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Abstract. Using a 3-dimensional climate model of interme-
diate complexity we show that the overturning circulation of
the Atlantic Ocean can vary at multicentennial-to-millennial
timescales for modern boundary conditions. A continuous
freshwater perturbation in the Labrador Sea pushes the over-
turning circulation of the Atlantic Ocean into a bi-stable
regime, characterized by phases of active and inactive deep-
water formation in the Labrador Sea. In contrast, deep-water
formation in the Nordic Seas is active during all phases of
the oscillations. The actual timing of the transitions be-
tween the two circulation states occurs randomly. The oscil-
lations constitute a 3-dimensional phenomenon and have to
be distinguished from low-frequency oscillations seen pre-
viously in 2-dimensional models of the ocean. A concep-
tual model provides further insight into the essential dynam-
ics underlying the oscillations of the large-scale ocean cir-
culation. The model experiments indicate that the coupled
climate system can exhibit unforced climate variability at
multicentennial-to-millennial timescales that may be of rele-
vance for Holocene climate variations.

1 Introduction

A number of studies revealed climate variations during the
Holocene at timescales ranging from centuries to a few mil-
lennia (e.g. Bianchi and McCave, 1999; Bond et al., 1997;
Chapman and Shackleton, 2000; Hall et al., 2004; O’Brien et
al., 1995; Risebrobakken et al., 2003; Sarnthein et al., 2003;
Schulz and Paul, 2002). As the amplitude of these varia-
tions is small compared to the pronounced glacial climate
variations at similar timescales, an unequivocal detection of
such climate fluctuations in climate-proxy records is ham-
pered by comparatively low signal-to-noise ratios and the
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general shortness of such records. Nevertheless, there seems
to be a growing consensus for a recurrence time of climate
events in the Holocene ranging from 400–3000 years with
a potential clustering around 400–500 years and 900–1100
years (Schulz et al., 2004 and references therein). Here, the
notion of recurrence time only reflects the fact that a record
contains a distinct temporal pattern which is repeated after
some time. Neither the exact repetition of such a pattern
nor an exact timing of its recurrence is implied. Indeed, re-
ported recurrence times vary by as much as approximately
±50% during the Holocene (Bond et al., 1997; Sarnthein et
al., 2003).

The cause of these Holocene climate variations remains
elusive. Hypotheses regarding their origin range from inter-
nal oscillations of the climate system (e.g. Schulz and Paul,
2002) to external solar-forcing mechanisms (e.g. Bond et
al., 2001). Based on analogies to larger-amplitude climate
variations and proxy evidence many authors concluded that
the Holocene climate fluctuations at centennial-to-millennial
timescales, specifically those reconstructed for the North At-
lantic region, are linked to changes in the rate of North-
Atlantic deep-water production and associated changes in the
Atlantic meridional overturning circulation (AMOC) (e.g.
Bond et al., 2001; Oppo et al., 2003). As yet, neither the
role of the AMOC in these climate variations has been elu-
cidated – is it cause or effect? – nor the physical mechanism
underlying low-frequency AMOC variations.

Understanding the low-frequency oscillations (we use
the term oscillation without implying strict periodicity) of
Holocene climate change is not only of importance from a
paleoclimatic perspective. It is also essential to understand
the course and dynamics of these natural climate variations to
predict their potential interference with the possible anthro-
pogenic influence on climate (cf. Knutti and Stocker, 2002).
Moreover, low-frequency climate variations may be related
to the still enigmatic origin of the relatively stable “1500-
year” cycle that paced glacial abrupt climate change (Schulz
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Fig. 1. Time series of the maximum of the North Atlantic Ocean
meridional overturning (AMOC), calculated north of 30◦ N and be-
low 500-m water depth. Positive values indicate poleward flow in
the upper branch of the overturning cell. (Top) Unsmoothed an-
nual values (red) from the unperturbed control experiment (prior
to model year 5000). The corresponding output from a 101-year
wide Hanning filter is overlain (blue). After model year 5000 a
5 mSv freshwater perturbation is applied in the Labrador Sea. The
resulting AMOC time series (smoothed) oscillates between approx-
imately 22 and 28 Sv. (Center) AMOC for a 7.5 mSv freshwater
perturbation starting in model year 5000 (smoothed time series).
(Bottom) As before but for a 10 mSv forcing.

et al., 2004). Therefore, disentangling these interglacial cli-
mate fluctuations may also help to better understand glacial
climate fluctuations.

