability of baroclinic fronts in this region. For the

following work we will thus assume that the variability

observed in the SPG index is due to baroclinic processes. A

similar conclusion has been drawn from the analysis of

satellite altimetry and reanalysis data (Häkkinen and

Rhines 2004).

The density distribution forcing a cyclonic circulation

can be estimated from the term oxU� oyU of Eq. 1, setting

topographic gradients equal to 1 for convenience. It

becomes clear that a cyclonic circulation requires a dense

core of water around which lighter water can circulate.

This is equivalent to outcropping of isopycnals in the

center of the SPG, that has been associated with the

strength of the subpolar gyre circulation in previous studies

(Häkkinen and Rhines 2004; Levermann and Born 2007;

Lohmann et al. 2009b).

3.3 Positive feedback mechanisms

Regression of the density of the upper 1,000 m in the SPG

center on the SPG index shows that maxima in circulation

strength are associated with higher densities in the central

water column (Fig. 5, left). Decomposition of the density

into temperature and salinity contributions shows that

higher densities are the result of a cooling of the upper

1000 m, with salinity mostly counteracting, but below the

confidence interval. Cooling is the delayed response to
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Fig. 2 Left Time series of the

SPG index. Thin lines mark

average value (thin solid) and

standard deviations (dashed).

Right Frequency spectrum of

the normalized SPG index (bold
solid), spectrum of fitted red
noise (thin solid) with 95%

confidence bounds (dashed).

Most spectral power is found

between 15 and 25 years
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enhanced deep convection (Fig. 5, right) which occurs

discontinuously in the SPG center (Fig. 3, lower). The

7 years lag between the convection maximum and the

maximum cooling is owed to the thermal inertia of

the water column, as confirmed by dividing the change in

heat content by the rate of heat flux: t = cp q H Tanom /

Qanom, with Tanom = - 0.12 �C rSPG
-1 and Qanom =

- 2.12 W m-2 rSPG
-1 the annual average temperature of the

upper 1000 m and upward surface heat flux anomaly as

observed in the model, respectively, regressed on the SPG

index and averaged over the time interval where regres-

sions are significant. cp and q are the specific heat capacity

and density of water, H the water depth of 1000 m. Note

that convection does not reach to a depth of 1,000 m

continuously, but varies greatly in space, i.e. within the

target region, and in time. Individual periods of enhanced

convection show differences. However, the above analysis

identifies the upper 1000 m as a reasonable estimate of the

average water mass that is involved in the dynamics.

To find the cause for deep convection and destabilizing

surface anomalies, the regression of the top 50 m density on

the SPG index is analyzed. It shows a broad peak around the

SPG maximum (Fig. 6). In contrast to the intermediate water

column, density changes at the surface are due to salinity

anomalies while contributions by temperature are not sig-

nificant. Note that this logic applies only to interannual and

longer variations in deep convection. Individual convective

events always occur in winter as a result of strong surface

heat flux. However, surface heat flux is necessary but not

always sufficient to trigger convection. High surface salini-

ties can lower the convective threshold and, due to their slow

variations, allow for consecutive winters with strong con-

vection that would not occur with winter cooling alone.

What process causes high surface salinities? Anomalous

salinities due to various freshwater flux anomalies are

estimated as

DS ¼
R 1year

dt Fanom

A � h ðS� S0Þ ð2Þ

where Fanom is the annual anomalous volume flux, S0 the

average salinity of the target region (red box in Fig. 3) and

S the salinity of the volume flux. The salinity is taken as 0

in the case of air-sea exchange, 4 psu for sea ice, or as the

average at the boundary of the target region in the case of

lateral oceanic fluxes. Since the total lateral volume flux

into the constant volume of the target region must add to

zero, DS is calculated separately for all four of its lateral

faces, whereof only the sum is presented hereafter. A and

h are the surface area and average depth of the mixed layer,

respectively, whereof the latter is defined here as the
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Fig. 3 Upper Composite of the depth-integrated streamfunction for

the unfiltered SPG index weaker than 1.5 standard deviations

(contours, spacing 5 Sv, negative dashed) and composite mixed layer

depth leading by 8 years (shading, in m). Middle As before but for

SPG index stronger than 1.5 standard deviations. Red box shows SPG

center region used subsequently. Lower Correlation of winter mixed

layer depth in the SPG center (red box) with the normalized SPG

index, 15-year (solid) and 5-year running averages (dashed). Corre-

lations significant at the 95% level are shown as bold lines
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average over the entire 600 years experiment, 50 m. The

winter mixed layer depth in this region exceeds this value

by far in some years which is potentially important for

assessing the impact of surface fluxes. However, the fluxes

used in this analysis are annual averages and h is chosen to

be consistent. Eq. 2 is based on a weighted average of the

salinity of the original ocean water in the target region and

the annual integral of the different anomalous fluxes.

