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The North Atlantic Oscillation is a meridional oscillation
of atmospheric mass measured between Iceland and the
Açores1,2, which drives winter climate variability in eastern
North America and Europe. A prolonged period of the positive
phase during the 1990s led to the suggestion that anthropogenic
warming was affecting the behaviour of the North Atlantic
Oscillation3,4. However, instrumental records1,5 are too short
to compare observations during periods of extended warm
and cold hemispheric temperatures, and existing palaeoclimate
reconstructions6,7 primarily capture terrestrial variability. Here
we present a record of Sr/Ca, a sea surface temperature proxy,
from a Bermuda coral from 1781 to 1999. We use this monthly
resolved record to reconstruct past variability of the North
Atlantic Oscillation at multiple frequencies. Our record shows
enhanced multidecadal scale variability during the late twentieth
century compared with the end of the Little Ice Age (1800–1850).
We suggest that variability within the North Atlantic Oscillation
is linked to the mean temperature of the Northern Hemisphere,
which must be considered in any long-term predictions.

The North Atlantic Oscillation (NAO) is the dominant mode
of winter pressure variability over the North Atlantic8. In a
positive NAO index (NAOI), both the low-pressure zone over
Iceland (65◦N, 23◦W) and the high-pressure zone over the Açores
(38◦N, 26◦W) are intensified, resulting in changes in the strength,
incidence and pathway of winter storms crossing the Atlantic9. The
NAO’s climatic influence extends from the eastern United States
to western Europe2, impacting human activities such as shipping,
oil drilling, fisheries, hydroelectric power generation and coastal
management (for example refs 2,10). Improving our ability to
predict shifts in the phase and intensity of the NAO is therefore
a prerequisite to mitigating the economic impacts of future
climate change11,12.

Beginning in the early 1950s, the North Atlantic region
experienced extended periods of intense negative and positive
NAOI that are unprecedented in the instrumental record
(Fig. 1a)1. Hypotheses link the anomalous period of positive
NAOI between 1970 and 2000 to anthropogenic warming3,4.
However, short instrumental observations do not constrain long-
term multidecadal NAO behaviour or identify links between NAO
behaviour and mean climate with confidence6,13. One approach to
reconstructing NAO variability beyond the instrumental record has
been the use of tree-ring chronologies combined with ice cores
and historical climate data to capture the terrestrial teleconnections
adjacent to the Atlantic basin6,7.

Terrestrial data, however, do not fully capture oceanic processes
linked to NAO variability. Sea surface temperatures (SSTs) from

the North Atlantic basin correlate with NAO signals at both
interannual and multidecadal scales14, but short instrumental
records from relatively few locations limit our understanding
of ocean–atmosphere dynamics with regard to the NAO. One
multicentury marine record of the NAO has been constructed
on the basis of the relation of mollusc growth rates to mixed
layer depth15 in Scandinavia. However, additional century-scale
observations of NAO variability from marine archives are needed
during intervals of different mean climate in order to understand
NAO variability within the critical North Atlantic basin. Here we
present an SST-based, multifrequency reconstruction of the NAO,
extending back to the end of the Little Ice Age (LIA). It is the first
non-terrestrial reconstruction showing long-term multidecadal
behaviour of the NAO (see Supplementary Information, Fig. S1)
located within the NAO ‘centre of action’ in the western
Atlantic. This NAO record is statistically evaluated for long-term
variability in amplitude and phase, and for whether changes in
behaviour correlate to the shift from cool to warm hemispheric
conditions between the end of the LIA and the late twentieth
century (Fig. 1c).

Winter SST and coral Sr/Ca at Bermuda have been
shown to correlate with the NAO index on inter-annual and
multidecadal frequencies (with positive and negative correlation,
respectively)16–19. Changing latitudinal wind patterns associated
with the NAO alter large-scale Ekman pumping and surface
heat flux, leading to a positive NAO–positive SST relationship
on interannual timescales16. On multidecadal timescales, SST
has an inverse relationship with the NAO at Bermuda. Though
less well understood, this effect is believed to result from both
advection of the interannual signal20–22, which is inverse in much of
the Atlantic beyond Bermuda, and changes in large-scale ocean
circulation, including meridional overturning circulation and
Labrador Sea convection16,17.

