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Abstract
The North Atlantic Oscillation (NAO) plays a leading role in modulating wintertime climate over
the North Atlantic and the surrounding continents of Europe and North America. Here we show
that the observed evolution of the NAO displays larger multi-decadal variability than that
simulated by nearly all CMIP6 models. To investigate the role of the NAO as a pacemaker of
multi-decadal climate variability, we analyse simulations that are constrained to follow the
observed NAO. We use a particle filter data-assimilation technique that sub-selects members that
follow the observed NAO among an ensemble of simulations, as well as the El Niño Southern
Oscillation and Southern Annular Mode in a global climate model, without the use of nudging
terms. Since the climate model also contains external forcings, these simulations can be used to
compare the simulated forced response to the effect of the three assimilated modes. Concentrating
on the 28 year periods of strongest observed NAO trends, we show that NAO variability leads to
large multi-decadal trends in temperature and precipitation over Northern Hemisphere land as
well as in sea-ice concentration. The Atlantic subpolar gyre region is particularly strongly
influenced by the NAO, with links found to both concurrent atmospheric variability and to the
Atlantic Meridional Overturning Circulation (AMOC). Care thus needs to be taken to account for
impacts of the NAO when using sea surface temperature in this region as a proxy for AMOC
strength over decadal to multi-decadal time-scales. Our results have important implications for
climate analyses of the North Atlantic region and highlight the need for further work to understand
the causes of multi-decadal NAO variability.

1. Introduction

The North Atlantic Oscillation (NAO) is the lead-
ing mode of atmospheric variability over the North
Atlantic, characterised by a pressure gradient between
Iceland and the Azores. The NAO exerts a dom-
inant influence on wintertime temperature, precip-
itation, storms and sea-ice cover [1]. A positive
mode of the NAO is associated with more Atlantic
storms, a warmer and wetter Northern Europe, and

a drier Mediterranean, with an opposite climatic
effect during its negative phase. Several studies have
found an important role for the NAO in decadal cli-
mate trends, particularly at mid-high latitudes in the
Northern Hemisphere [2–4]. Long-term variability
in the annular modes (which includes the NAO in
the Northern Hemisphere and the Southern Annu-
lar Mode (SAM) in the Southern Hemisphere) has
also been found to be a primary source of uncertainty
in climate projections in the mid and high-latitudes
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[5]. The important role of the NAO on Northern
Hemisphere climate has led to considerable interest
in its predictability in decadal forecasts [6]. Long-
term variability of the NAO has also been found to
influence ocean dynamics, with positive phases of the
NAO leading to a strengthening of the Atlantic Meri-
dional Overturning Circulation (AMOC) [7], with
possible links to the Atlantic Multidecadal Variability
(AMV) [8].

Several recent studies have found inconsisten-
cies between the observed large scale North Atlantic
atmospheric circulation variability and that simu-
lated by climate models. In particular, it has been
found that climate models underestimate observed
long-term variability in the North Atlantic, as charac-
terised by variability in the NAO and North Atlantic
jet streamonmulti-decadal scales [9, 10]. The explan-
ation behind this apparent discrepancy is still an act-
ive topic of research, with several studies suggest-
ing that models may not be simulating the correct
link between sea surface temperature (SST) and the
jet stream [11–13], while others find that the dis-
crepancy could be due to deficient stratospheric [14],
and/or tropospheric [15] dynamics, or that much of
this discrepancy could be due to external forcings
[6]. O’Reilly et al [16] investigated the importance of
the lack of simulated atmospheric variability on pre-
dicted 21st Century climate, finding that the uncer-
tainty in projections of temperature and precipita-
tion over much of the northern extratropics is often
underestimated.