Hence, it does not strictly conserve volume which leads to

a minor error estimated by the relative volume of the

anomalous freshwater volume compared to the volume of

the target region, less than one percent.

Anomalous salinities due to lateral advection, eddy trans-

port, surface freshwater flux and sea ice are calculated

according to Eq. 2. The impact of vertical salt transport is a

complicated function of numerical parametrizations and can

not be analyzed directly from the model output. It is thus taken

as the residual of a salinity budget based on the above con-

tributions and the total salinity variations simulated by the

model. However, this residual is small and does not produce a

significant contribution to the total salinity anomaly. Note that

absolute values are not accurate because the salinity budget is

not closed when calculated from annual average data.

The analysis shows two maxima for surface salinity

approximately 10 years before the SPG maximum and

7 years after (Fig. 6, right). Changes in surface salinity in

the SPG center are mostly due to lateral advection,

including declining salinities during the 10 years prior to

the SPG maximum and renewed advection into the region

during the 8 years following the SPG maximum. Note that

Fig. 4 Left Vorticity input into the ocean by baroclinicity in

multiples of the local wind stress contribution (colors), calculated

from the two right hand terms in Eq. 1 and spatially smoothed with a

three-point-average. Wind stress dominates in blue regions while

baroclinicity is more important in red areas. Contour lines show the

time-average, depth-integrated streamfunction (spacing 5 Sv,

negative dashed); right as left for variance of baroclinicity and wind

stress, based on unfiltered yearly data. Wind stress is the dominant

source of vorticity in the ocean only in regions with flat topography.

The subpolar North Atlantic has both strong topographic and

baroclinic gradients, making baroclinicity the dominant source of

vorticity and the more variable
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Fig. 5 Left Regression of density in the SPG center, averaged over

the upper 1,000 m, on the normalized SPG index (solid), decomposed

into temperature (dashed) and salinity (dotted) contributions. Right
Correlation of 1,000 m average temperature in the SPG center with

the normalized mixed layer depth (solid). Above 95% significance is

shown as bold lines. Density correlates with the SPG, mostly due to

cooling of the water column. Highest densities and lowest temper-

atures are approximately in phase with the SPG maximum. Cooling is

a response to a period of more intense deep convection with 7 years

delay
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Fig. 6 (right) show the regression of different contributions

to the salinity anomaly on the SPG index, not salt transport

itself. Thus, negative slopes represent salt removal, even if

the sign of the absolute signal remains positive.

The importance of salt advection to the SPG center is

rather counterintuitive as the gyre circulation is usually

described as flowing around an almost motionless center.

Exchange with surrounding water masses is thought to be

dominated by transient eddy fluxes (Spall 2004; Straneo

2006; Deshayes et al. 2009). In our model, the analysis of

the spatial structure of the SPG anomalies reveals a more

complex picture (Fig. 7). The cyclonic circulation anomaly

at the time of the maximum SPG index allows increased

transport of salt from the North Atlantic Current directly to

the Greenland coast, creating a dipole in the surface

salinity field (Fig. 7, upper left). This transport occurs in a

northward current at approximately 35�W, west of Reyk-

janes Ridge, not in the more zonally oriented Irminger

Current south of Iceland. On the contrary, the Irminger

Current is weaker during that part of the oscillation cycle,

as seen in the anticyclonic anomaly in Fig. 7, upper left. A

similar ‘‘shortcut’’ current has been described in float data

(Fratantoni 2001; Bower et al. 2002; Orvik and Niiler

2002) and it has been observed to be non-continuous in a

repeat section (Read 2001; Våge et al. 2011). In the years

following the SPG maximum, the positive salinity anomaly

is progressively advected westward around the southern

coast of Greenland and then into the center of the SPG by

the prevailing average circulation (Fig. 1, 7, upper right),

partly explaining the delay in surface salinity. The cyclonic

circulation anomaly moves southeastward so that anoma-

lous streamlines connect the North Atlantic Current with

the SPG center. This allows salt to be transported directly

into the key region 4–8 years later (Fig. 7, lower left and

right).

