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ABSTRACT

The issue of multidecadal variability in the North Atlantic has been an important topic of late. It is clear that
there are multidecadal variations in several climate variables in the North Atlantic, such as sea surface
temperature and sea level height. The details of this variability, in particular the dominant patterns and time
scales, are confusing from both an observational as well as a theoretical point of view. After analyzing results
from observational datasets and a 500-yr simulation of an Intergovernmental Panel on Climate Change
(IPCC) Fourth Assessment Report (AR4) climate model, two dominant time scales (20-30 and 50-70 yr) of
multidecadal variability in the North Atlantic are proposed. The 20-30-yr variability is characterized by the
westward propagation of subsurface temperature anomalies. The hypothesis is that the 20-30-yr variability is
caused by internal variability of the Atlantic Meridional Overturning Circulation (MOC) while the 50-70-yr
variability is related to atmospheric forcing over the Atlantic Ocean and exchange processes between the

Atlantic and Arctic Oceans.

1. Introduction

Analysis of multiple datasets of the Atlantic climate
system has shown that many quantities show variations on
a multidecadal time scale. The first analyses (Schlesinger
and Ramankutty 1994; Kushnir 1994) were based on sea
surface temperature (SST) and indicated variability on
a time scale of 50-70 yr. Indeed, when a 10-yr running
mean of North Atlantic SST anomalies is constructed,
the Atlantic is found to have been coldest around 1920
and 1980, and relatively warm around 1950 as well as over
the last decade (Enfield et al. 2001; Sutton and Hodson
2005). Although only a few cycles can be identified from
the instrumental SST record, the variability is often re-
ferred to as the Atlantic multidecadal oscillation (AMO;
Kerr 2000).

Water from the North Atlantic enters the Arctic Ocean
through Fram Strait and the Barents Sea. The return flow
of water from the Arctic occurs mainly via the East
Greenland Current. This exchange forms an oceanic con-
nection between the climates of the Arctic and the North
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Atlantic. Century-long records of sea ice extent in the
Arctic display multidecadal variability (Venegas and
Mysak 2000), which has been referred to as the low-
frequency oscillation (LFO; Polyakov and Johnson 2000).
This variability is strongest in the Kara Sea and decays
toward the Canada Basin (Polyakov et al. 2003a). There
are also multidecadal variations in sea ice transport
through Fram Strait associated with the sea ice extent
variability (Vinje et al. 2002).

The other connection between the North Atlantic and
Arctic climates occurs through the atmosphere. The dom-
inant atmospheric winter variability is the pattern of the
North Atlantic Oscillation (NAO), with its Arctic ex-
tension, the Northern Annular Mode (NAM; Thompson
and Wallace 2001). Although it cannot be demonstrated
that the NAO has any significant preferential frequency,
the Atlantic westerlies were relatively weak in the period
between 1940 and 1970, and relatively strong from 1980
to the present. NAO variations impose a relatively well-
known tripolar SST anomaly on the North Atlantic Ocean
on seasonal to interannual time scales (Eden and Jung
2001; Alvarez-Garcia et al. 2008), while the low-frequency
response of the ocean to the NAO is more of a basin-wide
single-sign pattern (Visbeck et al. 2003).

A mechanistic understanding of the phenomena of
multidecadal variability is important for several reasons.
There are strong indications that summer temperatures
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in western Europe and precipitation variations, in par-
ticular in the continental United States, are related to
the AMO (Enfield et al. 2001; Sutton and Hodson 2005).
Second, multidecadal variations may contribute to changes
in global mean surface temperature and hence may al-
ternately mask and enhance temperature and precipi-
tation changes due to increasing levels of greenhouse
gases (Zhang et al. 2007). Third, if there are preferred
patterns of multidecadal variability, then these may play
a significant role in climate predictability on these time
scales (Griffies and Bryan 1997; Keenlyside et al. 2008).
Finally, understanding this variability is an important
component of any general theory of climate variability
and climate change.

This study is motivated by the rather contradictory
results that have appeared in studies with general circu-
lation (climate) models (GCMs) of multidecadal vari-
ability in the North Atlantic climate system. A time scale
of SST variability close to 25 yr has been found in several
GCMs (Timmermann et al. 1998; Cheng et al. 2004; Dong
and Sutton 2005). On the other hand, Jungclaus et al.
(2005) and Vellinga and Wu (2004) found dominant At-
lantic SST variability on time scales of 70 and 100 yr,
respectively. A variety of mechanisms of the phenomena
(Delworth et al. 1993; Vellinga and Wu 2004; Jungclaus
et al. 2005; Knight et al. 2005) have been suggested based
on GCM results. Some suggest that coupled ocean—
atmosphere interaction (Timmermann et al. 1998) is nec-
essary. Others explain it as a dynamical oceanic response
to atmospheric low-frequency variability (Delworth and
Greatbatch 2000). Finally, a central role for the Atlantic—
Arctic connection has been suggested (Jungclaus et al.
2005), while others attribute a role to processes in the
tropical Atlantic (Vellinga and Wu 2004; Knight et al.
2005).