Here, we use a particle filter model experiment
to investigate the effect that multi-decadal variabil-
ity of the NAO likely had on wintertime climate dur-
ing the 20th Century. Themodel simulations are con-
strained to align with the observed evolution of the El
Niño Southern Oscillation (ENSO), SAM and NAO
variability throughout the simulation period. In this
paper we concentrate exclusively on the effect of the
NAO, with the effect of the other two modes assimil-
atedminimized by concentrating on periods of strong
NAO trends, as well as variables and areas where the
effects of the other modes are expected to be small.
A comparison with simulated variables in uncon-
strained models in these regions, such as North-
ern Hemisphere temperature and precipitation, sea
ice, and Atlantic variability, allows the impact of
this mode of variability to be assessed. The experi-
mental setup is described in section 2, in addition
to the observations used, and the analysis methods
employed. The results of the simulations are discussed
in section 3 where the role of the NAO on long-term
climate variability is investigated and the link to the
AMOC explored. The paper concludes with a discus-
sion of the significance of the results and a brief sum-
mary in section 4.

2. Data andmethods

2.1. Observations
The instrumental datasets used in the analysis presen-
ted in this paper are as follows; HadCRUT5 for sur-
face air temperature (SAT) [17], and HadSST4 for
SST [18]. The 20th Century reanalysis version 3
[19] is employed for sea level pressure (SLP) and
HadISST2 [20] for sea-ice cover. Lastly, GPCC is used
for precipitation [21].

2.2. Model experiments
We analyse a set of experiments with the coupled
atmosphere-ocean model HadCM3 [22, 23]. These
include: a pre-industrial control (piControl) simula-
tion with no time-varying external forcings [24]. A
ten-member ensemble with all CMIP5 external for-
cings covering the period 1780–2008 (Hist) [25, 26]
(for two variables: AMOC and sea-ice cover, only
9-members are available due to a data-processing
error). The particle filter simulations for 1780–2008
(Hist-assim) [27, 28]. A number of ensembles forced
with individual forcings covering the period 1400–
2000, including 4 simulations with only greenhouse
gas forcing (GHG), 3 with only volcanic forcing
(VOLC) [24] and the response to anthropogenic aer-
osols (AER), estimated by calculating the difference
between simulations with all forcings and those with
all forcings except aerosols [24].

Hist-assim uses the same forcings as theHist sim-
ulations but has the evolution of the index of three
modes of variability (i.e. ENSO, SAM and NAO) con-
strained to be close to those observed. Full details
of the particle filter set-up can be found in Schurer
et al [27] and is based on the technique described
in [29, 30]. In this implementation 50 simulations
(or particles) are run for a year at which point the
assimilation retains those which are consistent with
the assimilated observations, namely the Niño 3.4
ENSO index, the Marshall SAM index and a station
based NAO index, defined following Luterbacher et al
[31]. The same number of simulations [32] are then
run for the next year with initial conditions preferen-
tially taken from the simulations which better match
the observed variability of the preceding year, so that
those that are most consistent with the observations
provide starting conditions for multiple new simula-
tions and those which are least consistent are stopped.
The result is a probabilistic distribution of the sim-
ulated variables at each time step as well as a single
continuous simulation (Hist-assim) whose modes of
variability are close to those observed (figure S1).
Given that the experimental setup does not include
any nudging terms, none of simulations can perfectly
match all three assimilated indices simultaneously.
How close the filter tracks each index is determined
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by the relative uncertainty of each of the observed
indices assimilated. For most of the experiment the
filter tracks the NAO very closely, however towards
the end of the 20th century the fit degrades slightly,
as the observations of the SAM and ENSO become
more certain [27]. We therefore focus our analysis on
the period of close alignment (before 1990).

2.3. Analysis methods
To assess the importance of the NAO, trends in
winter (December–March; DJFM) SLP, SAT, precip-
itation and sea ice are calculated for selected peri-
ods in the observations and Hist-assim simulations.
The observed and Hist-assim trends are influenced
by both external forcings and internal variability. To
assess which of these factors are most responsible for
the pattern of trends in the model, results are also cal-
culated for the ensemble mean of theHist simulation
(which will be predominately driven by external for-
cings) and the mean of the five strongest periods of
increasing and decreasing NAO from the piControl
simulations (which will show the influence of the
NAO without any external forcing). The five periods
from piControl are chosen to be independent of each
other, so once a period is chosen, subsequent periods
are selected such that they do not contain any over-
lapping years. We note however that this comparison
does not allow for externally forced NAO trends that
are not captured correctly by the model [6].