Advection does not only build up the salinity anomaly in

the SPG center, but temporarily also removes salt from the

region. This occurs simultaneously with the intensification

of the SPG circulation in the 10 years preceding the cir-

culation maximum (Fig. 6, right). During this period it

draws salt from the SPG center, as is still observed at the

time of the maximum SPG (Fig. 7, upper left) and termi-

nates the series of strong convective winters (Fig. 3,

lower). This panel also shows that while it takes the posi-

tive salinity anomaly several years to reach the key region

and enhance deep convection, the decrease in salinity is

approximately in phase with the SPG strengthening. Thus,

we can distinguish two effects of a stronger SPG on surface

salinity, a negative immediate effect and a delayed positive

one. Assuming a quasi-cyclic behavior of 17 years period,

the surface salinity maximum caused by anomalously

strong salt advection approximately 7–8 years after the

SPG maximum is equivalent to the rise in salinity 10 years

before the SPG maximum.

3.4 Role of atmospheric variability

Atmospheric variability plays an important role for the

observed oscillations. While convection is aided by

anomalously high surface salinities, individual deep con-

vection events are always triggered by strong heat loss

during winter. Particularly harsh winters can result in deep

convection even with unfavorable preconditioning (Våge

et al. 2009). The role of atmospheric variability in the

mechanism above has thus to be clarified.

Of three possible interactions, exchanges of heat,

freshwater and momentum, the direct effect of wind stress

is at least one order of magnitude smaller than buoyancy

forcing (Fig. 4), and therefore neglected. Of the two

remaining, surface freshwater flux is found to have a
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advection (dashed) and the residual salinity variation not explained by

explicitly calculated contributions (dotted). Correlations significant at

the 95% level are shown as bold lines. Contributions below this level

are deemed negligible and shown as three thin solid lines evaporation

minus precipitation, sea ice and eddy salt transport
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negligible impact on the surface freshwater balance (Fig. 6,

right) and salinity anomalies in intermediate waters are

insignificant (Fig. 5). Surface heat flux does not signifi-

cantly change the density of water at the surface (Fig. 6,

left), but contributes significantly to the cooling of the

intermediate water column once surface conditions allow

convection. Thus, the principal air-sea exchange is surface

heat flux.

In this model, the SPG index correlates with the time

series of the dominant mode of atmospheric variability in

the North Atlantic, the North Atlantic Oscillation index

(NAO), defined as the normalized sea surface pressure

difference between Iceland and the Azores. The NAO,

filtered with a 15-year running average, leads by 5 years

with r = ?0.47 ([95% significant). It does, however, show

only weak spectral power on long time scales (Fig. 8) and

is thus discarded as the direct source of the observed

decadal variability. The simple integration of high-fre-

quency anomalous surface heat fluxes by the slowly-

responding ocean (Hasselmann 1976) does not appear

sufficient to explain the variability observed here, because

a surface freshwater lid periodically disconnects the sen-

sitive water volume at depth from the influence of surface

heat flux. Thus, the 17 years characteristic time scale is

likely the result of oceanic processes alone.

We reconcile this apparent contradiction by interpreting

the SPG as an oscillator in resonance. Due to the regular

occurrence of deep convection in the SPG center, and

hence stronger thermal coupling to the atmosphere, large

scale atmospheric conditions influence the ocean on a

characteristic time scale of approximately 17 years. The

ocean filters its resonant frequency from the white noise

spectrum of atmospheric forcing. During the rest of the

oscillation cycle, anomalous surface freshwater is the main

Fig. 7 Regression of 50 m surface salinity (colors, in psu/rSPG) and

depth-integrated streamfunction (contours, spacing 0.2 Sv/rSPG) on

the unfiltered, normalized SPG index, with different time lags: upper
left: lag 0, upper right 2 years after maximum of SPG index, lower
left 4 years after SPG, lower right 6 years after SPG. Hatching

indicates areas where variations in salinity are below 95% confidence.

The maximum of the SPG index corresponds to a cyclonic circulation

anomaly that advects saline water around the southern tip of

Greenland. As time evolves, this circulation anomaly weakens and

moves southeastward so that saline waters are advected into the SPG

center region highlighted by the red box. This is the advective salt

transport show in Fig. 6, right
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barrier to deep convection, making it less sensitive to

atmospheric heat flux anomalies. Severe winters can still

break the convective barrier, but this is less likely to occur.