In this paper, we analyze results from many observa-
tional datasets and from a long simulation of version 2.1
of the Geophysical Fluid Dynamics Laboratory’s Cou-
pled Model (CM2.1) to provide a more detailed picture
of North Atlantic multidecadal variability and the dom-
inant processes involved. Our study provides support to
the hypothesis that there are two dominant time scales
of multidecadal variability in the North Atlantic climate
system: a 20-30- and a 50-70-yr variability. We argue
that the 20-30-yr variability is caused by internal vari-
ability of the Atlantic Meridional Overturning Circula-
tion (MOC), while the longer 50-70-yr variability is
related to low-frequency atmospheric forcing and Arctic—
Atlantic exchange processes.

In section 2 we (re)analyze both oceanic, atmospheric,
and cryospheric observations as well as a control simu-
lation of the GFDL CM2.1 with a focus on the dominant
time scales of the multidecadal variability in the North
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FIG. 1. (a) Time series (linearly detrended and smoothed with
a 10-yr running mean filter) and (b) SSA spectrum of the (un-
smoothed) CET record. The dashed curve is the 99% significance
level using red noise as the null hypothesis.

Atlantic and Arctic Oceans. In section 3 we study the
spatial patterns of variability by using Multichannel Sin-
gular Spectrum Analysis (M-SSA; Ghil et al. 2002), and
in section 4 we discuss possible mechanisms for the 20—
30- and 50-70-yr variability. Our main conclusions are
presented and discussed in section 5.

2. Dominant multidecadal time scales

In this section, we consider the temporal signature of
North Atlantic climate multidecadal variability using ob-
servations (section 2a) and GCM results (section 2b).

a. Observations

The fact that the North Atlantic SST observations used
to define the AMO are at most 150 yr long gives rise to
problems in detecting and understanding multidecadal
variability. We can, however, also study variability in the
North Atlantic Ocean by using land-based observations,
since the basin-wide temperature anomalies that char-
acterize the AMO affect the climate of the surrounding
landmasses (Sutton and Hodson 2005).

There are only a few directly measured time series
from which multidecadal variability can be reliably de-
termined. One of these is the central England (CET)
record, which dates back to the second half of the sev-
enteenth century (Fig. 1a). The SSA spectrum (Ghil and
Vautard 1991) of this time series (Fig. 1b) indicates that
the dominant time scales of variability are in the 20—
30-yr band (consistent with the analysis of this time series
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FIG. 2. (a) Time series (linearly detrended and smoothed with a
10-yr running mean filter) and (b) SSA spectra of the (unsmoothed)
net snow accumulation rates (in mm of water equivalent per year)
for two Greenland ice cores (Banta and McConnell 2007). The
dashed curves are the 90% significance level.

presented in Plaut et al. 1995) and at approximately 70 yr.
Both of these peaks are significant at the 99% level.

In the absence of other long instrumental time series,
we turn to proxy records. Proxy data go back longer
in time, but for these data an additional interpretation
step is needed. Long series of net snow accumulation
rates in central Greenland were obtained by Banta and
McConnell (2007), and the time series and SSA spectra
of the two longest of their four records are shown in Fig. 2.
Both cores show variability at periods of 20-30 yr that is
significant at the 90% level.

So why is it that the CET and Greenland ice cores
show a dominant 20-30-yr variability while the basin-wide
SST variability is suggested to have a dominant 50-70-yr
variability (Schlesinger and Ramankutty 1994; Enfield
et al. 2001)? To explain this we consider so-called lat-
itudinal AMO indices, where the 10-yr running mean of
the North Atlantic SST anomaly in 10° latitude bands
is determined (Fig. 3) using SSTs from version 2 of the
Hadley Centre Sea Surface Temperature (HadSST?2)
dataset (Rayner et al. 2006). Before about 1900, the vari-
ability at low latitudes appears to be out of phase with the
variability at midlatitudes, so that the basin-wide-averaged
variability (solid black curve in Fig. 3) is very small. This
may also be due to the scarcity of data during this period.
After 1900 the variability is much more coherent over
latitude, with the cooler period around 1950 being much
more pronounced at lower latitudes than at higher
latitudes. The 20-30-yr component is dominant in each
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F1G. 3. Latitudinal band averages of temperature anomalies in
the North Atlantic from the HadSST2 dataset. The solid black
curve shows temperature anomalies averaged over the basin from
10°to 90°N, the dashed black curve shows anomalies averaged from
10° to 20°N, the solid gray curve from 30° to 40°N, and the dashed
gray curve from 50° to 60°N. A 10-yr running mean filter has been
applied to remove short time-scale variability.