2 Setup of the coupled climate-model experiments

To test the potential of the climate system to gener-
ate low-frequency climate oscillations, we use the global
atmosphere-ocean model ECBilt-CLIO, version 3 (more in-
formation about the model including the source code is avail-
able from www.knmi.nl/onderzk/CKO/ecbilt.html). This
coupled model of intermediate complexity derives from the
atmosphere model ECBilt (Opsteegh et al., 1998) and the
ocean and sea-ice model CLIO (Goosse and Fichefet, 1999).
The atmospheric component solves the quasi-geostrophic
equations with T21 resolution (∼5.6◦) for three layers and
uses simplified parameterizations for atmospheric thermody-
namics. The model contains a full hydrological cycle. Vari-
ability associated with large-scale weather patterns is explic-
itly computed. The primitive-equation, free-surface ocean
component has a horizontal resolution of 3◦ and 20 levels in
the vertical and uses a rotated subgrid in the North Atlantic
Ocean to avoid the convergence of meridians near the north
pole. It includes parameterizations for mixed-layer dynam-
ics, downsloping currents and Gent-McWilliams (1990) pa-
rameterization of subgrid-scale processes. The ocean model
is coupled to a thermodynamic-dynamic sea-ice model with

viscous-plastic rheology. There is no local flux correction in
ECBilt-CLIO. However, precipitation over the Atlantic and
Arctic basins is reduced by 8.5% and 25%, respectively, and
homogeneously redistributed over the North Pacific.

Beside a 5000-yr (year) long control run, simulating
the modern (i.e., pre-industrial with respect to atmospheric
greenhouse-gas concentration, orbital configuration, and
land cover) climate, we conducted three experiments in
which a perturbation of approximately 30, 45 and 60 cm/yr,
respectively was continuously added to the precipitation field
over the southern Labrador Sea. The resulting freshwa-
ter forcings amount to 5, 7.5 and 10 mSv (milli-Sverdrup;
1 Sv=106 m3/s), respectively, which is at least one order of
magnitude below the values typically used in freshwater-
hosing experiments to yield a complete shut-down of deep-
water formation in the North Atlantic (Stouffer et al., 2006).
The local perturbation was globally compensated to close the
mass balance. The applied precipitation anomalies are of the
same order of magnitude as the annually averaged precipita-
tion over the Labrador Sea area which amounts to 43 cm/yr in
the control run. All other boundary conditions in the sensitiv-
ity experiments were kept the same as in the control run. For
each sensitivity experiment, the model was integrated for an-
other 8000 yr, starting from the final state of the control run
as initial condition. All model results presented below are
based on annual mean values.

3 Simulation results

In the unperturbed control simulation the strength of the
AMOC varies between 20 and 35 Sv with a mean value of
28 Sv and a standard deviation of∼2 Sv (Fig. 1, top). Spec-
tral analysis reveals that the variability of the AMOC shows
a slight tendency towards characteristic timescales of ap-
proximately 12 and 200 years (not shown; see Goosse et
al. (2003) for a discussion of the variability in ECBilt-CLIO).
Since our main interest is in low-frequency variability, i.e.,
in timescales of at least a few hundred years, we turn to
smoothed AMOC time series in the following. Smoothing
was performed with a 101-year wide Hanning filter. For
the unperturbed control experiment, the smoothed AMOC
strength lies between 25 and 29 Sv (Fig. 1, top).

For the freshwater perturbation of 5 mSv the character of
the modeled AMOC changes fundamentally. The forcing
gives rise to a bi-modal AMOC distribution with values of
approximately 28 and 22 Sv (Fig. 1, top). In the following
these states of the AMOC will be referred to as “strong”
and “weak” states. It is noteworthy that the AMOC oscil-
lates between two states with positive AMOC values, that
is, deep-water formation in the North Atlantic Ocean never
ceases during the oscillations. Using an arbitrary threshold
value of 25 Sv to separate weak and strong states, we find
that the model spends 80% of the time in the strong state.
Accordingly, the weak state can be viewed as a perturbation
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Fig. 2. Mixed-layer depth and meridional overturning streamfunction in the Atlantic Ocean. (a) Mixed-layer depth [m] for the strong state,
with deep mixing in the Labrador Sea and Nordic Seas. (b) Meridional overturning streamfunction [Sv] for the strong state. Positive values
indicate clockwise rotation. (c, d) As a, b but for the weak state without deep-water formation in the Labrador Sea. All plots are based on
annual mean values from the 7.5 mSv experiment, averaged over model years 8000–8050 (strong state) and 8900–8950 (weak state).

of the strong state, lasting between approximately 100 and
700 years.

If the freshwater forcing is increased to 7.5 mSv the princi-
pal bi-modality of the AMOC is maintained (Fig. 1, center).
However, with the increased magnitude of the forcing, the
model stays only 33% of the time in the strong state. This
suggests a tendency for remaining longer in the weak state as
the freshwater forcing in the Labrador Sea increases. In this
experiment, a total of six weak-to-strong transitions can be
observed. The duration between subsequent transitions (in
the order of their appearance) is approximately 540, 1360,
310, 2660, and 2220 years. Finally, by increasing the fresh-
water perturbation to 10 mSv, the model resides in the strong
state for only 14% of the time. Accordingly, the previously
identified propensity of the model to stay in the weak state for
an increased freshwater perturbation gains further support.

