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[1] Tide gauge records from around the North Atlantic
are examined and found to show variability on 20–30 year
time scales. Sea surface height variability along the western
boundary of the North Atlantic shows a particularly strong
and coherent signal. Similar variability is also found in an
ensemble of runs using a state-of-the-art climate model
(GFDL CM2.1). This sea surface height variability is linked
to variability of temperatures in the upper layers of the ocean
and thence to the Atlantic Multidecadal Oscillation. The
variability is consistent with the excited internal ocean
mode mechanism of multidecadal variability derived from
idealised models and the timescale is consistent with that
derived from observations of sub-surface temperature
variability. Citation: Frankcombe, L. M., and H. A. Dijkstra

(2009), Coherent multidecadal variability in North Atlantic sea level,

Geophys. Res. Lett., 36, L15604, doi:10.1029/2009GL039455.

1. Introduction

[2] Investigations of multidecadal climate variability in
the North Atlantic were originally based on a spatial sea
surface temperature (SST) pattern which varies on a time
scale of 50–70 years [Schlesinger and Ramankutty, 1994;
Kushnir, 1994]. Since then global signatures of the so-called
‘Atlantic Multidecadal Oscillation’ (AMO) have been deter-
mined [Enfield et al., 2001; Sutton and Hodson, 2005].
General Circulation Model (GCM) studies have suggested
a range of mechanisms for the phenomenon [Delworth et al.,
1993; Timmermann et al., 1998; Vellinga and Wu, 2004;
Dong and Sutton, 2005; Jungclaus et al., 2005; Knight et al.,
2005]. An important element common to all these mecha-
nisms is a link between the AMO and the strength of the
Atlantic meridional overturning circulation (MOC). This
relationship is also behind the internal ocean mode mecha-
nism for the AMO found in idealised ocean models [te Raa
and Dijkstra, 2002].
[3] The time scale of the variability however, remains to be

satisfactorily explained. Enfield and Cid-Serrano [2006]
found that the long period of the AMO in the observational
record is anomalous compared to a proxy reconstruction.
In addition, in many GCMs the dominant variability in the
North Atlantic has a time scale closer to 20–30 years
[Timmermann et al., 1998; Cheng et al., 2004; Dong and
Sutton, 2005] rather than 50–70 years. Jungclaus et al.
[2005] and Vellinga and Wu [2004], on the other hand, found
Atlantic variability on time scales of 70 to 100 years,
respectively. These different results, combined with the

limited number of observations, have led to some confusion
about the characterization of the AMO.
[4] Variability on 20–30 year time scales was recently

found in sub-surface temperature observations in the North
Atlantic [Frankcombe et al., 2008]. This, in addition to the
GCM results, indicates that multidecadal variability in the
North Atlantic may not be limited to the 50–70 year time
scale.
[5] Variability in decadal rates of sea level change was

observed by Holgate [2007], while Zhang [2008] showed
that sea surface height (SSH) in the North Atlantic is highly
correlated with upper ocean temperature. Yan et al. [2004]
analysed SSH variations in northwest Europe and suggested
that SSH changes are related to changes in heat content and
heat fluxes. In light of the inter- to multidecadal variability
observed in upper ocean temperatures [Molinari et al., 1997;
Frankcombe et al., 2008] it is interesting to analyse long SSH
records for similar signals. Tide gauge data have been used to
study SSH variability over a range of temporal and spatial
scales, from local interannual variability to global mean sea
level changes [Unal and Ghil, 1995]. Here we investigate
decadal to multidecadal variations in SSH as measured by
tide gauges on either side of the North Atlantic. In addi-
tion we compare the observed variability with an ensemble
of four GCM simulations.

2. Data and Model

[6] The data used in this study consists of Revised Local
Reference (RLR) records from the Permanent Service for
Mean Sea Level [Woodworth and Player, 2003]. Annual
means from the longest available records from stations along
the eastern andwestern boundaries of the North Atlantic were
selected, linearly detrended and smoothed with a ten year
running mean. Analysis showed that the inverted barometer
correction has a negligible effect on the results so only the
uncorrected data are used here.
[7] Since the available observations are limited in both

spatial and temporal extent we also consider data from an
ensemble of four simulations of the climate of the 20th
century using the Geophysical Fluid Dynamics Laboratory
Climate Model version 2.1 (GFDL CM2.1). Model details
are given by Delworth et al. [2006]. The simulations
cover the period 1860–2000 using historical forcings and
land use changes, with initial conditions for the ensemble
members taken from different times during a pre-industrial
control run. Since we are interested in natural variability of
the climate system rather than the externally forced signal we
remove the ensemble mean from each ensemble member
before analysis. The data has also been smoothed with a
ten year running mean. The AMO in a CM2.1 pre-industrial
control run was analysed by Zhang [2008] and it is clear that
the dominant period is 20–30 years, as is commonly found
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in GCMs, rather than 50–70 years as suggested by early
observations.