individual latitudinal band, but although it remains vis-
ible in the basin-wide AMO index (AMOI), it appears
to be overwhelmed by the 50-70-yr component. Further
signatures of the 20-30-yr variability were found from
the analysis of subsurface temperature (XBT) data in
Frankcombe et al. (2008). Although there are only
subsurface data from 1960 to 2000, it was suggested
that the dominant period of variability is 20-30 yr. In
Frankcombe and Dijkstra (2009), it is shown that tide
gauge data around the North Atlantic also support the
notion of a dominant time scale of 20-30 yr.

Apart from temperature (and salinity) anomalies in
the North Atlantic Ocean, there are many other signa-
tures of multidecadal variability in the North Atlantic
climate system. In the Arctic, sea ice extent, the tem-
perature of the Atlantic core water, and the atmospheric
surface temperature all vary on multidecadal time scales
(Venegas and Mysak 2000; Polyakov et al. 2003a,b, 2004;
Divine and Dick 2006), with indications of a 50-70-yr
period. In addition, there are the decadal-scale appear-
ances of the Great Salinity Anomalies (GSAs) in the
North Atlantic, of which several are thought to be con-
nected to large sea ice exports out of the Arctic (Belkin
et al. 1998). This makes the Arctic a likely candidate for
affecting variability in the North Atlantic on the time
scales of interest.

It is clear that variability in the North Atlantic Ocean
propagates toward the Arctic through Fram Strait as
well as along the Norwegian coast into the Barents Sea.
Long time series of observations of sea ice extent in four
Arctic seas are available and are plotted with the AMOI
in Fig. 4a. As has already been shown by Polyakov et al.
(2004), there is substantial multidecadal variability in
sea ice extent, and correlations with the AMO index
(significant at the 95% level in the Kara Sea; see Fig. 4b)
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FI1G. 4. (a) Observations of sea ice extent (smoothed with a 10-yr
running mean filter) in four Arctic seas (from Polyakov et al.
2003a) along with the basin-wide AMOI (10°-90°N) and (b) cor-
relations between each of them and the AMOI. The dotted line
represents the 95% confidence interval.

show that a high AMO index precedes a minimum in sea
ice extent. This is consistent with the propagation of warm
Atlantic water into the Arctic causing a decrease in sea
ice.

From the observations it is clear that, in addition to
the previously described 50-70-yr variability found in
the North Atlantic and Arctic, a dominant time scale of
20-30 yr may be found in SST over the North Atlantic as
well as in temperatures in central England and net snow
accumulation rates in Greenland.

b. GCM results

Several models from the Coupled Model Intercom-
parison Project (CMIP) suite (Stouffer et al. 2006) dis-
play clear multidecadal variability in the North Atlantic.
We focus here only on the model control simulations,
which have a time integration interval of longer than
500 yr. In particular, the recent analysis (Zhang 2008)
of the 1000-yr control simulation of the GFDL CM2.1
model shows dominant variability on the 20-30-yr time
scale (Fig. 2b in Zhang 2008). The first EOF shows a
dipolar pattern in both SSH and subsurface temperature
with strong positive anomalies south of Greenland and
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FIG. 5. (a) Time series (linearly detrended and smoothed with
a 10-yr running mean filter) and (b) SSA spectra of two (un-
smoothed) AMOIs (black, surface; gray, subsurface) of the last
500 yr of the CM2.1 control simulation (Zhang 2008). The dashed
curves show the 99% significance levels.

negative anomalies in the Gulf Stream separation re-
gion. We analyzed the last 500 yr of this simulation (for
which data were available) in more detail by looking
at the variability in surface, as well as subsurface, tem-
peratures. The AMO indices (North Atlantic between
10° and 80°N) for SST and for the 300-400-m-averaged
subsurface temperature are plotted in Fig. 5a and their
spectra in Fig. 5b. The basin-wide signal displays vari-
ability on both the 20-30- and 50-70-yr time scales, both
at and below the surface. When the spectra of the AMO
indices (surface and subsurface) are analyzed per lat-
itudinal band (Fig. 6), one finds (similarly to in the ob-
servations) shorter periods at lower latitudes and in the
subsurface and larger periods at midlatitudes and at the
surface. Note that for every latitude, however, the 20—
30-yr subsurface variability has significant energy.

The result from the GFDL CM2.1 model that there
exist two dominant time scales of variability is also in
accordance with some other GCMs in the CMIP suite. In
a 1000-yr control simulation of the third climate con-
figuration of the Met Office Unified Model (HadCM3),
Dong and Sutton (2005) find variability in the Atlantic
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FIG. 6. Spectra of the latitudinal band anomalies of (unsmoothed) temperature in the GFDL CM2.1 control simulation (black, SST; gray,
subsurface). The dashed curves show the 95% significance levels.