To better understand the origin of the AMOC variations we
turn to changes in deep-water formation sites in the North
Atlantic Ocean. For the strong state, mixed-layer depth
points to two sites where deep mixing and, hence, deep-
water formation takes places, namely the Nordic Seas and the
Labrador Sea (Fig. 2a). The corresponding meridional over-
turning streamfunction indicates that approximately 16 Sv of
the newly formed deep water in the North Atlantic are ex-
ported across 30◦ S into the Southern Ocean (Fig. 2b). Be-
low this layer, approximately 5 Sv of Antarctic Bottom Water

enter the Atlantic basin. Both mixed-layer depth and merid-
ional overturning streamfunction are practically identical be-
tween the strong state in the 7.5 mSv experiment (Fig. 2a, b)
and the unperturbed control experiment (i.e., before model
year 5000), which is therefore not shown. In contrast to the
strong state, deep-mixing in the weak state is limited to the
Nordic Seas (Fig. 2c), where the mixed-layer depth also in-
creases (cf. Figs. 2a, c). Although the absence of deep-water
formation in the Labrador Sea leads to a reduction in the
maximum of the meridional overturning streamfunction by
6 Sv (Fig. 2b, d) the export to the Southern Ocean decreases
by only 2 Sv to a value of 14 Sv. The changes in deep-water
formation in the North Atlantic Ocean have no significant
effect on the inflow of Antarctic Bottom Water which re-
mains at 5 Sv. Mixed-layer depth and meridional overturn-
ing streamfunction for the weak and strong states show only
negligible differences between the different sensitivity exper-
iments. Hence, we limit the presentation of results to those
shown in Fig. 2.

The cessation of deep-water formation in the Labrador Sea
in the weak state causes a drop in surface-air temperature
in this region by up to 3◦C (Fig. 3). At the same time, air
temperature rises by up to 1.5◦C north of Iceland associated
with an increase in oceanic heat transport by approximately
0.05 PW (not shown). This increased heat transport is due
to the slightly enhanced deep-water formation in the Nordic
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Fig. 3. Near-surface (2 m) air-temperature difference [◦C] between
weak state and strong state in the northern hemisphere. Anomalies
are based on annual mean values from the 7.5 mSv experiment, av-
eraged over model years 8000–8050 (strong state) and 8900–8950
(weak state). Arrows indicate corresponding wind field anomalies
at the 800 hPa level (length of scale arrow in lower right corner is
0.7 m/s).

Seas and a deepening of the Icelandic Low, which enhances
the wind-driven northward transport of warm Atlantic water
into the Nordic Seas. It should be noted that the zero line
between positive and negative temperature anomalies runs
through central Greenland as well as Scandinavia (Fig. 3).
While the principal pattern of these temperature anomalies is
rather stable during the course of the weak state, the actual
extent of the anomalies may vary. For example, the warm
anomaly may be restricted to Iceland and the area immedi-
ately north of it but may not encompass mainland Scandi-
navia as is the case depicted in Fig. 3 (not shown).

In summary, the coupled ocean-atmosphere model ex-
hibits internal oscillations of the AMOC at multicentennial-
to-millennial timescales upon weak and continuous freshwa-
ter forcing in the Labrador Sea. The oscillations are charac-
terized by a strong state with deep-water formation in both,
the Nordic Seas and Labrador Sea and a weak state in which
deep water forms only in the Nordic Seas. The minimum
(22 Sv) and maximum (28 Sv) values of the AMOC during
the oscillations are virtually independent of the magnitude of
the freshwater perturbation.

4 Discussion

In order to disentangle the dynamics underlying the mod-
eled AMOC oscillations one has to answer the following
two questions: (i) why does deep-water formation in the
Labrador Sea switch between on and off states? and (ii) what
determines the timescale of the oscillations? In our analysis
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Fig. 4. Surface-salinity variations in the North Atlantic Ocean and
meridional overturning in the 7.5 mSv experiment. (Top) Salinity
immediately north of Denmark Strait (DS, red) and in the central
Labrador Sea (LS, black). Salinities are averaged from the surface
to 50 m depth. (Bottom) Meridional overturning (as in Fig. 1, cen-
ter). All time series are smoothed by a 101-year wide Hanning filter.

of the model results we will set out from the first question
before tackling the second.

4.1 Origin of the oscillations

Today, the deep-water formation areas in the Nordic Seas and
Labrador Sea are linked through the subpolar gyre, which
advects low-salinity surface water from the Arctic Ocean via
the East and West Greenland Currents to the Labrador Sea
(e.g. Tomczak and Godfrey, 2002). With regard to the model
results, the key elements to note are: Firstly, the deep-water
formation site in the Labrador Sea is located “downstream”
of the deep-water formation site in the Nordic Seas. Sec-
ondly, deep water forms in the Labrador Sea despite the ad-
vection of low-salinity water from the “upstream” area. In
other words, today the Nordic Seas exert a counteracting ef-
fect on deep-mixing in the Labrador Sea and, therefore, deep-
water formation in that area.