We also examine the influence of the NAO as well
as the AMOC on the North Atlantic and in particular
on SST averaged over the subpolar gyre (SPG) region.
The AMOC is defined as the maximum overturning
streamfunction value in theNorthAtlantic and is only
calculated for the model simulations. The SPG region
south of Greenland is defined following Caesar et al
[33] (shown later in figure 2). For the observations
this is calculated using data fromHadSST4, which we
only use after 1873 when data coverage in the region
increases from approximately 50% to over 85%.

To examine a possible link between the NAO on
the SPG we regress a time series constructed from
the NAO index onto the SPG SST using a total least
squares regression to calculate an estimate of the
change in temperature per unit change in theNAO.To
determine the contribution of this interannual effect
on the SST of this region, the NAO timeseries was
then multiplied by the calculated regression coeffi-
cient, in a method similar to Iles and Hegerl [3].

3. Results

3.1. Multi-decadal trends in the NAO
During the 20th Century the NAO timeseries dis-
plays substantial multi-decadal variability includ-
ing periods of large positive and negative trends
(figure 1(a)). To investigate the effect of these trends
on Northern Hemisphere climate we concentrate on
the 28 year periods of strongest positive (1963–1990)

and strongest negative (1920–1947) NAO trends. The
equivalent trends from the Hist ensemble, calculated
over the same periods (to account for any extern-
ally forced component) are much smaller than those
observed (circles top figure 1(b)). This is also the
case for nearly all CMIP6model simulations analysed
(figure 1(b), 187 simulations in total), nearly all peri-
ods of unforced variability in the piControl simu-
lations (see figure S2) and is consistent with results
from CMIP5 [9]. While this comparison focuses on
28 years (a similar time period to Bracegirdle et al
[9] and Eade et al [10] who analysed 30 year peri-
ods), other time periods show similar discrepancies
between models and observations (see figures S3–
S5). This suggests that the model simulations used
either do not capture the long-term NAO variabil-
ity, or the NAO response to forcing or both. Equally,
no CMIP6 projections of the near-term future (the
period 2023–2050) contain 28 year trends as large as
these two observed extremes (figure 1(b), 306 sim-
ulations in total), meaning that if these past trends
were to reoccur, they would lie outside the range
of possible future climates as simulated by present-
day climate models [16]. This potentially repres-
ents a problem for policy makers and other users
of climate predictions who require reliable uncer-
tainty estimates, and highlights the need for further
work to understand the causes of decadal variability
[34, 35].

The Hist-assim simulation, by design, has a real-
istic representation of the NAO throughout this
period (figure 1(a)). Thus, comparison between it,
the observed variability and Hist can be used to
investigate the effect that large multi-decadal trends
in the NAO have had on Northern Hemisphere cli-
mate during particular periods in the past. While
commonly assumed to be a mode of internal vari-
ability, some past work has proposed that much
of the long-term variability in the NAO may be
due to external forcings [6]. Although our particle
filter model setup does not allow us to discrim-
inate between a forced or internal variability sig-
nal, the technique ensures our Hist-assim simulation
more accurately represents the evolution of the NAO
regardless of its cause.