MOC with a dominant time scale of about 25 yr. There
is also variability at the 50-70-yr band, but this is not
significant [not even at the 90% level; see Fig. 2 in Dong
and Sutton (2005)], although there is significant variabil-
ity at the 100-yr time scale. Vellinga and Wu (2004) an-
alyze this 100-yr variability in a 1600-yr control simulation
of HadCM3. From the anomaly patterns of the model
at this time scale, it is clear that there is no westward
propagation and that the time scale is too long for their
mechanism to be a plausible candidate for the 20-30-yr
variability as found in the observations. The HadCM3
model simulation, however, also shows variability at the
20-30-yr time scale (Fig. 4 in Vellinga and Wu (2004)).
Jungclaus et al. (2006) analyze a 500-yr control inte-
gration with the ECHAMS5-Max Planck Institute Ocean
Model (MPI-OM) and find pronounced multidecadal
fluctuations in the Atlantic MOC and associated heat
transport with a period of 70-80 yr. From a different
simulation with the same model (Sterl et al. 2008), it
appears that the dominant variability in the AMO index
is in the 20—40-yr band. Variability on the longer time
scale (50-80 yr) also exists but it is not significant at the
95% level (van Oldenborgh et al. 2009).

3. Dominant spatial patterns

Because of the relatively short observational time se-
ries (approximately 150 yr of SST and SLP), it is difficult

to extract a dominant pattern of multidecadal variability
with much confidence. Kaplan et al. (1997) and Delworth
and Mann (2000) present a reconstruction of a signal with
an approximately 50-yr period that shows a near-standing
pattern in SST and SLP. The SST pattern is basin wide
with the largest anomalies appearing south of Greenland.

In the GFDL CM2.1 model results, however, much
more detail on the spatial patterns can be obtained. In
the meridionally averaged Hovmoller diagrams at the
surface (Fig. 7a), the dominant period appears to be 50—
70 yr, while in the subsurface data (especially in the
western part of the domain) the anomalies have larger
amplitude and the shorter period appears to be domi-
nant (Fig. 7b). The difference between the dominant time
scales of variability at different depths is most clearly seen
in Fig. 7c, in which the upper part of the plot shows the
basin-averaged temperature anomalies at various depths.
The lower plot shows a Hovmoller diagram of time versus
basin-averaged temperature anomalies down to a depth
of 1000 m. The time scale of the variability is shortest in
the subsurface (near 200-300-m depth) and is longer both
above and below this depth.

An M-SSA analysis was performed on the model re-
sults, focusing on the periods and horizontal patterns of
temperature and salinity at the surface and at a depth of
400 m, both over the North Atlantic up to the Arctic
Basin (with the domain 18.7°-90°N and 78°W—40°E) and
over the Arctic alone (domain north of 70°N). The depth
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FIG. 7. (a) Basin-averaged AMOI (left) and a Hovmoller diagram of meridionally (10°-90°N) averaged SST
anomalies (right) from the last 250 yr of the CM2.1 control simulation. (b) As in (a) but for the subsurface 7". (c)
Basin-averaged 7" at different depths (top) and a Hovmoller plot of basin-averaged 7" vs depth (bottom). Data have
been smoothed with a 10-yr running mean filter. Negative regions are shaded. The contour interval is 0.1 K in (a) and

(b), and 0.05 K in (c).

of 400 m was chosen since that is the approximate depth
of the layer of Atlantic water in the Arctic Ocean. A
window length of 100 yr was used and the data were not
smoothed beforehand. Two methods of estimating the
lag covariance matrix were used [ Vautard-Ghil (Vautard

et al. 1992) and reduced covariance], as well as two sig-
nificance tests (Monte Carlo and chi squared). A peak
was judged to be significant if it was above the 95% sig-
nificance level in both tests using both estimation methods.
The significant M-SSA modes are listed in Table 1 along
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TABLE 1. Periods and variance of the significant M-SSA modes.
The analysis was carried out over two domains—the North Atlantic
(18.7°-90°N, 78°'W—-40°E) and the Arctic (north of 70°N)—for four
variables: SST, sea surface salinity (SSS), 7400, and S4po. For each
significant mode, the period and percent variance explained are
listed, along with the figure number of the modes whose spatial
patterns are plotted.

