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Abstract

Much of the twentieth century multidecadal variability in the relationship be-
tween North Atlantic Oscillation(NAQO) and winter climate over the North Atlantic-
European sector can be linked to the combined effects of the NAO and either the East
Atlantic pattern (EA) or the Scandinavian pattern (SCA).Our study documents how
different NAO-EA and NAO-SCA combinations influence winter climatic conditions
(temperature and precipitation) as a consequence of NAO dipole migrations. Using
teleconnectivity maps, we find that the zero-correlated line of the NAO-winter-climate
relationship migrates southwards when the EA is in the opposite phase to the NAO,
related to a southwestwards migration of the NAO dipole under these conditions. Sim-
ilarly, a clockwise movement of the NAO-winter-climate correlated areas occurs when
the phase of the SCA is opposite to that of the NAO, reflecting a clockwise movement
of the NAO dipole under these conditions. Our study provides new insights into the
causes of spatial and temporal nonstationarity in the climate-NAO relationships, par-
ticularly with respect to winter precipitation. Furthermore, interannual variability in
the north-south winter precipitation gradient in the UK appears to reflect the migra-
tion of the NAO dipole linked to linear combinations of the NAO and the EA. The
study also has important implications for studies of the role of the NAO in modulat-
ing the wind energy resource of the UK and Ireland, as well as .for the selection of

locations for terrestrial proxy archive reconstruction of past states of the NAO.
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1 Introduction

The North Atlantic Oscillation (NAO) is the lead-
ing mode of climate variability in the North At-
lantic region and is manifest as a meridional dipole

anomaly in sea-level pressure (SLP), with the two

centres of action located approximately over Ice-
land (IL) and the Azores (AH) (Hurrell, 1995).
It is well known that the NAO exerts a strong in-
fluence on air temperature, precipitation and wind
patterns over the North Atlantic sector during the
boreal winter (Hurrell, 1995; Wanner et al., 2001;
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Hurrell et al., 2003). Variability in the strength of
this meridional SLP gradient(Figure S3.1 in the
online Supporting information) is expressed tradi-
tionally as the NAO index (NAOI), defined origi-
nally as the simple difference of normalized SLP at
meteorological stations located close to the NAO
centres of action (e.g. Stykkisholmur (Iceland) and
Lisbon (Portugal)(Hurrell, 1995) or Stykkishol-
mur (Iceland) and Gibraltar (Jones et al., 1997)).
The main disadvantages of station based indices
are that they are fixed in space, and that they
show low signal-to-noise ratios (Hurrell and van
Loon, 1997). As a result, most modern NAO in-
dices are derived using linear approaches such as
the principal component (PC) time series of the
leading empirical orthogonal function (EOF) of re-
gional gridded SLP data (Moore et al., 2013; Wang
et al., 2012), or by nonlinear techniques such as
cluster analysis (Cassou et al., 2004). In any case,
a positive negative) state of the NAO is associ-
ated with stronger (weaker) than average westerly
winds across the middle latitudes of the Atlantic
onto Europe.

The second mode of climate variability in
the region, the East Atlantic (EA)pattern, was
first described by Wallace and Gutzler (1981) as
anomalously high 500 mb height anomalies over
the subtropical North Atlantic and eastern Eu-
rope when in positive mode. This atmospheric pat-
tern exhibits a well-defined SLP centre of action
near 55°N; 20-35°W, is also prominent during win-
ter (Barnston and Livezey, 1987), and is known
to affect precipitation over the Iberian Peninsula
(Rodriguez-Puebla et al., 1998). Moore and Ren-
frew (2012) derived an EA index (EAI) back to
1870 based on SLP data from Valentia Island (Ire-
land), but this index has also been defined in the
literature as the second leading EOF of regional
gridded SLP (Moore et al., 2013).

Following suggestions that the EA pattern may
play a role in positioning the primary North
Atlantic storm track (Seierstad et al., 2007,
Woollings et al., 2010), Moore et al. (2011) pro-
posed for the first time that during the positive-

NAO winter of 2007, the geographical location of
the NAQ’s centres of action were modulated by
other teleconnections, as observed from anoma-
lous occurrences of westerly /easterly tip jet events
recorded by in situ climatological and oceano-
graphic data. They found that the two NAO cen-
tres of action were displaced to the south (al-
though these conditions are not typically associ-
ated with a positive state of the NAO (Hurrell
and Deser, 2009)), and they argued further that
the phase of the EA plays a role in modulating the
location and strength of the NAO dipole. Moore
and Renfrew (2012) expanded the former study for
the period 1948-2010 using NAO and EA indices
derived from SLP data from Iceland and Gibraltar
(Jones et al.,1997) and Valentia Island (Ireland),
respectively.