This oceanographic situation is well captured in the model,
which resolves the two deep-water formation sites in the
North Atlantic Ocean (a condition not always met by coarse-
resolution climate models) and advects low-salinity surface
water through Denmark Strait into the Labrador Sea. Imme-
diately north of Denmark Strait, near-surface salinity is ap-
proximately 1.5 psu lower than in the central Labrador Sea,
where deep mixing occurs. The same situation prevails dur-
ing the strong state of the AMOC oscillations (Fig. 4).

A contrasting situation arises for the weak state, in which a
halocline forms in the Labrador Sea that prevents deep mix-
ing. Hence, freshwater entering the Labrador Sea as runoff
or precipitation leads to the build-up of a low-salinity sur-
face layer in the Labrador Sea, thus re-inforcing the halo-
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cline. Compared to the strong state, near-surface salinity
drops by 2 psu to 33 psu in the central Labrador Sea (Fig. 4).
At the same time, an anomalous wind pattern (Fig. 3) pushes
saline surface water into the Nordic Seas. Subsequent hor-
izontal mixing within the Nordic Seas raises salinity in the
Greenland Sea by approximately 0.8 psu. Accordingly, sur-
face salinity north of Denmark Strait is now almost 1.3 psu
higher than in the central Labrador Sea (Fig. 4). Advection
of this relatively saline water into the Labrador Sea helps to
erode the halocline, hence, to re-establish deep-water forma-
tion in the Labrador Sea. It should be noted that density vari-
ations of the surface-water masses are dominated by salin-
ity variations since average surface temperature vary only
little around their mean values of−0.3 and−0.6◦C in the
Labrador Sea and Greenland Sea, respectively.

Although the amount of freshwater forcing that moves the
model into the oscillating regime will most likely depend
on the magnitude of the overturning in the Atlantic Ocean,
we surmise that the existence of the oscillation depends less
strongly on the overall strength of the AMOC than on the ex-
istence of two localities for deep-water formation. Accord-
ingly, we consider the relatively large value of the AMOC in
the control experiment (cf. Sect. 3) only of minor importance
with respect to the existence of the oscillations.

In summary, independently of the state of the AMOC
(weak vs. strong), the “upstream” deep-water formation area
in the Nordic Seas always tends to induce a change in the
mode of operation of the “downstream” Labrador Sea. Thus
the switching between the strong and weak states of the
AMOC depends critically on the influence that the upstream
density reservoir exerts on the downstream reservoir. The
lack of AMOC oscillations in the control experiment indi-
cates that the effect of the upstream reservoir for modern
boundary conditions is insufficient to turn off the deep mix-
ing in the Labrador Sea. Only when a small amount of fresh-
water is added to the Labrador Sea, the model crosses a crit-
ical threshold and the oscillations appear. In other words,
a small positive freshwater anomaly is sufficient to raise the
sensitivity of the Labrador Sea to a level allowing a strong re-
sponse to the influx of low-density water from the upstream
reservoir.

Cross-correlating maximum mixed-layer depth in the
Labrador Sea with salinity (averaged over the top 50 m) im-
mediately north of Denmark strait provides another way of
looking at the proposed link between the two deep-water for-
mation sites (Fig. 5). Salinity and mixed-layer depth show
the expected positive correlation and the lead of salinity over
mixed-layer depth of approximately 4 years is consistent
with the postulated causal link.

Given this explanation of what controls the switching
between active and inactive deep-water formation in the
Labrador Sea, we can now turn to the second question re-
garding the timing of these switches.
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Fig. 5. Cross correlation between maximum mixed-layer depth in
the Labrador Sea and surface salinity (averaged over top 50 m) im-
mediately north of Denmark Strait in the 7.5 mSv experiment. Max-
imum of the correlation function at a lag of−4 years indicates that
salinity anomalies precede mixed-layer anomalies by this amount
of time. Analysis based on unsmoothed annual mean values.

4.2 Timescale of the oscillations

The duration between subsequent transitions varies widely
from 310 to 2660 years in the 7.5 mSv experiment (Sect. 3;
Fig. 1) and does not indicate a preferred timescale within this
range. The average duration is approximately 1420 years and
the standard deviation amounts to 1020 years. Hence, the to-
tal range of values is almost completely covered by the in-
terval of one standard deviation around the mean, supporting
the notion that the durations are more or less uniformly dis-
tributed (with only 5 durations at hand, no meaningful sta-
tistical test of the distribution can be performed). The lack
of a dominant timescale argues against a deterministic pro-
cess controlling the timing of the AMOC oscillations and is
easier to reconcile with a stochastic origin. (We use the term
“stochastic” in a somewhat loose sense. In the model any
“randomness” is generated by the interactions of determinis-
tic processes which lead to high-frequency noise.)