Domain Quantity Period (yr) Variance (%) Figure
North Atlantic SST 20-30 7.4 Fig. 8
~15 4.6
SSS 20-30 7.7
T 00 20-30 13.7 Fig. 9
~15 6.6
S400 20-30 15.7
Arctic SST 30-50 52 Fig. 10
20-30 4.6
SSS
T 00 20-30 10.2
30-70 184
30-50 13.6
30 9.5 Fig. 12
20-30 4.2

with the percentage of the variance that they explain and
their periods (where the period was calculated using the
spectra of the principal components of each mode). The
analysis found, in general, that certain periods emerged
repeatedly from the M-SSA analysis; the recurring peaks
were at approximately 15,20-30, 30-50, and 50-70 yr, and
occasionally had a greater than 70-yr peak. However, not
all of these peaks were found to be significant. When the
domain included the North Atlantic, only the 20-30- and
sometimes the 15-yr peaks were significant, while in the
Arctic the longer periods also emerged above the red noise.

Figure 8 shows the leading pattern that results from the
M-SSA analysis of SST anomalies in the GFDL CM2.1
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control simulation. This oscillation has a period of
20-30 yr. Other very similar spatial patterns with pe-
riods of 30-50 and 50-70 yr also emerge, although they
are not found to be significant. The temperature pat-
terns at 400-m depth have their main region of vari-
ability farther south (Fig. 9), although the 20-30-yr
period remains the same. As for SST, similar patterns are
found for longer periods. The M-SSA modes of salinity at
the surface and at a depth of 400 m over this domain show
very similar periods and spatial patterns to the tempera-
ture modes.

M-SSA modes of temperature in the Arctic show that
the dominant variability at both the surface and 400 m is
in the Nordic Seas and the Atlantic section of the Arctic,
as in Fig. 10. The temperature anomalies do not pene-
trate far into the Arctic proper, although some deeper
anomalies do propagate along the continental shelf.
Warm water from the North Atlantic can thus contrib-
ute to melting sea ice in the Arctic marginal seas, which
is consistent with the observations of sea ice extent lag-
ging the AMO index (shown in Fig. 4).

No significant oscillatory variability is found in the sa-
linity at the surface in the Arctic Ocean. There is, how-
ever, significant variability in the salinity at 400-m depth
on a range of time scales. The dominant period is 50—
100 yr. This variability is concentrated in the Beaufort
Sea but anomalies spread over the whole Arctic (Fig. 11).
Coupling between the North Atlantic and the Arctic is
seen in salinity at the same depth but on the shorter 20—
30-yr time scale. Figure 12 shows how a salinity anomaly
from the North Atlantic enters the Arctic and travels
eastward around the basin. Anomalies propagating from
the Arctic back to the North Atlantic would flow through
Fram Strait and along the coast of Greenland and may
provide a mechanism for the so-called Great Salinity
Anomalies (Belkin et al. 1998).

80N

60N
50N
40N
30N

20N 8
60W 40W 20W 0 20E

60W 40W 20W 0 20E

60W 40W 20W 0 20E

FIG. 8. Spatial pattern of the first M-SSA pair of North Atlantic SST, with a period of 20-30 yr, explaining 7.4% of the variance. The
amplitude is arbitrary, negative regions are shaded, and the zero contour is set in boldface.
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Year 7

60W 40W 20W 0 20E

Modes of atmospheric variability over the Arctic can
be studied through an M-SSA analysis of modeled sea
level pressure. The unfiltered time series shows vari-
ability only on shorter time scales (less than 20 yr), but if
the data are filtered to allow periods of between 30 and
100 yr, then significant variability between 30 and 50 yr
becomes apparent (not shown).

4. Physical mechanisms

From the analysis of available observations and con-
trol runs of the Intergovernmental Panel on Climate
Change’s (IPCC) Fourth Assessment Report (AR4) cou-
pled models, it can be concluded that the 20-30-yr vari-
ability is present in both the observations and models, and
that the subsurface temperature signal is associated with
westward propagation. Another signal appears at the 50—
70-yr time scale, and in addition variability at centennial
scales (approximately100 yr) is found in models such as
HadCM3. In section 4a, we discuss a possible mechanism
for the 20-30-yr variability. This is followed by a section

Year O

Year 6

60W 40W 20W 0 20E
FIG. 9. Spatial pattern of the first M-SSA pair of temperature at 400 m 700, with a period of 20-30 yr, explaining 13.7% of the variance.

180

60W 40W 20W 0 20E

where we propose several mechanisms to explain the
50-70-yr variability.

a. Physics of the 20-30-yr variability

The 20-30-yr variability can be understood in terms
of the excited internal mode mechanism as developed
from idealized models (te Raa and Dijkstra 2002;
Frankcombe et al. 2009). Although this mechanism has
already been presented in the literature a few times, we
repeat it here as it is central to explaining the observed
and modeled variability.