More recently, another study considered the ef-
fect of the Scandinavian pattern (SCA), the third
leading mode of winter SLP variability in the Eu-
ropean region equivalent to the Eurasia-1 pattern
described by Barnston and Livezey (1987), to di-
agnose the variability in the NAO centres of ac-
tion (Moore et al., 2013). Moore et al. (2013) sub-
sequently investigated these effects by selecting
winters that were characterized by different com-
binations of the NAO-EA and NAO-SCA phases.
These authors described a movement of the NAO
structure along a northeast—southwest axis de-
pending on the state of the EA, as well as a clock-
wise/anticlockwise movement associated with the
state of the SCA. Figure 1 illustrates the dif-
ferences in extension and location of the SLP
dipole for years where our patterns are in the
same phase, (NAO-EA)g and (NAO-SCA)g, or in
opposite phases, (NAO-EA)p and (NAO-SCA)o.
Importantly, the NAO-climate relationship in the
European—North Atlantic sector may be affected
by these combinations of teleconnection polarities
(see section 3).

Following the approach of Moore et al. (2013),
here we demonstrate for the first time that much
of the multidecadal climate variability during the

twentieth century in the North Atlantic-European
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sector can be linked to specific combinations of
NAOI-EAI and NAOI-SCALI signs. In other words,
in this study we use the EA and the SCA to diag-
nose the variable effects of the NAO on the twen-

tieth century European winter climate.

2 Data and methods
2.1 Climate data

We used the recently released high-resolution
CRU-TS3.1 data set compiled by the Climate Re-
search Unit (CRU) of the University of East An-
glia (Mitchell and Jones, 2005) to assess the re-
lationship of the NAO and the twentieth century
(1902-2009) winter climate in the North Atlantic-
European land areas (33.25 to 67.25°N and -26.25
to 56.75°E). The CRU-TS3.1 data set comprises
1308 monthly means of interpolated daily val-
ues based on the stations available at that time
for the period between January 1901 and Decem-
ber 2009, at a regular global spatial resolution of
0.5°x0.5° over land. The network of meteorologi-
cal stations on which the CRU-TS3.1 data set is
based is shown in Figure S1.1 of the Supporting In-
formation. Since the teleconnection patterns con-
sidered in this study are more prominent during
boreal winters, consecutive December to February
climate data from 1901 to 2009 (108 years; 324
months) were selected to compute winter means.
Each winter mean is ascribed to the year of Jan-
uary (i.e. Dec 1981 to Feb 1982 mean is reported
as winter 1982) following the common definition
for the NAO index (Hurrell, 1995).

Nine climate variables are provided in the data
set, two of which are selected for this study: air
temperature (°C; wTmp) and precipitation (mm;
wPre).

2.2 Teleconnection indices

The NAO, SCA and EA indices employed here
are defined as the three leading vectors of the
cross-correlation matrix calculated from monthly
SLP anomalies over a confined Atlantic sector
(100°E, 10-80°N). We used SLP data from 138
complete winters (DJF; December 1871 to Febru-

ary 2009) from the Twentieth Century Reanalysis
data set (20CRv2; Compo et al., 2011), which pro-
vides a total of 414 months. Anomalies have been
geographically equalized by multiplying them by
V/cos(p), where ¢ is the latitude (North et al.,
1982). The relative variance in the twentieth cen-
tury monthly (DJF) SLP field in the region ex-
plained by each teleconnection pattern is indicated
in Figure 2.

However, caution must be exercised when defin-
ing the teleconnection indices using EOF analy-
sis, because the technique may in some cases yield
coefficients for the empirical orthogonal weights
of incorrect, physically implausible signs. For this
reason, it is crucial to ensure that the polarity of
the derived EOF time series is consistent with the
physical climatic effects described in the literature
(Hurrell, 1995; Wanner et al., 2001; CPC, 2012).
Here we have fixed the signs of each eigenvector
so that the northern pole of the NAO is nega-
tive and the main centres of action of the EA and
the SCA are positive (Figure 2). As a result, our
leading EOF (NAO) is reflected in the SLP field
as negative anomalies in the vicinity of Iceland
and positive anomalies over the Iberian Peninsula
and west of it at 30-40°N (Figure 2(a)), with the
zero-line near 50°N over the Atlantic. The second
mode, the EA, presents a strong centre of positive
SLP anomalies that lies along the nodal line of the
NAO dipole at ca. 50°N; 25°W, and a more dif-
fuse centre over northeast Europe (Figure 2(b)).
A third centre of action of the EA pattern de-
scribed by Wallace and Gutzler (1981)southwest
of Canary Islands is almost undetectable here. The
third leading mode (SCA) shows strong positive
SLP anomalies above the Scandinavian countries
as well as the UK and Ireland, with a more dif-
fuse centre of opposite sign over Greenland (Fig-
ure 2(c)). The additional weaker centre over the
Iberian Peninsula and the adjacent Mediterranean
and Atlantic described by Barnston and Livezey
(1987) in their Eurasia-1 pattern is not evident.