Starting from a state with active deep-water formation in
the Labrador Sea, a randomly occurring negative density per-
turbation of sufficient magnitude will reduce vertical mixing
for example only in a single grid cell of the model. Due to the
strong non-linear feedback associated with vertical mixing
(e.g. Rahmstorf, 1995) a complete cessation of vertical mix-
ing in the entire Labrador Sea can then result. For the control
experiment this situation apparently never arises. One can
assess the magnitude of the perturbations that occur in the
control experiment from the surface density distribution in
the Labrador Sea (Fig. 6). From this data, the probability
that density falls below 27.35 kg/m3 is practically zero. A
different situation arises when the Labrador Sea is perturbed
by continuous freshwater input in the 5, 7.5 and 10 mSv ex-
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low-density modes between 26.3 and 26.7 kg/m3 result when no
deep mixing occurs (“weak” mode). Note that the control experi-
ment (black) is characterized by a high-density mode only.

periments. While these perturbations by themselves are in-
sufficient to shut down convection permanently, they make
deep-water formation in the Labrador Sea more vulnerable
to the randomly occurring negative density anomalies. It is
the combined effect of the continuous freshwater forcing to-
gether with random density anomalies that has the potential
for bringing deep-water formation to a halt. Once convec-
tion has ceased, lateral advection of water masses with rel-
atively high densities, originating partly in the Nordic Seas
(cf. Fig. 4), will start to erode the halocline that prevents
deep-mixing in the Labrador Sea. As for the shutdown of
deep-water formation it is, however, the superimposed effect
of positive density anomalies occurring at random that ulti-
mately re-initiate convection in the Labrador Sea.

Given the noise-induced transitions between the states
with and without convection in the Labrador Sea, the change
in the ratio of the duration of strong state to weak state of the
AMOC oscillations (cf. Fig. 1) can be explained. Starting
from a strong state, a larger value of the continuous fresh-
water forcing brings the Labrador Sea closer to the point at
which a random negative density anomaly can stop the deep
mixing. Thus, the probability for a shutdown of convection in
the Labrador Sea increases with increasing freshwater forc-
ing (Fig. 6).

Once the system is in the weak mode, the likelihood for
a large positive density anomaly determines how long this
mode prevails. Since a larger freshwater forcing moves the
Labrador Sea towards less dense surface waters, the proba-
bility for a weak-to-strong transition decreases with increas-
ing freshwater forcing. This effect of the freshwater forcing

can also be inferred from the histograms which show that
the peak associated with the weak mode is shifted towards
smaller densities for increasing values of the freshwater forc-
ing (Fig. 6). In summary, the larger the freshwater forcing,
the more likely is a transition from strong to weak modes
and the more unlikely is a mode switch in the opposite direc-
tion. The change in the likelihood for each state with varying
freshwater forcing manifests itself in the shift in the ratio be-
tween strong and weak modes discussed above (cf. Fig. 1).

4.3 Conceptual model of the oscillations

Probably the simplest model that captures the basic mech-
anisms of the low-frequency oscillations consists of two
prognostic variables,T and S, representing spatially aver-
aged temperature and salinity of the upper (say, the topmost
200 m) Labrador Sea. Hydrographic conditions in the up-
per Labrador Sea depend on the wind- and density-driven
inflows from the subtropical Atlantic, the influx of subpolar
water from the Greenland Sea (via the East Greenland Cur-
rent through Denmark Strait) and surface fluxes. The deter-
ministic governing equations for Labrador Sea temperature
and salinity can therefore be formulated as

dS

dt
=

1

V

[
(q1 + φ)S1 + q2S2 − (q1 + q2 + φ + P + P ′)S

]
,

(1)

dT

dt
=

1

V

[
(q1 + φ)T1 + q2T2 − (q1 + q2 + φ)T

]
+ H, (2)

where V denotes the volume of the upper Labrador Sea
(3×1014 m3), q1 is the wind-driven volume flux from the
subtropical Atlantic,φ is the density-driven (overturning)
volume flux from the subtropical Atlantic,q2 is the vol-
ume flux from the Greenland Sea,P denotes a basic sur-
face freshwater flux into the Labrador Sea (78 mSv),P ′ is
a freshwater flux perturbation,H denotes the surface heat
flux, and t is time. S1, T1 andS2, T2 denote salinities and
temperatures of the inflowing subtropical and subpolar wa-
ter masses, respectively. To keep the model as simple as
possible, the wind-driven volume fluxes are assumed to be
constant (q1=2 Sv, q2=2 Sv; after Fig. 10.50 in Dietrich et
al., 1975). Likewise, any temperature and salinity changes
in the water masses originating from the subtropical Atlantic
and the Greenland Sea are neglected (S1=35.3 psu,T1=8◦C,
S2=34.6 psu,T2=1.5◦C). The overturningφ couples the pair
of differential equations through a linear dependence on the
density difference between the Labrador Sea and the subtrop-
ical Atlantic, i.e.φ=κ [α (T1–T)–β (S1–S)], whereα andβ

denote the thermal and haline expansion coefficients of sea-
water (α=0.1 K−1, β=0.8 psu−1). The tuning parameterκ
is set to 70 Sv. Ifφ becomes lower than zero,φ is set to
zero (state of no overturning or “off” mode). For the sur-
face heat fluxH, a simple restoring term is used, i.e.,H=(2–
T)/τ , where2=0◦C is a relaxation temperature andτ=1 yr

Clim. Past, 3, 97–107, 2007 www.clim-past.net/3/97/2007/



M. Schulz et al.: AMOC oscillations 103

is the relaxation time scale. This simple approach param-
eterizes the damping of surface temperature anomalies by
atmospheric heat advection and/or longwave radiation. An
analogy for salinity does not exist since the atmosphere is
insensitive to the presence of salinity anomalies.