The westward propagation of subsurface anomalies is
characteristic of the variations. This westward propa-
gation is associated with Rossby-type dynamics but the
background potential vorticity gradient is set by the
background temperature gradient. In idealized (three-
dimensional primitive equation) ocean models, the back-
ground meridional overturning circulation can become
unstable due to growth of such a propagating and oscil-
latory perturbation (te Raa and Dijkstra 2002; Sévellec
et al. 2009).

Year 12 180

90E

0

FI1G. 10. Spatial pattern of the first M-SSA pair of SST over the Arctic with a period of 30-50 yr, explaining 5.2% of the variance.
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F1G. 11. Spatial pattern of the first M-SSA pair of salinity at 400-m depth S4o0 over the Arctic with a period longer than 50 yr. This pair
explains 35.4% of the variance.

A slight generalization of this mechanism (compared
to that in te Raa and Dijkstra 2002) is provided with
help of Fig. 13. A warm anomaly in the north-central
part of the basin causes a positive meridional perturba-
tion temperature gradient, which induces—via the ther-
mal wind balance—a negative zonal surface flow (Fig.
13a). The anomalous anticyclonic circulation around the
warm anomaly causes southward (northward) advection
of cold (warm) water to the east (west) of the anomaly,
resulting in westward phase propagation of the warm
anomaly. Due to this westward propagation, the zonal
perturbation temperature gradient becomes negative,
inducing a negative surface meridional flow (Fig. 13b).
The resulting upwelling (downwelling) perturbations
along the northern (southern) boundary cause a nega-
tive meridional perturbation temperature gradient, in-
ducing a positive zonal surface flow, and the second half
of the oscillation starts. The crucial elements in this os-
cillation mechanism are the phase difference between
the zonal and meridional surface flow perturbations, and

Year 7

180

the westward propagation of the temperature anomalies
(te Raa and Dijkstra 2002). The time scale of the oscil-
lation is set by the basin-crossing time of the anomalies.
The presence of salinity does not essentially change this
mechanism; density anomalies will take over the role of
temperature anomalies in the description above (te Raa
and Dijkstra 2003).

It was shown in Delworth and Greatbatch (2000) that
while the variability is due to what is essentially an ocean-
only mode, atmospheric noise is crucial to the excitation
of the oscillations. Low-pass-filtered surface heat fluxes
are most efficient at exciting the variations. Frankcombe
et al. (2009) found that atmospheric noise is required to
excite the oscillatory variability to sufficient amplitude
since the meridional overturning is stable under realistic
thermal damping by the atmosphere. The heat flux forc-
ing associated with the low-frequency part of the NAO
(pattern and amplitude) is beneficial for the excitation of
the oceanic variability, as this forcing rectifies the back-
ground meridional overturning.

Year 15

\

(@

FIG. 12. Spatial pattern of the fourth M-SSA pair of S49y over the Arctic with a period of 30 yr, explaining 9.5% of the variance.
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FIG. 13. Schematic diagram of the oscillation mechanism associated with the multidecadal mode caused by the
westward propagation of 7. The phase difference between (a) and (b) is approximately a quarter period. See text and

te Raa and Dijkstra (2002) for a further explanation.

The most convincing characteristic of this mechanism
(i.e., the westward propagation of temperature anoma-
lies) is indeed found in subsurface temperature observa-
tions (Frankcombe et al. 2008). In Fig. 3a of Frankcombe
et al. (2008), which shows a Hovmoller plot of tempera-
ture anomalies, basin (10°~60°N) and vertically averaged
over 300-400 m, westward propagation is easily identi-
fied. For example, the mid-Atlantic subsurface warming
(at 60°W), which was at a maximum around 1978, started
in the eastern part of the basin around 1970 and reached
the western periphery around 1981. The phase differences
between the zonal and meridional temperature differ-
ences show a maximum correlation around 5 yr, which
leads, according to the mechanism above, to an estimate
of the period of approximately 20 yr, consistent with
the variability in the central England temperature re-
cord (Fig. 1). Phase differences between variability on
the eastern and western boundaries of the North Atlantic
are also found in sea level (Miller and Douglas 2007;
Frankcombe and Dijkstra 2009) and can also be explained
by westward-propagating anomalies with a time scale of
20-30 yr.

There is also clear westward propagation in the sub-
surface temperature field in the GFDL CM2.1 control
simulation, as can be seen from Fig. 7b. The SST signal is
much more stationary at the surface in Fig. 7a, which is
also seen in the observations. This difference in propa-
gation can be explained by the theory of te Raa and
Dijkstra (2002), as the background zonal flow is a pa-
rameter in the propagation speed.

