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The atmospheric circulation in the European/Atlantic sector,
which also determines the regional climate of the North Sea
region, can be described mainly by the North Atlantic
Oscillation (NAO), the zonality or meridionality of the
atmospheric flow and the frequency of atmospheric block-
ing. The NAO is the dominant mode of near-surface pressure
variability over the North Atlantic Ocean and Europe,
including the ‘NOSCCA region’, impacting a considerable
part of the northern hemisphere (Hurrell et al. 2003). In its
positive phase, the pressure difference between the two main
centres of action—the Azores High and the Icelandic Low—
is enhanced compared to the climatological average, result-
ing in a stronger than normal westerly air flow (Hurrell
1995). The storm-track extends north-eastward with more
storms over the North Sea and northern Europe. These
regions have therefore warmer and wetter than average
conditions, especially during winter, whereas the Mediter-
ranean region is generally drier and colder than normal. In
contrast, during the negative phase of the NAO, the pressure
difference between the Azores High and Icelandic Low is
reduced, the storm track is more zonal and shifted south-
ward, extending into the western Mediterranean, and the
resulting air flow is weaker than normal (Xoplaki 2002;
Xoplaki et al. 2004). For strongly negative NAO indices, the
flow can even reverse when there is higher pressure over
Iceland than over the Azores, with the consequence of harsh
winters over large parts of Europe, such as occurred in
2009/2010 (Ouzeau et al. 2011). The strength of the NAO
follows an annual cycle with maximum values in January
and minimum values in May (Jones et al. 1997; Furevik and
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Nilsen 2005). Although the largest amplitude and explained
variance occur in winter, the impact of the NAO on the
North Sea region is present all year round.

Figure Al.1 shows the variability of the NAO over the
past 190 years. From a long-term perspective, the behaviour
of the NAO appears irregular. However, extended periods of
positive or negative NAO indices are apparent. From the
mid-1970s to the mid-1990s, positive index values prevailed
(e.g. Hurrell et al. 2003). After the mid-1990s, however,
there was a tendency towards more negative NAO indices, in
other words a more meridional circulation, and it should be
noted that the winter of 2010/2011 had the most negative
NAO index in the record (Jung et al. 2011; Pinto and Raible
2012).

Fingerprints of the NAO have been known since at least
the days of the Scandinavian sailors (Haine 2008), and from
the mid-18th century it was noted (Egede 1745; Cranz 1765)
that surface air temperatures in Greenland and Scandinavia
vary in opposite phase (Stephenson et al. 2003; Pinto and
Raible 2012). Depending on the season, the NAO pattern
explains between 40 and 60 % of the total variance in
sea-level pressure (SLP) over the North Atlantic Ocean
(Wanner et al. 2001; Bojariu and Gimeno 2003; Hurrell et al.
2003).
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Fig. A1.1 North Atlantic Oscillation (NAO) index for boreal winter
(DJFM) 1824/1825 to 2012/2013, calculated as the difference of the
normalised station pressures of Iceland and Gibraltar (which is a good
measure for the strength of the Azores High) from the monthly means
of the period 1951-1980 (Jones et al. 1997, updated at www.cru.uea.ac.
uk/ ~ timo/datapages/naoi.htm). The solid black line is a 5-year running
mean
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The North Atlantic sea-surface temperature (SST) re-
sponds to changes in large-scale atmospheric flow, particu-
larly the NAO. For example, during positive NAO events,
there is enhanced cooling of North Atlantic SST north of 45°
N. The resulting negative SST anomaly affects air-sea
interaction between about 30° and 45°N, leading to positive
SST anomalies in this lower latitude band (Marshall et al.
2001). The correlation between the North Atlantic SST
anomalies and the NAO index leads to a dipole pattern,
known as the Bjerknes’ North Atlantic SST dipole (Bjerknes
1962, 1964). The southern lobe of this dipole extends across
the Atlantic to the North Sea and thus the NOSCCA region,
where the correlation is at a maximum (see Visbeck et al.
2003: their Fig. 2). The NAO affects a whole spectrum of
atmospheric and environmental processes, including tropo-
spheric wind (Thompson et al. 2000; see also Fig. 2.2),
precipitation (Lamb and Peppler 1987; Zorita et al. 1992;
Hurrell and van Loon 1997), ocean surface characteristics
(e.g. Moliarini et al. 1997), storminess (Rogers 1997; Ser-
reze et al. 1997), North Atlantic/European atmospheric
blocking frequency (Nakamura 1996; Woollings et al.
2010a, b; Hékkinen et al. 2011) and Sverdrup and Ekman
transport (Visbeck et al. 2003).