Importantly, our EA and SCA indices are of

opposite sign to those presented in Moore et al.
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(2013); the reader is referred to their figure 2 in
contrast with our Figure 2). However, our EA
and SCA indices are consistent with others (Wal-
lace and Gutzler, 1981; Moore and Renfrew, 2012;
see section S2 of the Supporting Information),
and they also yield their expected climatic effects
(CPC, 2012). This has important implications be-
cause the NAO dipole movements associated with
NAO-EA and NAO-SCA combinations suggested
by Moore et al. (2013) appear to be reversed, and
are the opposite of those inferred in this study.

As the orthogonality constraint on the eigen-
vectors obtained from EOF analysis can lead to
problems when ascribing a physical meaning to
each eigenvector (the atmospheric patterns that
they represent may not be orthogonal), the spa-
tial patterns of our indices were also compared
with the four weather regimes presented in Hur-
rell and Deser (2009): the positive and nega-
tive NAO modes, the “Blocking” regime and the
“Atlantic Ridge” regime. These weather regimes
were originally obtained through cluster-analysis
(non-linear technique), and are therefore not con-
strained by the orthogonality requirement. When
visually comparing the impact on the SLP field for
each of our three EOF indices (Figure 2) with the
different weather regimes (the reader is referred
to figure 9 of Hurrell and Deser, 2009), a high
degree of resemblance is found between the “At-
lantic ridge” regime and the EA pattern (Figure
2(b)) as well as between the “Blocking” regime
and the SCA pattern (Figure 2(c)). Consequently,
we conclude that these equivalences underpin the
physical meaning for the three patterns presented
here.

The robustness of our indices has been further
verified by checking for consistency with: (i) in-
dices compiled from other studies obtained using
different techniques; and (7i) some pseudo-indices
extracted from the 20CRv2 data set (Compo et
al., 2011). See discussion in section S2 of the Sup-
porting Information. The results obtained in these
comparisons allow us to argue that our three PC-

based indices capture similar variability to other

published indices.

3 Results

3.1 Effects of the NAO, EA and SCA
on winter temperature and precip-

itation

Figure 3 illustrates the correlation distribution
maps between the NAOI, the EAI and the SCAI
versus w1mp and wPre for the complete win-
ters (DJF) between 1902 and 2009 (108 winters).
Consistent with previous studies (Hurrell, 1995;
Wanner et al., 2001), a positive NAOI is associ-
ated with above-normal precipitation in northwest
Scotland, northwest Ireland and western Norway,
whereas below-normal precipitation is recorded in
southern Europe (45-50°N; Figure 3(a)). Simulta-
neously, warmer winter conditions occur in north-
ern Europe, while colder winters occur in parts of
the southern Mediterranean (Figure 3(b)).

When the EAI is positive, above-average pre-
cipitation occurs in western Norway, while win-
ter precipitation is lower in much of western
Europe(Britain, Ireland, France and the Iberian
Peninsula; Figure 3(c)). At the same time, wTmp
values are lower in the western Mediterranean
(Figure 3(d)). Broadly similar climatic effects are
found for a positive SCAI, which is associated
with below-normal precipitation over western,
central and most of northern Europe, with wet-
ter conditions in the Mediterranean, and below-
average temperatures across much of Europe, ex-
cept for northwest Scandinavia, Scotland and Ire-
land (Figures 3(e) and (f)).