3. Multidecadal Variability in Tide Gauge Data

[8] Records of SSH from tide gauges along the eastern
and western boundaries of the North Atlantic are plotted in
Figures 1a and 1b. Individual stations are listed in the
auxiliary material.1 There is notable synchronicity between
the records, particularly along the western boundary of the
North Atlantic. Longer records are available on the eastern
side of the Atlantic and, while not as obvious or coherent as in
the west, the multidecadal variability remains pronounced.
The time scale is clearly 20–30 rather than 50–70 years.
[9] Single time series of SSH along the two coasts are

calculated by averaging the available records for each year
from the stations along each respective boundary. These are
plotted in Figure 1c along with an AMO index (AMOI)
which is calculated by averaging SST anomalies (from the
HadISST dataset) [Rayner et al., 2003] over the North

Atlantic from 10�N to the pole. Results are similar if the
domain 0� to 75�N is used for the AMOI.

4. GCM Results

[10] The AMOI (averaged over the same latitude range
as the observations) of the four CM2.1 ensemble members
are plotted in Figure 2a. All the ensemble members show
generally similar behaviour, although there are small differ-
ences; ensemble member 3 has the most, and ensemble
member 1 the least, regular oscillations. Ensemble member
4 shows slightly longer period variability, closer to 30 than
to 20 years.
[11] We look in detail at the AMO in one ensemble

member. Figure 2 shows Hovmöller plots of tempera-
ture (both at the surface and between depths of 284.5 and
415.8 m) and SSH anomalies for ensemble member 2.
Westward propagating temperature anomalies with a time
scale of 20–30 years are clearly visible below the surface in
Figure 2c, while Figure 2d shows that the propagation is not
visible at the surface. There is a lag between central and
eastern temperatures at the surface of the basin and sub-
surface temperatures on the western side of the basin, as seen
in Figures 2c (left) and 2d (left), particularly in the earlier part
of the time series. Similar features have also been found in
observations [Frankcombe et al., 2008].
[12] To mimic tide gauge measurements in the model the

annual average SSH in the grid points closest to land are
taken. Figures 2b and 2e show SSH anomalies (SSHA) along
the coasts on the western and eastern sides of the North
Atlantic for one ensemble member. Comparing Figures 2b
and 2e we see that the strongest signals in both the east and
west are found in the northern part of the basin and, similarly
to observations, SSH variability is much more coherent with
latitude along the western boundary than in the east. This is in
agreement with Bingham and Hughes [2009] and Yin et al.
[2009], who found coherent signals in SSH along the western
boundary related to the strength of the AMOC with a
negligible contribution from the eastern boundary. Zhang
[2008] found both SST and SSH in the North Atlantic to be
significantly correlated with AMOC strength.
[13] Figure 2 also indicates that SSH in the model shows

the same 20–30 year time scale as temperature. There is a
relationship between temperature and SSH which is partic-
ularly strong in the west, where warm (cool) sub-surface
temperature anomalies are associated with higher (lower)
than average SSH. SSH in the east appears to be more closely
linked to SST, which is in turn related to sub-surface tem-
peratures in the east.

5. Correlations

[14] Westward propagation of anomalies is a characteristic
feature of the internal ocean mode mechanism derived from
idealised models [te Raa and Dijkstra, 2002; Frankcombe
et al., 2009]. This mechanism relies on an out of phase
response of the meridional and zonal overturning to density
anomalies, leading to the westward propagation. This theory
also predicts a lag between temperature anomalies (and
therefore SSHA) on either side of the basin, with high SSH
on the eastern side preceding a high AMOI by zero to a few
years, followed about half a period later by high SSH in the

Figure 1. (a) Records from the eastern boundary of the
North Atlantic (from Tenerife to Norway). Black circles are
the individual tide gauge records and the average is shown
by the red curve. (b) As for Figure 1a but for the western
boundary of the North Atlantic (from Panama to Newfound-
land). The time series from each tide gauge was linearly
detrended before averaging. (c) Averaged SSH anomalies
(SSHA) in the east and west (from Figures 1a and 1b, in
mm, on the left axis), along with the AMO index (AMOI,
in K, on the right axis).

1Auxiliary materials are available in the HTML. doi:10.1029/
2009GL039455.
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