In order to analyze the stability behavior of the simple de-
terministic model, an equilibrium hysteresis with respect to
surface freshwater forcing is calculated. It is well known
that the competition between thermal and saline forcings of
the overturning may result in multiple equilibria (Stommel,
1961). Plotting the overturningφ against the anomalous
freshwater forcingP ′ reveals a regime of bi-stability for in-
termediate forcing amplitudes (Fig. 7). WithP ′=0 Sv, for
instance, one stable equilibrium (“off” mode) has zero over-
turning and a Labrador Sea salinity ofS∼=34.3 psu, while
the other stable equilibrium (“on” mode) yields an overturn-
ing of φ=10 Sv and a salinity of∼35.0 psu. For very large
positive/negative values ofP ′, only the “off”/“on” mode of
Labrador Sea overturning provides a stable solution. Since
the inflow of subpolar water (S2=34.6 psu) has a higher/lower
salinity than the Labrador Sea in the “off”/“on” mode, it
will always counteract the current state of overturning in
the Labrador Sea. To demonstrate this, we calculate another
equilibrium hysteresis withq2 set to zero (Fig. 7, red curve).
As a result of the missing northern inflow, the hysteresis loop
widens, i.e., larger positive or negative freshwater perturba-
tionsP ′ are necessary to induce a transition from one mode
to the other.

The simple model possesses no internal variability. In the
bi-stable regime of ocean circulation, however, occasional
state transitions can be introduced by a stochastic forcing
component (cf. Cessi, 1994). We add a termσξS0/V to
Eq. (1) to introduce a stochastic component in the salinity
balance, whereξ represents Gaussian “quasi white noise”
with zero mean and unit variance (a non-vanishing autocor-
relation up to 3 days is introduced by the 3-days time step of
the Euler forward scheme used to solve the differential equa-
tions), σ measures the standard deviation of the stochastic
forcing andS0 denotes a reference salinity (35 psu). Set-
ting σ=0.2 Sv and applying no additional freshwater flux
(P ′=0 Sv), we obtain numerous transitions from one mode
to the other during a 50 000 year integration, resulting in
multicentennial-to-millennial variations of the overturning
circulation (Fig. 8). The mean residence time in a circula-
tion mode before switching back to the other state (or the
Kramers rate) and, hence, the timescale of the oscillations is
given by the noise intensity (cf. Cessi, 1994). The stronger
the noise, the larger is the probability for a flip into the other
equilibrium, and the shorter is the mean residence time in one
mode. Note, however, that the underlying bi-stability of the
deterministic system may be completely masked if the am-
plitude of the stochastic forcing is too strong (cf. Monahan,
2002; Stommel and Young, 1993). The value ofσ=0.2 Sv
was chosen such that the oscillations produced by the simple
stochastic model are similar to the oscillations observed in
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Fig. 7. Equilibrium hysteresis loops (Labrador Sea overturning
φ vs. freshwater inputP ′) for the deterministic conceptual model
with (black) and without (red) inflow from the Greenland Sea to the
Labrador Sea. The hysteresis loops have been obtained by slowly
varying the freshwater input into the Labrador Sea in the direction
indicated by the arrows.

ECBilt-CLIO (given that the “off”/ “on” mode of the concep-
tual model corresponds to the weak/strong mode in ECBilt-
CLIO, where Labrador Sea convection is switched off/on).
Moreover, the conceptual model captures the response of the
3-dimensional climate model to additional constant freshwa-
ter inputs. With positive/negative constant perturbation, the
system spends more time in the “off”/“on” mode (Fig. 8,
left column; Fig. 9), since larger random perturbations are
required to induce a transition to the “on”/“off” mode. In
the absence of a subpolar water inflow from the Greenland
Sea (q2=0 Sv) state transitions become unlikely (Fig. 8, right
column) due to the different stability behavior of the system
associated with the wider hysteresis loop. In other words,
the inflow from the Greenland Sea via Denmark Strait favors
stochastic switches from one mode to the other.