The observed trends in SLP (figures 2(a) and 3(a))
show strong NAO-like patterns in the two periods,
which is expected as these periods were explicitly
chosen as those with the strongest negative and pos-
itive NAO trends. By design the particle filter simula-
tions also show very similar strong NAO-like beha-
viour in the spatial trends for these two periods
(figures 2(d) and 3(d)), which demonstrates that they
can be used to determine the effect of the large NAO
trends on other variables. The Hist ensemble mean
results (figures 2(g) and 3(g)) do not show any large
trends indicating that the driving factor over these
∼30 year time-scales is most likely dominated by
internal variability (at least in themodel simulations),

3



Environ. Res. Lett. 18 (2023) 044046 A P Schurer et al

Figure 1. NAO trends in observations and model simulations. (a) Observed NAO Index (DJFM, Hurrell index, 20CRv3, black)
and NAO index in Hist-assim simulation (green). Maximum and minimum 28 year trend shown (note downward trends in
observations and simulations overlap). (b) Observed and assimilated model 28 year trends for the two periods (vertical lines).
Histograms of trends for all CMIP6 simulations for the period corresponding to the maximum negative trend in observations
(1920–1947 light blue histogram), maximum positive trend (1963–1990 pink histogram) and all SSP simulations for the
near-term future (2015–2042 green histogram). The values for the 10 simulations without assimilation (hist) are shown by circles
for 1963–1990 (red) and 1920–1947 (blue).

with external forcings playing a small role (although
we cannot exclude errors in the modelled response to
external factors).

For winter temperature, the trends simulated by
Hist-assim (figures 2(e) and 3(e)) are very similar to
those observed (figures 2(b) and 3(b)); with warming
over northern Eurasia, cooling over southern Eurasia
and warming over much of North America associ-
ated with the positive NAO trend and the oppos-
ite for the negative trend, in agreement with previ-
ous studies [3, 6]. The similarity to the 28 year trend
patterns associated with strong NAO trends in the
piControl simulations strongly support the NAO as
the main driver on these multi-decadal time-scales.
In key regions, the trends caused by the NAO are
much stronger than the external forced trends simu-
lated by thismodel, demonstrating the important role
of the NAO on Northern Hemisphere winter tem-
perature on multi-decadal timescales; for example,
much of northern Europe and northern America
show temperature trends at least five times stronger in
the assimilated run than the ensemble mean without
assimilation over the period 1963–1990 (see figure
S6). This supports studies that have found that NAO

variability has potential to enhance or mask global
warming [4].

The Hist-assim precipitation trends are also very
similar to observations and are much stronger than
the forced trend simulated by this model (shown by
the Hist ensemble mean). Model simulations have
been found to have difficulty capturing the precipit-
ation trends in Europe during the latter part of the
20th century [13] which highlights the importance
of correctly accounting for this mode of variability.
The pattern is consistent with NAO responses found
previously [3, 4, 6] with an increase in precipitation in
northern Europe and a drying in the Mediterranean
for the period of positive NAO trend, with an oppos-
ite pattern during the period of negative NAO trend.
The winter NAO has also been linked to changes in
the winter monsoon over both northern India [36]
and East Asia [37, 38], and long-term trends in the
NAO have been associated with climate variability
over China [38] and over the Tibetan Plateau [39].
Our study provides further evidence for this link
since there are consistent trends in precipitation in
both models and observations during the long-term
increase in NAO, with increasing precipitation over
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Figure 2. Effect of large negative NAO trend on winter climate. Trends during the period 1920–1947 (corresponding to the 28 year
period of largest negative NAO trend), in winter (DJFM) sea-level-pressure, temperature, precipitation and annual sea ice cover.
Black stippling indicates where assimilated trends are larger/smaller than all 10 of the all-forced simulations. White on the
temperature panels indicates missing data. Purple stippling in panel (k) shows the SPG region.

Figure 3. Effect of large positive NAO trend on winter climate. As in figure 2 but for the period 1963–1990 (corresponding to the
28 year period of largest NAO trend).
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northern India and East Asia. An equivalent increase
is also found in the piControl simulations during peri-
ods of strong NAO trends, which reinforces the evid-
ence of an NAO link.