Many approaches have been used to define the spatial
structure of the NAO. Historically, (normalised) SLP dif-
ferences between Iceland and Lisbon (Hurrell 1995), the
Azores (Rogers 1997) or Gibraltar (Jones et al. 1997; Vin-
ther et al. 2003) have been used. Several researchers use
one-point correlation maps to identify regions of maximal
negative correlation near or over Iceland and over the Azores
extending to Portugal (e.g. Wallace and Gutzler 1981;
Kushnir and Wallace 1989; Portis et al. 2001; Hurrell and
Deser 2009). A related approach uses principal components
and identifies the NAO by the eigenvectors of the
cross-correlation matrix which is computed from the tem-
poral variation of the grid point values of SLP, scaled by the
amount of variance they explain (e.g. Barnston and Livezey
1987), or clustering techniques (e.g. Cassou and Terray
2001a,b). Several researchers use unrotated (Horel 1981;
Thompson and Wallace 1998; Woollings et al. 2010b) or
rotated empirical orthogonal functions (EOFs) (Cheng et al.
1995; Hannachi et al. 2007). Other techniques, such as NAO
indices over latitudinal belts (e.g. Li and Wang 2003),
optimally interpolated patterns, trend EOFs (Hannachi
2007a, 2008) and cluster analyses (Cheng and Wallace
1993; Kimoto and Ghil 1993; Hannachi 2007b, 2010) have
also been proposed. Seasonality can also be taken into
account by defining a seasonally and geographically varying
NAO index (Portis et al. 2001). All these definitions lead to
slightly different NAO indices; but the indices all resemble
each other and are in fact highly correlated with each other
(Leckebusch et al 2008).
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All these definitions have in common that they are based
on direct observations or analyses. However, it is also pos-
sible to use proxy data to extend the indices back in time.
Several reconstructions exist that cover roughly the last
millennium. These are based on early instrumental obser-
vations (Jones et al 1997; Luterbacher et al. 1999), ship logs
(Kiittel et al. 2009; Wheeler et al. 2009), other documentary
data (Glaser et al. 1999; Luterbacher et al. 2001, 2004),
climate field reconstructions (Jones and Mann 2004; Casty
et al. 2007), ice cores (Appenzeller et al. 1998), speleothems
(Trouet et al. 2009) or strontium/calcium ratios in coral
(Goodkin et al. 2008). Multi-proxy reconstructions also
exist, based on tree rings and snow accumulation records
(Glueck and Stockton 2001) or on tree rings and stable
isotope ratios (Cook et al. 2002).

A model-based reconstruction of past atmospheric cir-
culation patterns is in principle possible. While climate
models are able to capture the broad spatial and temporal
features of the NAO (Gerber et al. 2008), the patterns of
variability exhibit substantial differences between models
and in comparison to observations (Xin et al. 2008; Casado
and Pastor 2012; Handorf and Dethloff 2012). In particular,
most models overestimate persistence on time scales from
sub-seasonal to seasonal (Gerber et al. 2008). With few
exceptions (Selten et al. 2004; Semenov et al. 2008), many
climate models are unable to simulate the amplitude of
changes in the observed NAO trend since the 1960s (Scaife
et al. 2008, 2009; Stoner et al. 2009). This and the apparent
underestimation of vertical coupling between troposphere
and stratosphere in most models make it difficult to deter-
mine the extent to which the underestimation of trends is due
to model deficiencies and the extent to which it mirrors
anthropogenic forcing (Sigmond and Scinocca 2010; Kar-
pechko and Manzini 2012; Scaife et al. 2012). Further
uncertainties arise because there are indications that NAO
variability may depend on the mean state of the atmosphere
(Branstator and Selten 2009; Barnes and Polvani 2013). It
has also been proposed that higher wave numbers could lead
to resonance effects and therefore increased persistence of
circulation regimes (Coumou et al. 2014), thus corroborating
earlier findings, such as those by Kysely and Huth (2006);
see also Rutgersson et al. (2014). It remains an open ques-
tion how far these drivers of NAO variability are related to
changes in the Arctic, such as the decrease in sea ice.

A comparison of the different reconstructions can shed
some light on the ability to reconstruct past atmospheric
circulation patterns. Pinto and Raible (2012) made such a
comparison (after applying a low-pass filter and normalisa-
tion) and found reasonable agreement between different
reconstructions since the beginning of the 20th century, but
also for a few periods in the more distant past (in particular
between 1620 and 1720). As these studies rely on different



Annex 1: What is NAO?

numbers of proxies, different calibration methods and very
different types of proxies, including growing-season data to
estimate winter NAO, this is not unexpected (e.g. Schmutz
et al. 2000). Furthermore, it is also unclear how valid the
implicit assumption is that the relation between proxies and
the NAO does not change over time.
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