A 218-year-long record of the NAO was constructed from
winter coral strontium-to-calcium ratio, a proxy for winter SST
(refs 6,23) (Fig. 1b). Cross-spectral analysis compared the negative
of coral winter Sr/Ca to an NAO record from 1864 to 1999
on the basis of instrumental data1 (Fig. 2a) (see the Methods
section for details of statistical treatments). The comparisons show
significant coherence over two frequency intervals, periodicities
greater than 15 years and periodicities between ∼3 and 5 years
(Fig. 2). At multidecadal frequencies the negative of coral winter
Sr/Ca and NAO records are antiphase, whereas at inter-annual
frequencies they are in phase (Fig. 2b). The phase relationships
of coral Sr/Ca to the NAO record in these two frequency bands
are consistent with SST-NAO analyses from instrumental data and
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Figure 1 Climate records from the North Atlantic region. a, Instrumental record
of the NAO (ref. 1) annually (grey) and 5 year running mean (black). b, Three year
averaged coral winter SST from Sr/Ca (grey) and instrumental data (black) (HadISST
(ref. 35)) versus time. Three year averages are shown, as this is the shortest time
period of coherence between the winter coral Sr/Ca and the instrumental NAO. A
significant coherence (>95%) is found between the winter coral Sr/Ca and SST
(r= 0.44, p= 0.0030, n= 43). c, A multiproxy record of Northern Hemisphere
surface temperature anomalies24—annually (grey) and 5 year running mean (black).

model results16,17,20 (Fig. 2b). The coral does not capture known
NAO variability in 7–10 year periods (Fig. 2c). Although the reason
is not understood, one possibility is the shift between the in-phase
and antiphase relationship.

Coral Sr/Ca reflects a broad spectrum of SST changes, but
not all SST variability at Bermuda is driven by the NAO. At low
frequencies (<0.1 cycles per year), the coral winter Sr/Ca record
shows significant coherence with both the NAO and northern
hemisphere average surface temperature (JSTA)24. The strongest
agreement between the Sr/Ca and JSTA records is due to generally
increasing trends from the earliest part of the records to today
(Fig. 1b,c). However, if the winter Sr/Ca and JSTA records are each
linearly detrended (from 1781 to 1999) before cross-correlation
analysis, then the low-frequency coherence is considerably smaller
and not statistically significant (see Supplementary Information,
Fig. S2). In addition, the instrumental NAO and JSTA records have
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Figure 2 Spectral analysis of regional records. a, The spectral coherence (r)
(solid) between the negative of the winter Sr/Ca and the NAO instrumental records,
including the 95% confidence (dashed), from 1864 to 1999 (the full length of the
NAO record). b, The phase relationship between the Sr/Ca and NAOI records (solid
black), including error calculation (solid grey), surrounding periods of significant
coherence. c, Spectral results of the NAOI (solid black), SST (solid grey) and Sr/Ca
(dashed) from 1871 to 1999, the duration of HadISST, which is the shortest record.
The error bar represents 90% confidence.

no significant correlation at frequencies less than 0.08 cycles per
year. While temperature seems to be gradually increasing from
1864 to 1999, the NAO does not show a similar secular trend
(Fig. 1, Supplementary Information, Fig. S2). We therefore apply
a 20–100 year band-pass filter to remove the very low-frequency
(<0.01 cycles per year) trend in the Sr/Ca record, which seems to
reflect hemispheric mean temperature and is probably dominated
by climate processes other than the NAO, such as solar variability
and anthropogenic warming25.

On the basis of these results, coral Sr/Ca was used to reconstruct
the NAO (Fig. 3a) by filtering the Sr/Ca record to isolate the
two frequency bands where the coral data are coherent with the
NAO. To evaluate this approach, the same process was applied to
instrumental SST and NAO data; the 3–5 year coherence is 0.40
(95% significant, neffective = 124) and the 20–100 year coherence is
−0.47 (95% significant, neffective=24), both with the expected phase
relationship. These results agree well with those found for the Sr/Ca
and instrumental NAO (Fig. 2a,b, Table 1).

To compare NAO behaviour back through time, 3–5 year
and 20–100 year filters were also applied to NAO records from
both instrumental sea-level pressure data1 and a compilation
of instrumental pressure, temperature and precipitation data
primarily from Europe7 (Fig. 3). The maximum lagged (±1 year)
correlations of the interannual (3–5 year band) coral Sr/Ca NAO
reconstruction to the NAO proxy record7 show minimal differences
between the warmest period of the twentieth century (1950–1997)
and the end of the LIA (1800–1849) (Table 1). In addition, the
mean variance of the interannual Sr/Ca NAO record does not
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Figure 3 NAOI records and wavelet analysis. a, Records of the NAOI combining periodicities of 20–100 years and 3–5 years from coral Sr/Ca (red), instrumental1 (dark
blue) and terrestrial7 (light blue) data. b, 3–5 year band-pass filter of Sr/Ca, instrumental and terrestrial data. c, Square root of the variance in spectral power over a 3–5 year
frequency band for coral Sr/Ca and for terrestrial data. d, 20–100 year band-pass filter of Sr/Ca, instrumental and terrestrial data. e, Square root of the variance in spectral
power over a 20–50 year frequency band for coral Sr/Ca and for terrestrial data7.