Simulated annual sea ice trends also show a clear
NAO fingerprint, with the period of increasing NAO
leading to a decrease in sea ice in the Greenland and
Barents Sea, and an increase in the Labrador Sea
(figure 3). The pattern reverses during periods of neg-
ative trends in NAO phase (figure 2). These trends
are consistent with that expected due to an NAO
influence [40]. Furthermore, by comparing the peri-
ods of maximum NAO trends in the piControl sim-
ulations it can be seen that the NAO is the primary
driver of trends during these two 28 year periods. The
observed sea-ice trends are less clear particularly dur-
ing the early period (figure 2), which is to be expected
given that much of the data is infilled based on sparse
observational data coverage and climatology [20]. For
the positive trend period (1963–1990), the observed
sea-ice is based onmore observations so is likelymore
reliable.

To investigate the persistence of the effect of the
Winter NAO on the subsequent months of the year,
we have investigated the 28 year trends in the period
1963–1990 in late spring (April and May), a period
in which the NAO is not assimilated (figure S7). The
effect of the winter NAO is clearest in the sea ice
with similar trends to those seen in winter persisting
in both the model simulations and the observations.
Consistent tends can also be found in Atlantic SSTs in
agreement with previous studies [41].

3.2. Link between the NAO, North Atlantic and
AMOC
The North Atlantic SPG is an area which is strongly
effected by the NAO (see figures 2–4). In this region
a positive correlation (0.41) is found between the
annual mean SST in Hist-assim and observations
(figure 4(a)), which is higher than that between the
observations and any Hist simulation (which range
from −0.22 to 0.26). Given that the only difference
between the two experimental set-ups is the assim-
ilated modes, this improved agreement is very likely
caused by the NAO, since the other modes are not
expected to affect this region strongly and all model
simulations are driven by the same forcings. The
assimilated winter NAO (DJFM) was found to be
anti-correlated with the annual SPG SST in both
the observations (correlation=−0.33) and the Hist-
assim simulation (correlation=−0.42), which could
at least partly explain the similarities between the
simulated and observed SPG timeseries. If the inter-
annual NAO contribution is removed, as described
in section 2.3, there is still decadal variability in
common (correlation = 0.31; figure S10) suggest-
ing that the effect of the NAO must also be acting
on timescales longer than a year, for example due
to persistence in the oceans mixed layer [42, 43]. By

subtracting the forced variability as represented by
the Hist ensemble mean from both observations and
Hist-assim an estimate of the unforced SPG SST vari-
ability can be derived. On multi-decadal scales the
NAO can explainmuch of the variability found in this
region (figure 4(b)), further supporting an important
role of the NAO.

In addition to the effect of multi-decadal NAO
variability, the North Atlantic is also known to be
influenced by large-scale ocean dynamics, particu-
larly the AMOC, with a decreasing strength of the
AMOC causing reduced northward heat transport
and consequently a cooling in the SPG region [33].
The AMOC in turn can be influenced by the NAO
[44, 45]. Instrumental multi-decadal measurements
of the AMOC do not exist, with continuous obser-
vations by the RAPID array at 26◦N only available
since 2004 [46], but some longer term reconstruc-
tions use the SPG index as a proxy for changes in
the AMOC [33]. The particle filter set-up is ideal for
analysing these interdependencies, and the relation-
ship between the NAO and Atlantic SPG SST as well
as the AMOC over the observed period. By analys-
ing theHist ensemble and an ensemble of individually
forced simulations (see section 2.2), we can determ-
ine both the effect of the total forcing on the AMOC
as well as the contribution of different forcings. The
combined forced variability in the Hist simulation
shows an AMOC increase to the mid-19th Century
followed by a gradual decline to a minimum at the
start of the 20th Century with a subsequent recovery
to another maximum at the end of the 20th Century
(figure 4(c)). This is reflected in the forced variability
in the simulated annual mean SPG SST, which fol-
lows a very similar low frequency evolution (correla-
tion coefficient of 0.73, increasing to 0.79 if the SPG
lags the AMOC by 7 years).