Results from other GCMs may be reconsidered in re-
lation to this mechanism. Dong and Sutton (2005) found
two significant peaks in the spectrum of MOC variability
in HadCM3: one at approximately 25 yr and one at ap-
proximately 90 yr. The shorter-period variability was
associated with variations in density in the northern

North Atlantic, with the lagged correlations between
density and overturning strength consistent with the
mechanism discussed here. Delworth et al. (1993) also
found MOC variability lagging density variations, as well
as the westward propagation of anomalies at the surface.

With this many indications of westward propagation
and a mechanism based on clear physics independent of
frictional parameterizations (i.e., only based on thermal
wind), we tend to place a great deal of confidence in the
hypothesis that the 20-30-yr variability can be attributed
to an excited multidecadal internal ocean mode, as in
Dijkstra et al. (2008). We are then left with the issue of
explaining the 50-70-yr variability.

b. Possible causes of the 50-70-yr variability

Considering the results of the analyses above, the 50—
70-yr variability has the following properties distinguish-
ing it from the 20-30-yr variability:

(i) itis more pronounced at the surface than in the sub-
surface in the North Atlantic and

(ii) it is the dominant variability in the Arctic Ocean,
where it seen most clearly in subsurface salinity.

There are several possibilities for the source of the longer-
period variability:

(i) modulation of the 20-30-yr variability,
(ii) excitation by the atmosphere,
(iii) interaction between the North Atlantic and tropi-
cal Atlantic, and
(iv) interaction between the North Atlantic and Arctic.

Each of these will be discussed below.

One possibility is that the 50-70-yr variability is caused
by the same processes as the 20-30-yr variability. In ide-
alized models, where an internal ocean mode is excited by
atmospheric noise, the spectrum shows a broad peak at
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multidecadal frequencies (see, e.g., Fig. 6b in Frankcombe
et al. 2009). This means that both the 20-30- and 50-70-yr
periods could be encompassed by the same spectral peak.
However, Fig. 5 shows that the spectra of temperature
variability in the North Atlantic seem to have distinct
peaks at 20-30, 30-50, and 50-70 yr; thus, it seems that
the variability has a preference for particular periods
rather than being purely red (Hasselmann 1976). This
could be caused by a series of weak oscillations followed
by a particularly strong anomaly, making the period of the
oscillation appear longer than the underlying 20-30 yr.
This hypothesis is borne out by the M-SSA analysis of
temperature and salinity in the North Atlantic in the
GFDL CM2.1 control run, which finds oscillatory M-SSA
pairs at the various frequencies that have very similar
spatial patterns, but only the pairs showing variability at
approximately 30 yr are significant.

A second possibility is that the 50-70-yr variability is
forced by the atmosphere, in particular through multi-
decadal variability of the North Atlantic Oscillation. This
mechanism was considered in the study of Eden and Jung
(2001), where an eddy-permitting ocean GCM was forced
by heat, freshwater, and momentum anomalies of multi-
decadal NAO variability. Although it was found that di-
rect forcing by the NAO heat flux anomalies cannot
explain the SST cooling during the 1970s, for example, it
was shown that a lagged response of the Atlantic MOC
to the forcing can explain this pattern of behavior. Clearly,
the variability in Eden and Jung (2001) is on a much larger
time scale than the 20-30-yr variability (e.g., their Fig. 3)
and so the NAO forcing combined with a lagged MOC
response cannot explain this shorter time-scale variability.
Eden and Jung (2001) also show that the variability is
mainly temperature controlled (i.e., salinity is not essen-
tial for its existence). Note that if the atmospheric forcing
mechanism above describes the primary processes of the
50-70-yr variability, we would expect variability in the
MOC on both the (internal) 20-30- and the (forced) 50—
70-yr time scales.

A third possibility for the source of the 50-70-yr var-
iability is modulation of the 20-30-yr variability by a
tropical connection. Vellinga and Wu (2004) found that
centennial fluctuations in the strength of the meridional
overturning in HadCM3 were caused by processes in the
tropics, with the period set by the travel time of the sa-
linity anomalies from their generation region near the
equator to the convection region in the subpolar North
Atlantic. This process, however, is on a time scale too long
to cause variability on the 50-70-yr time scale.

Hawkins and Sutton (2007) showed three-dimensional
patterns of propagation of temperature and salinity
anomalies in HadCM3 and found that salinity anom-
alies in the Arctic may also play an important role in the
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variability in that model, although in their case the vari-
ability was also on a centennial rather than multidecadal
time scale.