Table 1 Correlation (r ) between the negative of the winter coral Sr/Ca and
instrumental and proxy records of the NAO.

Instrumental and proxy records

Hurrel Luterbacher

Inter-annual (3–5 year) correlations (r )
1950–1996 0.48∗ 0.36∗
1800–1849 0.29∗

Multidecadal (20–100 year) correlations (r )
1875–1985‡

−0.76∗ −0.77∗

1950–1985 −0.82∗ −0.79†

1800–1849 −0.49
∗95% significant.
†90% significant, with n adjusted for auto-covariance due to filtering.
‡Correlation of maximum overlap of the three records. Interannual correlations are maximum lagged correlations
(±1 year).

differ between the two time periods within statistical significance
(variance 1948–1997 = 0.00017, variance 1800–1849 = 0.00011,
F-test statistic F= 1.6,95%, neffective= 49).

In the multidecadal (20–100 year) frequency band, the
Sr/Ca NAO shows a strong correlation to the instrumental and
proxy NAO records (Table 1). Separating the records into the
beginning of the nineteenth century (1800–1849) and the end of
the twentieth century (1936–1985) shows that, during times of
warm hemispheric mean temperatures (Fig. 1c), the coral record
has a stronger coherence with the terrestrial proxy NAO record
(r =−0.80 warm, r =−0.49 cold) (Table 1). Age model bias in
either reconstruction is expected to be less than 15 years, and
is unlikely to explain the change in coherence of the marine
and terrestrial records (Table 1). A change in stationarity of the
NAO spatial pattern could result in reduced correlations between

terrestrial and marine NAO records during the LIA, or lead to
increased influence of other local climate systems. However, such
changes would need to occur in both marine and terrestrial regions
to explain the two consistent NAO records.

Simultaneous to the reduction in multidecadal coherence
is a significant reduction in variance during intervals of
colder hemispheric temperature relative to warmer temperatures
(variance 1800–1849=5.1×10−5, variance 1936–1985=55×10−5,
F = 10.7, 95% significant, neffective = 9). A similar result was noted
in a reconstruction based primarily on tree rings6, but the lack of
a low-frequency variability in the proxy record (see Supplementary
Information, Fig. S1) makes the comparison of multidecadal trends
between the LIA and the twentieth century uncertain.

To illustrate this change in variance, wavelet analysis of the
unfiltered coral winter Sr/Ca (marine) and Luterbacher et al.7

(terrestrial) NAO records, using a Morlet basis function26, was
carried out at 3–5 year and 20–50 year periodicities. In the 3–5 year
frequency band, intervals of elevated spectral power are observed
during both warm and cool periods. This result is consistent with
amplitude variance results presented previously. The multidecadal
power is not equally distributed through time and seems to be
tied to hemispheric temperatures (Fig. 3c). The spectral power
in both independent records is greatest during the warmest part
of the record (1920–1960), and weakest during the earlier cooler
interval. This result is consistent with the amplitude variance results
and is clearly visible in the records themselves (Fig. 3a,d). The
increase in multidecadal NAO variability suggests an influence of
anthropogenic warming that occurs simultaneously with a stronger
ocean–atmosphere connection. Reduced low-frequency variance
in the NAO, and subsequent decreased signal-to-noise ratio in
both marine and terrestrial NAO reconstructions remains the most
likely explanation for the reduced correlation between NAO records
during the LIA (Table 1).
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The new coral Sr/Ca marine record shows that at multidecadal
frequencies NAO behaviour is correlated to shifts in hemispheric
mean temperature, with greatly increasing power in both marine
and atmospheric NAO records with increasing temperatures
(Fig. 3). Intervals of both positive- and negative-phase NAO occur
both during the LIA and the late twentieth century. Anthropogenic
warming does not therefore seem to be altering whether the NAOI
is positive or negative at multidecadal timescales, but rather it seems
to be acting to increase NAO multidecadal variability, suggesting
that prolonged intervals of extreme positive and negative NAO
index will probably continue if temperatures continue to rise.

Internationally, climate modelling groups are investing
significant effort to develop regional climate forecasts for the
next several decades for applications such as climate adaptation27.
Elevated multidecadal variance of the NAO relative to historical
knowledge could complicate these efforts and result in a decrease
in climate predictability for the North Atlantic Basin over the next
several decades. Because the transitions between extended periods
of more strongly positive or negative NAO index are currently
difficult to forecast, the resulting climate anomalies may overwhelm
the more gradual (and perhaps more predictable) anthropogenic
climate trends on these timescales. However, a broad distribution of
marine records could advance our knowledge of NAO–SST linkages
at the multidecadal scale, and, together with the long timescales of
decadal SST trends, serve to improve future projections of the state
of the NAO.