Volcanic eruptions appear responsible for
the largest pre-industrial changes in the AMOC
(figures 4(d) and S8), consistent with previous studies
[47–50]. An epoch analysis where the average change
of the AMOC following an eruption is calculated,
shows that in our simulations there is a statistically
significant increase in the AMOC a decade after a
large eruption followed by a decrease in the AMOC
approximately 40 years after the eruption (figure
S9). The effect of anthropogenic forcing is broadly
consistent with that found recently for a much lar-
ger ensemble of CMIP6 simulations [51] (although
the amplitude of simulated change is weaker than
the multi-model CMIP6 mean), with GHGs driv-
ing a steady decrease in the AMOC since approx-
imately the start of the 20th Century, offset by
anthropogenic aerosols which cause the AMOC to
increase.

For Hist-assim (figure 4(e)), results are from
a single simulation, so more internal variabil-
ity (including due to the NAO) can be expec-
ted compared to the Hist ensemble mean (which
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Figure 4. Subpolar gyre SST, NAO and AMOC. (a) Annual mean SST in the subpolar gyre. Pink: Hist simulations with ensemble
mean (red). Green: Hist-assim. Black: observations. (b) SST in the subpolar gyre with forced component (Hist ensemble mean)
removed, Black: observations. Green:Hist-assim, compared to NAO inHist-assim (brown) (c)Hist ensemble mean and spread for
AMOC (blue) and SPG SST (red) (d) AMOC from the ensemble mean of individually forced simulations (number in brackets
indicates the number of simulations averaged, with the aerosol response calculated as the mean of 4 All forced simulations minus
4 simulations with all forcings except aerosol). (e) AMOC (blue) and SPG SST (green) for Hist-assim. (f) AMOC for Hist-assim
with forced component (Hist ensemble mean) removed (blue), compared to its NAO index (brown). All data except SPG SSTs in
panels (a) and(b) low-passed filtered by a 10 year Butterworth filter.

emphasises the externally forced component simu-
lated by this model). The Hist-assim AMOC shares
some characteristics with the ensemble mean, on
very low frequencies; in particular, the volcanically
forced strong AMOC during the middle of the 19th
Century, which is also reflected in a warmer SPG dur-
ing this period. The similarity to the NAO timeseries

on multi-decadal timescales strongly suggests that
the non-forced signal in Hist-assim AMOC is dom-
inated by the NAO (figure 4(f)). A similar response
of the AMOC to periods of strong NAO was also
found by Delworth et al [7, 44] who, by prescrib-
ing heat fluxes to the SPG region mimicking the
effect of the NAO, concluded that a positive phase
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of the NAO strengthens the AMOC by increasing
deep water formation in the North Atlantic and
thus horizontal density gradients. Although the low-
pass filtering makes it complicated to determine
which component (the AMOC or the SPG) leads
which, crucially due to the particle filtering set-up,
the NAO is forced to follow the observed timeser-
ies, so that any effect of the AMOC on the NAO
will be suppressed on these timescales. Hence, in
this set-up, such a close relationship must be due
to the NAO driving the AMOC (rather than the
other way around). These results suggest that the
NAO could lead to predictability on decadal times-
cales through changes to the AMOC, and the AMOC
variability simulated is consistent with experiments
using decadal forecast simulations that have found
that initializing simulations in the 1960s with a
weak AMOC can lead to skilful predictions of the
exceptionally cold period observed in the 1960s
and 1970s [32] and that initializing with a stronger
AMOC in the 1980s can predict the subsequent warm
SPG [52].

One important point to note is that although the
AMOC timeseries is positively correlated with the
SPG SST in the Hist ensemble mean (as expected
from previous work [33]; figure 4(c)) and on very
long timescales inHist-assim (figure 4(e)) it is actually
anti-correlated in Hist-assim on shorter (decadal to
multi-decadal) timescales. This can be explained due
to the effect of the NAO on both the SPG SSTs (anti-
correlation, which can be seen in figures 2, 3 and 4(b))
and the AMOC (positive correlation), which results is
an apparent anti-correlation between the AMOC and
SPG on multi-decadal scales.