This brings us to the final possible mechanism that
arises through the interaction of the Atlantic with the
Arctic, which appears to be a mechanism where salinity
plays a crucial role. There is inflow of Atlantic water into
the Arctic, which is a source of multidecadal variability
of sea ice as shown by Polyakov et al. (2004). However,
the signal quickly dissipates along the mean Arctic sub-
surface circulation. The strong and significant subsurface
salinity variability in the Arctic (as found by the M-SSA
analysis) hence indicates that the Arctic has internal
variability on 50-70-yr time scales. This variability may
be associated with the LFO, as suggested by Polyakov
et al. (2004), and possibly also to the GSAs. The LFO
mechanism has an atmospheric component and requires
feedback from the atmosphere to control the inflow of
Atlantic water into the Arctic. This would entail vari-
ability in the atmosphere over the Arctic being on the
same time scale as the Arctic variability. An M-SSA
analysis of sea level pressure over the Arctic does indeed
find long-period variability, but the only significant pe-
riods are between 30 and 50 yr rather than between 50
and 70 yr. We must also consider that the major vari-
ability in the Arctic in this model is in salinity rather than
temperature, and below the surface rather than at the
surface, so that variability in the Arctic atmosphere could
very well be driven by something other than variability in
the Arctic Ocean. While the ocean—atmosphere mecha-
nism of the LFO cannot be discounted, it appears more
likely, in this model, that variability in the Arctic atmo-
sphere is driven by SSTs in the North Atlantic, inheriting
the time scale from there, while variability in the Arctic
Ocean could be generated internally and thus has its own
time scale.

The involvement of the Arctic—Atlantic exchange is
supported by GCM results where such a mechanism
has been suggested to explain multidecadal variabil-
ity. For example, Jungclaus et al. (2005) found that in
the ECHAMS5-MPI-OM model the overturning strength
was affected by density anomalies generated in the Arctic
and the subsequent oscillations had a period of 70-80 yr.
A similar mechanism was suggested by Delworth et al.
(1997) to explain 40-80-yr oscillations in the GFDL model.
The Arctic exchange mechanism would be most visi-
ble at high latitudes and at the surface of the Atlantic
Ocean, while one would not see strong subsurface sig-
nals, which is consistent with the distinguishing proper-
ties of the 50-70-yr variability discussed above. The role
of the GSAs and subsequent changes in the Atlantic
MOC is not clear: results on how the MOC changes due
to salinity anomalies appear to be very model dependent,
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with Zhang and Vallis (2006) finding a strong response
but Haak et al. (2003) indicating hardly any.

5. Summary and conclusions

In this paper an analysis of time scales and patterns of
North Atlantic multidecadal variability was presented.
Explaining this variability is a daunting task because of
the lack of data and a multitude of possible processes that
may be involved and that may not be limited to the North
Atlantic itself. The main result of this paper is that there
are indications from observations, as well as GCM re-
sults, for dominant variability at both 20-30- and 50-70-yr
time scales.

The 20-30-yr variability is clearly visible in midlatitude
subsurface temperature fields both in the observations and
in the GCM simulations. M-SSA analysis of the GFDL
CM2.1 output shows that the spatial subsurface patterns
in the North Atlantic display westward propagation,
consistent with the observations. As this propagation is a
characteristic feature of the excited internal ocean mode
mechanism, this mechanism is the best candidate to ex-
plain many of the features of the 20-30-yr variability.

The simplest explanation for the longer-period (50—
70 yr) variability is a modulation of the shorter-period
(20-30 yr) variability. This would lead to both periods
being visible in the spectrum of MOC variability, but
would not explain why the longer-period variability is
most pronounced in high-latitude SST anomaly fields,
nor the depth dependence of the time scale of basin-
averaged temperature anomalies in the GFDL CM2.1
control simulation, as shown in Fig. 7c. M-SSA analysis of
the GFDL CM2.1 model results suggests that the source
of the 50-70-yr period variability is an oscillation seen in
salinity at 400-m depth in the Arctic. Note that 400 m is
the approximate depth of the layer of Atlantic water in the
Arctic. While the low-frequency oscillation of Polyakov
et al. (2004) is an attractive explanation for this variability,
we can find no firm basis for it in the GFDL model results.
An alternative is that the inflow from the Atlantic may be
exciting an internal salinity mode in the Arctic Basin,
which, in turn, feeds anomalies back into the North At-
lantic on longer time scales. This then suggests that GSAs
are coupled to the internal variability of the Arctic.

Finally, these results may start the discussion of what
one really calls the AMO. As research has developed, it
would probably be better to reserve the term AMO for
the longer 50-70-yr variability while referring to the 20—
30-yr variability as the Atlantic interdecadal oscillation
(AIO). In this case the AMO index needs to be redefined.
Measurements of SST remain the most accessible method
for constructing an index, but the domains may be al-
tered. Restricting the domain, as in Fig. 3, to a narrower

FRANKCOMBE ET AL.

3637

latitudinal band (e.g., 50°~60°N) would suffice for an index
for the interdecadal variability, while the multidecadal
variability could be indexed by expanding the domain to
include the Arctic. This would allow a distinction between
the various time scales and patterns of variability.
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