The notion of a convective barrier is quantified by means

of the integrated buoyancy anomaly, Banom = $0
h r dz

- r(h)�h, h = 500 m, a measure of the amount of buoyancy

that must be eroded to convect to a depth of 500 m (Bailey

et al. 2005). This quantity can be separated into temperature

and salinity contributions and their difference readily iden-

tifies regions where one or the other poses the dominant

barrier to deep convection (Fig. 9, upper left). The effects of

a strong thermocline in the subtropics constraining con-

vection and fresh surface waters in Arctic and Subarctic

water masses are evident. It becomes clear from this analysis

that deep convection in the subpolar gyre center is usually

limited by freshwater. This might be exaggerated due to a

model bias (Swingedouw et al. 2007b), but is qualitatively

consistent with observations (Bailey et al. 2005). The

freshwater lid is enhanced while the SPG is at its maximum

(Fig. 9, lower left). With enhanced salt advection following

a SPG maximum, this situation changes so that freshwater

ceases being the dominant barrier approximately one decade

later (Fig. 9, lower right). In this situation, the ocean is much

more sensitive to atmospheric heat flux anomalies that occur

in the same region (Fig. 9, upper right). Surface conditions

change from subpolar toward more subtropical as the sub-

polar front, the separation of subtropical and subpolar gyres,

moves northwestward (Fig. 3). As a result, periodically

enhanced thermal air-sea coupling allows large-scale

atmospheric conditions to influence the evolution of the SPG

on one particular decadal time scale set by the ocean—a

stochastically forced oscillator.

The following chain of events can thus be inferred from

the above analysis (Fig. 10). A strong SPG circulation

starts accumulating salt in the center of the gyre through

lateral advection. This is the salt feedback of Levermann

and Born (2007). Freshwater fluxes by eddies, sea ice,

evaporation, precipitation and vertical salt flux are small on

decadal time scales. After approximately 8 years, salinity

reaches a maximum in the upper 50 m, increasing density

enough for the water column to become unstable and cause

stronger deep convection with a maximum 10 years after

the SPG maximum. Due to the cyclicity of the mechanism,

this state 10 years after the SPG maximum is equivalent to

about 10 years before the maximum. Convection causes

the intermediate depth water column to start cooling

through heat loss at the surface, the temperature feedback.

This process takes approximately 7 years due to the large

thermal inertia of the intermediate water column. Cooling

results in higher densities that yield a stronger SPG. The

characteristic time scale of 17 years of the quasi-oscillation

is mostly owed to the two slowest processes, salt advection

and cooling of the water column. While this principal chain

of events works to strengthen the SPG, lateral advection

also erodes the surface salinity anomaly which ultimately

terminates the deep convection event. This occurs during

the early phase of the SPG intensification, when advection

already concentrates salt but at the expense of the SPG

center region. This early response is supplanted by salt

advection into the region in the decade following the SPG

maximum. Advection thus both ends the present cycle

through removing the surface salt anomaly and prepares

the next oscillation cycle by renewed transport of salt. To

sustain oscillations, it is important that salt removal is in

phase with the SPG, while the renewed advection is

delayed by 8 years. Atmospheric variability is conveyed to

the ocean mainly through variations in surface heat flux,

but only during times when ocean currents increase surface

salinity sufficiently to communicate heat flux anomalies

into deeper layers by convection. This forces the ocean

oscillator through modulating the strength of deep con-

vection and associated surface heat flux. However, while

this leads to variations in the duration of one cycle, the

characteristic time scale is determined by oceanic

processes.

4 Summary and discussion

A combination of positive and negative feedback mecha-

nisms has been found to destabilize the SPG, producing

oscillations of irregular period in the decadal band. This

allows for a revised description of feedbacks previously

found in a coarse resolution model (Levermann and Born

2007). Both salt advection into the SPG center and cooling

due to convection intensify with stronger circulation.

However, only the temperature signal results in higher
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Fig. 8 Frequency spectrum of the normalized winter NAO index.

Contrary to the spectrum of the SPG index, here most spectral power

is found on time scales shorter than 17 years
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densities of the intermediate water column that in turn

intensify the cyclonic circulation. Salt advection alone does

not form a positive feedback loop with the SPG, because it

increases the density only close to the surface. Neverthe-

less, it plays an important role because it thus facilitates

periods of more intense convection, the prerequisite for

effective cooling. In summary, intensification of the SPG

circulation is the result of the interplay between (1) more

intense salt advection at the surface causing stronger deep

convection, and (2) the enhanced cooling of intermediate

waters in response to convection which in turn strengthens

the SPG and salt advection again. This view is consistent

with the original description of the SPG feedbacks but

combines the original two feedbacks into one, clarifying

the respective roles of temperature and salinity anomalies

for the dynamical system.