With Greenland Sea inflow a systematic relationship
emerges between the mean residence-time ratio (i.e., the ra-
tio between the mean residence times in the “off” mode and
the “on” mode) and the constant freshwater perturbationP ′

(Fig. 9). The higher the anomalous freshwater input into the
Labrador Sea, the longer is the mean residence time in the
“off” mode. Histograms of Labrador Sea density show, how-
ever, that both modes are significantly populated for a cer-
tain range of constant freshwater inputP ′ (Fig. 10). Over
this P ′-range, small freshwater inputs shift the frequency
from the high- to the low-density mode of the probability
density function – exactly as in ECBilt-CLIO (Fig. 6). For
large freshwater inputs, the bi-modal structure of the proba-
bility density vanishes (not shown). Note that the variance
of the “off” mode distribution is larger than that of the “on”
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Fig. 8. Typical time series of Labrador Sea density anomalies in the stochastically forced (σ=0.2 Sv) conceptual model with (black, left
column) all inflows included and (red, right column) Greenland Sea inflow set to zero. From top to bottom, the additional constant freshwater
influx P ′ increases from−2 mSv to +2 mSv.

mode, as it is in ECBilt-CLIO. This is due to a regulation of
Labrador Sea density by the overturning circulation on short
timescales which is only active in the “on” mode: if Labrador
Sea density increases, the overturning and hence the inflow
of warm, low-density subtropical water increases, counter-
acting the initial density increase in the Labrador Sea. The
conceptual model is able to capture this mechanism due to
the inclusion of a variable Labrador Sea temperature (Eq. 2).

In summary, the simple non-linear stochastic model re-
produces the low-frequency oscillations observed in ECBilt-
CLIO. It captures not only the occasional transitions from
one equilibrium to the other, but also the variance of the fluc-
tuations around each state. In doing so, it is capable to elu-
cidate the physics behind the oscillations found in ECBilt-
CLIO. These oscillations can be attributed to an underlying
bi-stability in Labrador Sea convection and state transitions
induced by noise. A slightly more complex approach for
a conceptual model could have accounted for variations in
Greenland Sea salinity variations. As shown in Fig. 4, Green-
land Sea salinity slightly varies between the weak and strong
mode in ECBilt-CLIO (substantial variations in subtropical
salinities have not been found). An increase/decrease in

Greenland Sea salinity in the “off”/“on” mode would have a
counteracting effect on the respective state of circulation. In
other words, the equilibrium hysteresis would become nar-
rower as compared to the case with fixed Greenland Sea
salinity. This would favor state transitions under stochastic
forcing, resulting in a higher frequency of the oscillations.
A reduction in the noise intensityσ could compensate for
this effect, leading to the same oscillations as those presented
in Fig. 8. The conclusions drawn from our minimal model
would be largely unaffected.

4.4 Comparison with oscillations found in other model ex-
periments

The timescale of the oscillations in our experiments is sim-
ilar to those resulting from so-called “deep-decoupling os-
cillations” (Winton, 1993), which have been observed in 2-
dimensional (e.g. Winton, 1993; Paul and Schulz, 2002) and
3-dimensional (Timmermann and Goosse, 2004) models of
the ocean. However, the two types of oscillations have to be
clearly distinguished. The oscillations described here are in-
trinsically linked to the 3-dimensional flow field of the North
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Fig. 9. Relation between the mean residence time ratio (i.e. the ratio
between the mean residence times in the “off” mode and the “on”
mode) and the constant freshwater inputP ′ in the stochastically
forced (σ=0.2 Sv) conceptual model.

Atlantic Ocean, while deep-decoupling oscillations are asso-
ciated with diffusive heat transport in the subsurface layer.
Indeed, a crucial role of the freshwater transport through
Denmark Strait in controlling the convection seesaw between
the Labrador Sea and Nordic Seas has also been observed
in a more comprehensive 3-dimensional climate model (Oka
et al., 2006). However, the variability in this model oc-
curs at interdecadal timescales and not at multicentennial-
to-millennial timescales as seen in our model experiments.

Abrupt changes in the strength of the AMOC at millen-
nial timescales were also found in an earlier version of the
ECBilt-CLIO model (Goosse et al., 2002). The authors de-
scribe a spontaneous weakening of the overturning strength
that occurred twice within an approximately 10 000-year
long experiment. Each event lasted for 100 to 250 years. Al-
though the resulting time series bear some similarity with the
results of our 5-mSv experiment, the underlying mechanisms
are different. In the model version employed by Goosse et
al. (2002) deep convection in the North Atlantic Ocean oc-
curred only in the Nordic Seas and not in the Labrador Sea.
In their model, the changes in deep-water production rate
were associated with spontaneous shifts in convection depth
and location within the Nordic Seas. While the underlying
mechanism thus differs from our experiments, a commonal-
ity exists in that the timings of the events occur by chance.

4.5 Relevance for past climate variations

Whether or not the oscillations described in this study did oc-
cur in the past, can be tested by contrasting deep-water for-
mation proxies from the Labrador Sea with proxies from the
Nordic Seas. Indeed, a paleoceanographic reconstruction for
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Fig. 10. Probability density functions of Labrador Sea density-
anomalies in the stochastically forced (σ=0.2 Sv) conceptual model
for different constant freshwater perturbationsP ′ between−3 mSv
and +3 mSv.

the Labrador Sea suggests changes in deep convection at mil-
lennial timescales throughout the Holocene (Hillaire-Marcel
et al., 2001). Although these authors interpret the record
in terms of varying sea-ice export from the Arctic Ocean,
the results are also compatible with the oscillations found
in our model experiments. Paleoceanographic records from
the Nordic Seas are also indicative of millennial-scale varia-
tions during the Holocene (e.g. Andersson et al., 2003; Rise-
brobakken et al., 2003). However, due to stratigraphic un-
certainties, it is currently impossible to test the seesaw con-
vection pattern predicted by the model using paleoclimatic
data. We would like to stress, however, that the existing re-
constructions are in harmony with our model results.