METHODS

A brain coral (Diploria labyrinthiformis) was collected live in May 2000 from
the southeastern edge of the Bermuda platform (64◦W, 32◦ N) at 16 m depth.

The coral NAO proxy is based on the inverse relationship between winter
(December–March) coral Sr/Ca and winter SST (refs 6,23) (Fig. 1b), which has
been shown to have no interannual growth-rate influences25,28.

X-radiographs of 5-mm-thick slabs cut along the axis of maximum growth
of the brain coral reveal well-defined seasonal (summer–winter) growth bands.
Using the x-radiographs as a guide, samples were drilled down the length of
the solid septotheca (calyx wall) at 0.33 mm intervals to achieve approximately
monthly resolution from 1781 to 1999. Sr and Ca were measured simultaneously
on an inductively coupled plasma atomic emission spectrometer at Woods Hole
Oceanographic Institution. Materials and methods can be found in greater
detail in previous publications25,28.

Density banding from X-rays was used to construct an annual age
model that was refined by maximizing the correlation of monthly Sr/Ca to
monthly averaged SSTs measured at nearby ocean Hydrostation S. Beyond the
instrumental record, months were assigned by correlating Sr/Ca to an average
seasonal climatology of the Hydrostation S data. The coral data were then
re-sampled at evenly spaced monthly intervals to identify winter months. Some
age model error is anticipated owing to noise in the Sr/Ca record and in the
X-ray images of the annual bands, which could serve to either add or eliminate
years inappropriately. However, it is more likely that the coral age model will
be biased because of missing years (bands), resulting from years of little or no
growth. This bias is likely to reach a maximum between 1830 and 1865, when
growth rates were lowest25.

Cross-spectral analysis comparing the negative of the winter Sr/Ca record
to the other instrumental and proxy NAO records is completed using a
non-parametric multitaper method29–32. Results of this method are shown
in Fig. 2a,b and Supplementary Information, Fig. S2. Unless specified (see
caption Supplementary Information, Fig. S2), the records are not detrended or
prewhitened before analysis. We used ten windows for the multitaper method.
95% confidence is tabulated from a Gaussian process33 using degrees of freedom
estimated from the number of windows (NW) used in the multitaper method
from the following equation:

degrees of freedom=NW∗2−1.

Error estimates on phase relationships were generated using a Monte Carlo
simulation in which 50 probable and accurate realizations were generated from
stationary white-noise processes.

Records of the NAO at the pertinent frequencies were then generated
with Hanning window band-pass filters selecting frequencies between 3 and
5 years per cycle and 20 and 100 years per cycle. The two filtered time-series
were then combined by addition for the NAO instrumental record and the
instrumental and terrestrial-based proxy record. In the case of the Sr/Ca record,
the 20–100 year frequency band (antiphase to the instrumental NAO record)
was inverted before adding to the 3–5 year band.

The length of the multidecadal record was maximized by shortening the
Hanning window on each end of the record. In order to maintain the validity of
the record, the shortest window used was a 20–30 year filter on either end. This
shortens the original record by a total of 28 years, losing 14 years at both the
start and the end of the reconstruction.

Significance levels used to evaluate the coherence results in Table 1 and in
variance analysis carried out on the band-pass-filtered records presented in the
text were calculated on the basis of an effective number of degrees of freedom
that took into account the covariance due to the band-pass filters. This was
carried out by calculating the auto-covariance from the zero lag to the first zero
crossing described in ref. 34 (pp. 261–263).

Spectral analysis shown in Fig. 2c and Supplementary Information, Fig. S1
was generated using Hamming windows with 50% overlap. The analysis was
carried out after subtracting the mean from each record to centre the values
on zero and then dividing by the standard deviation to normalize variance.
The length of the records corresponded to that of the shortest record in the
comparison, so that each record is examined over the same time period. Data
in Fig. 2c were truncated from 129 to 128 data points and had five overlapping
windows. Data in Supplementary Information, Fig. S1 were padded with zeros
to 256 data points (from 140) and thus had 11 overlapping windows. The error
bar shown represents 90% confidence.

Wavelet analysis shown in Fig. 3 was carried out on the winter-time Sr/Ca
and terrestrial proxy record, using a Morlet basis function, following previously
published methods26. Neither record was treated in any way before analysis.
The multidecadal variance band was extended only to 50 year periodicities to
enable investigation of the multidecadal power within the confidence limits of
the analysis.
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