However, this mechanism does not result in a persistent

intensification of the SPG because of the delays it involves.

During the early intensification of the SPG, salt is also

removed from its center. This occurs simultaneously with

the circulation, weakens deep convection and thereby stops

the cooling of the intermediate water column, effectively

ending the strong phase of the SPG circulation cycle.

However, the gyre remains strong for some more years due

to the inertia of the cooling already achieved and continues

to advect salt into the region—the beginning of the next

cycle. The positive salinity anomaly thus created reaches a

maximum in the key region approximately 8 years later.

Fig. 9 Upper left Temperature minus salinity contribution of the

integrated buoyancy anomaly at 500 m, in kg m-2 In regions with

positive values, salinity is the dominant barrier to convection, while

negative values imply that in order to allow convection a thermal

barrier must be broken. Lower left Integrated buoyancy regressed onto

the unfiltered, normalized SPG index at zero lag (in kg m2/rSPG).

Areas below the 95% confidence interval are hatched. Lower right:
As before for 8 years lag after the SPG maximum. The red box

highlights the SPG center region. On average, convection is hindered

by too fresh surface water in the SPG center. This tendency is

amplified with the SPG index at its maximum and reduced 8 years

later as a result of increased salt advection by the anomalously strong

gyre in the previous decade. The region of increased sensitivity to

surface heat flux is collocated with where most intense heat fluxes

occur at the same time lag (8 years, upper right)
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Atmospheric variability is an important component of

the observed variability and the ocean circulation follows

the atmospheric low-frequency variability. Surface heat

flux and cooling of the intermediate depth water column

during periods of strong deep convection is the dominant

air-sea coupling on decadal time scales. On the other hand,

the impact of atmospheric fluxes on the upper water layers

is found to be insignificant and small compared to oceanic

processes. This indicates that atmospheric variability is

transmitted into the deep ocean indeed and that it modu-

lates oceanic variability, but that the time scale of inter-

action is determined by oceanic processes.

Two stable modes of SPG circulation were found in

previous work with a coupled model that does not simulate

atmospheric variability (Levermann and Born 2007). It

appears a reasonable hypothesis that the presence of

atmospheric variability in the more comprehensive model

here causes these modes to become unstable and to induce

the observed transitions, as originally proposed by

Delworth et al. (1993). With our experimental set-up,

however, we can not rule out that oscillations are a con-

sequence of oceanic feedback mechanisms alone with

atmospheric forcing merely modulating the duration of

individual cycles. Sensitivity experiments with gradually

attenuated atmospheric forcing, e.g. in an ocean-only set-

up, could answer this remaining question.

The rapid oscillations suggest that the dynamical system

is close to a threshold in preindustrial climate where rela-

tively weak salinity anomalies due to advection can release

convection periodically, thereby influencing the interme-

diate depth density distribution and result in large ampli-

tude variability of the SPG. Recent modeling work

suggests that present day variability in the region can only

be simulated qualitatively if the SPG is close to this

dynamic threshold (Mengel et al. 2011). Changing the

freshwater balance of the subpolar North Atlantic, for

example by changes in Arctic sea ice export, moves the

system away from the threshold, stabilizes one or the other

SPG mode and thus reduces variability. This has been

found in two experiments with the same climate model,

albeit with lower atmospheric resolution, under different

orbital configurations (Born et al. 2010b) and was found to

compare favorably to climate proxy data (Born et al.

2011).

The importance of the density field for the SPG strength

is well documented in observations (Mellor et al. 1982;

Greatbatch et al. 1991; Mellor 1999) and numerical models

(Myers et al. 1996; Penduff et al. 2000; Born et al. 2009;

Montoya et al. 2011). Circulation changes of recent dec-

ades have been attributed to local buoyancy forcing

(Häkkinen and Rhines 2004; Lohmann et al. 2009a). It has

been shown that while changes in the wind stress field

influence the SPG circulation through a barotropic response

on an intraseasonal time scale, the baroclinic response to

the atmosphere-ocean heat flux becomes more important

on interannual time scales (Eden and Jung 2001; Eden and

Willebrand 2001). Oceanic transports of heat and salt act

similarly on the surface buoyancy but arguably show less

variability than atmospheric surface fluxes, suggesting that

the importance of oceanic transports for the SPG dynamics

increases with the length of the time scale under consid-

eration. This view is consitent with the finding that the

strength of the SPG ceases to follow artificially constant

NAO forcing after approximately 10 years (Lohmann et al.