While assimilating the NAO significantly
improves the agreement with the observed SPG SST
timeseries and the northernmost part of the Atlantic,
the same is not true for the rest of the Atlantic (see
figure S11 and Schurer et al [27]) andHist-assim does
not agree with the observed AMV which represents
the average anomalies of the whole North Atlantic
basin. The evolution of SST in this region has been
attributed to external forcings [8, 53–56], so the dis-
agreement between the observations andmodel could
be due to deficiencies in the model’s response to for-
cing (for example the relatively crude treatment of
anthropogenic aerosols), or represent multi-decadal
internal ocean variability. The response of the AMOC
to the NAO, as well as the effect of the AMOC on
Atlantic SST, have been found to vary considerably
between models [7, 8, 11]. It is thus plausible that the
use of a different model would result in a different
effect on the AMV, possibly closer to that observed,
particularly given the ocean model used in our study
is of relatively low resolution and, in common with
all CMIP6 climate models, does not include an inter-
active ice sheet model [57].

4. Conclusions

In this study, we have analysed results from a recently
published set of experiments, which uses data-
assimilation techniques to produce a near-continuous
model simulation with a realistic realisation of the
ENSO, NAO and SAM (similar to that which actu-
ally occurred over the measurement record). This has
allowed us to determine the effect, in our model,
of approximately replicating the time evolution of
the winter NAO. This is particularly important as
the observed NAO has displayed larger multi-decadal
trends in the 20th Century than in nearly all CMIP6
model simulations, so this model set-up allows us to
examine the impacts of observed NAO variability and
the consequence of this model deficiency in decadal
atmospheric variability.

We focus our analysis on the effect of strong pos-
itive and negative NAO trends on the climate of the
mid to high latitudes in the Northern Hemisphere.
We found that the large NAO trends can explain
the majority of the winter temporal changes in SAT,
precipitation and sea-ice cover during a period of
increasing NAO (1963–1990) and decreasing NAO
(1920–1947), and furthermore that the effect of the
NAO dominates over that of the forced trend (as sim-
ulated by our model) in regions strongly affected by
the NAO. Given the potential discrepancies in long-
termNAObehaviour betweenmodel simulations and
observations further work is needed to understand
the causes of multi-decadal NAO variability and care
should be taken that NAO-induced trends are not
mis-attributed to other causes.

We have further analysed changes in the SPG SST,
which has been identified as a key region for Atlantic
variability. A reasonably strong correlation between
Hist-assim and the observations suggests that the sim-
ulations are capturing many of the key processes, and
the higher correlation compared to any of the forcing-
only (Hist) simulations demonstrates a significant
contribution from the NAO in this region which can
explain much of the SPG SST variability on annual
to multi-decadal scales. Our results also suggest that
variations in the AMOC cause low frequency variab-
ility in the SPG SSTs. Much of this variation is driven
by external forcings, such as the effect of the strong
volcanic forcing in the early part of the 19th Century,
which causes a period of strong AMOC and there-
fore increased SPG SST towards the middle of the
century. However there is also an effect of the NAO
on the AMOC in the Hist-assim experiment driving
multi-decadal variability, which appears consistent
with observed SPG variability. We therefore caution
against using SPG SST as an unambiguous proxy for
the AMOCon less thanmulti-decadal timescales, and
recommend that the NAO contribution should be
taken into account in attribution of AMOC changes.
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In this study we have demonstrated the value of
using a particle-filter data-assimilation technique to
investigate the effect of large multidecadal NAO vari-
ability. By only assimilating large scale modes of vari-
ability and not introducing any nudging terms the
simulation outputs could be compared tomodel sim-
ulations without assimilation to isolate just the effect
of following the observed evolution of these modes.
This technique has great potential, as it allows scient-
ists to generate model simulations that are targeted
at physically plausible outcomes in different parts of
the climate systems. For example, one particularly
promising application could be investigating possible
storylines in future climate projections, such as the
potential importance of large trends in theNAO reoc-
curring over the next few decades.
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