It has long been recognized that temperature reconstruc-
tions from central Greenland show only little variability dur-
ing the Holocene (specifically, if compared to the last glacial
period; e.g. Grootes and Stuiver, 1997), while other regions
in the North-Atlantic realm document considerable climate
fluctuations (e.g. Mayewski et al., 2004). This observation
is in line with our model experiments which suggest, based
on the predicted surface-air temperature anomalies (Fig. 3),
that central Greenland is rather insensitive to changes during
interglacials. Larger temperature variations can be expected
to be documented in southern Greenland (cf. Fig. 3), which
is in agreement with paleoclimatic evidence from borehole
records (Dahl-Jensen et al., 1998).

Based on temperature and precipitation proxies, it has
been suggested that climate anomaly patterns at millennial
timescales in the North-Atlantic region during the Holocene
resemble the seesaw-pattern associated with the North At-
lantic Oscillation (NAO; e.g. Nesje et al., 2001; Schulz
and Paul, 2002). However, the millennial timescale of the
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Holocene variations is difficult to reconcile with the dynam-
ics underlying the NAO which favor variations at annual-
to-decadal timescales (e.g. Hurrell et al., 2003). Moreover,
Visbeck et al. (1998) showed that the oceanic response to
atmospheric NAO forcing does not result in a seesaw-type
temperature-anomaly pattern at timescales longer than some
decades. Our model results indicate that the low-frequency
oscillations associated with the on and off states of deep con-
vection in the Labrador Sea give rise to a temperature see-
saw between western Scandinavia and West Greenland that
is akin to the seesaw associated with the NAO (e.g. Hur-
rell et al., 2003). However, the underlying dynamics be-
tween the modeled oscillations and the NAO differ funda-
mentally, suggesting that it might be misleading to interpret
climate anomaly patterns in terms of the dominant interan-
nual modes of present-day climate variability across a wide
range of timescales.

With respect to reconstructed climate variations during the
Holocene, our results offer a potential mechanism to explain
the observed low-frequency variability by an internal mech-
anism. However, such an interpretation immediately leads
to the question, which mechanism moves the system into
the bi-stable regime (i.e., provides the continuous freshwa-
ter forcing to the Labrador Sea). The simplest answer may
be that the Holocene climate has been in this mode for most
of the time and that the random nature and small amplitude
of the oscillations simply hampered their coherent detection
at a hemispheric scale. (In addition, the detection is impeded
by stratigraphic uncertainties.) It may equally well be that
the internal oscillations get phase-locked to external (e.g. so-
lar) forcing at multicentennial timescales (Bond et al., 2001),
thus providing an amplifier for the inferred solar forcing of
Holocene climate change. The potential of this mechanism
with respect to Holocene climate variability will be the sub-
ject of a forthcoming study. Finally, we would like to point
out that the temperature fluctuations associated with the os-
cillations are much smaller than the variations associated
with the glacial Dansgaard-Oeschger events (e.g. Voelker,
2002). Moreover, the temperature seesaw between Labrador
Sea and Nordic Seas is not consistent with the overall cool-
ing in the North-Atlantic region during Dansgaard-Oeschger
stadials (e.g. Voelker, 2002). Hence, while we think that the
low-frequency oscillations are important with respect to in-
terglacial climate variability, their role in generating glacial
climate variability is probably small.

5 Summary and conclusions

Our model experiments suggest that interactions between
the Nordic Seas and the Labrador Sea can result in oscil-
lations of the overturning circulation of the Atlantic Ocean
at multicentennial-to-millennial timescales. A continuous
freshwater input into the Labrador Sea can push the large-
scale ocean circulation into a bi-stable regime, which is char-

acterized by phases of active and inactive deep-water forma-
tion in the Labrador Sea. In contrast, deep-water formation
in the Nordic Seas is active during all phases of the oscil-
lations. The near-surface flow through Denmark Strait cou-
ples the two deep-water formation regions through the ad-
vection of density anomalies which always tend to coun-
teract the deep-water formation mode of the Labrador Sea.
The actual timing of the transitions between the circula-
tion states occurs randomly. The oscillations constitute a
3-dimensional phenomenon and have to be clearly distin-
guished from low-frequency oscillations seen previously in
2-dimensional models of the ocean. Experiments with other
3-dimensional climate models, specifically more comprehen-
sive models, should be carried out to test the robustness of
the mechanism that gives rise to the low-frequency AMOC
oscillations in our climate model of intermediate complexity
and their potential interactions with future climate change.
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