2009b). A similar mechanism may also lead to damped

oscillations (Eden and Greatbatch 2003). In a study of

interannual to decadal variability of the North Atlantic

circulation Eden and Willebrand (2001) found the

enhancement of the SPG of about 2 Sv 2–3 years after

seasons of strong convection in its center, which they relate

to the JEBAR. This is consistent with our findings. The

shorter lag indicates a smaller volume of water involved in

the convective cooling or higher surface heat fluxes or

both, parameters that are likely model dependent.

Although we investigate decadal variability of the hor-

izontal gyre circulation, the results share some similarities

with findings in studies of variability in the AMOC for

which advection in the SPG has repeatedly been found to

play an important role (Yoshimori et al. 2010). Our work

supports the interpretation of the ocean circulation oscil-

lating in response to stochastic forcing of the atmosphere,

originally proposed by Delworth et al. (1993), later con-

firmed by Delworth and Greatbatch (2000) and recently by

Kwon and Frankignoul (2011). Variability of the SPG in

IPSL CM4 does not require the existence of a coupled

ocean-atmosphere mode, in contrast with some studies

of AMOC variability (Weaver and Valcke 1998;

Fig. 10 Summary of the mechanisms controlling the oscillation

cycle. A primary feedback loop strengthens the SPG through the

advection of sea surface salinity (SSS) anomalies, deep convection

and cooling of the intermediate water column. However, salt

advection is delayed and the immediate result of stronger advection

is the removal of salt from the key region. This causes the end of the

present cycle in a secondary, negative feedback loop. Thus, advection

both ends the present oscillation cycle through the removal of surface

salt and initializes the next cycle by renewed positive transport with a

delay. Atmospheric variability is transmitted to the ocean preferen-

tially during times of increased convection. Thus, the ocean oscillator

determines the time scale of air-sea interaction
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Timmermann et al. 1998). It has been suggested that cou-

pled ocean-atmosphere modes are related to longer time

scales, superimposed on modes of faster, oceanic vari-

ability (Zhu and Jungclaus 2008). The fact that meridional

advection of heat with the AMOC plays an important role

in variability in several studies (Delworth et al. 1993;

Timmermann et al. 1998; Zhu and Jungclaus 2008; Msa-

dek and Frankignoul 2009; Yoshimori et al. 2010) provides

a plausible explanation for this conceptual difference.

Relatively long advection paths from low latitudes to the

subpolar North Atlantic are responsible for the long time

scales of variability, and large-scale meridional sea surface

temperature gradients created by this heat transport

potentially influence atmospheric dynamics. This is not the

case with the local redistribution of salt in the SPG dis-

cussed here. Notwithstanding, a weak coupled mode rela-

ted to the AMOC has been identified in the lower

resolution version of our model (Msadek and Frankignoul

2009). With the strict definition of statistical significance

and the relatively short duration of our experiment no

relevant correlation was found between the SPG and the

AMOC indices (not shown). This further indicates that the

dynamics of the SPG are partly independent from the large

scale overturning circulation. However, it should be

expected, albeit unproven at this point, that since the SPG

and AMOC modes of variability involve deep convection

in the same region they share harmonic frequencies, as

suggested by the result of Zhu and Jungclaus (2008). This

suggests that detailed knowledge about the SPG dynamics

holds crucial information on large-scale characteristics of

the climate system.

The appreciation of advection-convection related feed-

backs has led to a new understanding of the SPG in recent

years, recognizing its role as an independent dynamical

component of the climate system instead of following

atmospheric forcing directly. By modulating Labrador Sea

deep convection and thus the strength of atmosphere-ocean

coupling, the dynamics of the SPG must be considered key

to understanding past and future climate variability and

changes. Indeed, recent analyses of marine sediments

revealed that variations in SPG circulation occurred

throughout the last 12,000 years, as observed both in

Greenland fjords (Ren et al. 2009; Kuijpers et al. 2009),

the eastern North Atlantic (Thornalley et al. 2009) and in

North American slope waters (Sachs 2007).
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