3.2 Spatial stationarity of the NAO-

climate relationship

In order to address the crucial question of how
the phases of the EA and the SCA in combina-
tion with the NAO impact on winter temperature
and precipitation patterns in the North Atlantic-
European sector, and following the approach of
previous workers (Moore et al., 2013), we have di-
vided the data into two subsets for different NAOI-
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EAT and NAOI-SCAI sign combinations (Figures
2, 4 and 5). In Figure 4 the non-consecutive years
selected for each of these four subsets equally
represent the two possible combinations: both in-
dices have the same sign, (NAO-EA)g and (NAO-
SCA)g, or the opposite sign, (NAO-EA)p and
(NAO-SCA)p. First, we will diagnose the effect
of these different combinations of signs on the
NAO-SLP relationship because changes in the
SLP field relative to the 204, century reference
position (Figure S3.1 in the Supporting infor-
mation) are linked to climate variability in the
region. When the NAO-EA combination is as-
sessed (left panel of Figure 4), the zero-line of the
spatial correlation between winter SLP and the
NAOI migrates northwards when both indices are
in the same phase, (NAO-EA)g, passing north of
Scotland, over southern Scandinavia, crossing the
Baltic Sea towards south-eastern Russia (Figure
4(a)). By contrast, when the NAO and the EA
are of opposite signs, (NAO-EA)p, the zero-line
is shifted southwards, over the Atlantic, crossing
Europe over the southern UK and the North Sea
coast (Figure 4(c)). The centres of maximum cor-
relation for the latter combination are shifted to
the southwest compared with Figure 4(a). On the
other hand, the zero-correlation line for the two
sets selected according to the SCA phase (right
panel of Figure 4) stays over similar latitudes
in the Atlantic region (ca. 50°N), but migrates
northwards over eastern Europe for winters with
the NAO and the SCA in the same phase, (NAO-
SCA)g; Figure 4(b), in comparison with (NAO-
SCA)o (Figure 4d), suggesting an anticlockwise
rotation of the correlated areas.

The impact of the SLP-NAO relationships dis-
cussed above on selected climate variables is illus-
trated in Figure 5. This diagram reflects broadly
similar shifts of the positively /negatively corre-
lated areas shown in Figure 4. Concerning the EA,
the change of polarity in the spatial correlations
with respect to both wPre and wTmp is shifted
northwards for (NAO-EA)g(Figure 5(a) and (e))
compared with (NAO-EA)o(Figure 5(c) and (g)).

Winters with NAOI-EAI values of the opposite
sign, (NAO-EA)(, show strong spatially coherent
wTmp-NAOI correlations (p > 0.7) that extend
southwestward across Europe into the Pyrenees
and northern Alps (Figure 5(g)). By contrast,
when the indices have the same sign,(NAO-EA)g,
the region showing strong positive wTmp-NAOI
correlations is restricted to latitudes above ca.
50°N, and wTmp-NAOI for the eastern Mediter-
ranean region becomes negatively correlated (Fig-
ure 5(e)). While both wPre data subsets show
broadly similar correlations with the NAO (Figure
5(a) and (c)), winter precipitation and the NAOI
are oppositely correlated in southern Britain and
in much of Ireland, depending on the different
NAOI-EAI combinations. As a result of this mod-
ulation, the NAQ’s impact on the climate in these
regions is not straightforward.

Similar patterns are found for the sets selected
according to the phase of the SCA pattern. In
terms of wT'mp, the zero-correlation line is located
much further north for (NAO-SCA)g (Figure 5(f))
winters in comparison with (NAO-SCA)o (Figure
5(h)). In terms of wPre, the negatively correlated
area for (NAO-SCA)g winters extends much fur-
ther north in eastern Europe (ca. 55°N) and above
ca. 60°N in Scandinavia; Figure 5(b)) than for
(NAO-SCA)p winters, when the zero-line moves
from ca. 45°N in the west to ca. 50°N in the east
(Figure 5(d)). As observed for the EA, wPre and
wTmp are differently correlated to the NAO de-
pending on the concomitant phase of the SCA in
regions such as UK, Ireland, and much of northern
central Europe.

Since non-consecutive years are selected to com-
pute the correlation maps shown in Figures 4 and
5, there is a need to ensure that the three lead-
ing modes of SLP wvariability in each of the four
subsets ((NAO-EA)g, (NAO-EA)p, (NAO-SCA)g
and (NAO-SCA)p) are still represented by the
same teleconnection patterns. In other words, we
need to check that the leading atmospheric pat-
terns of each subset do not differ from the origi-
nal NAOI, EAI and SCAI from which they were
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derived. To complete this check, new PC-based
indices based on approximately half the winters
of the original data set have been calculated for
each of the four subsets used in Figures 4 and 5.
Our results (Figure 6) show that the SLP vari-
ability in the non-consecutive years selected to
construct the correlation maps in Figures 4 and 5
are representative of the original indices (NAOI,
EAI and SCAI), even though the time period
used to compute them is approximately half the
original data set. Figure S1.2 in the Supporting
information depicts the time series of the NAOI,
EATI and SCAI and each sub-PCA index. Further-
more, correlation maps similar to those illustrated
in Figure 5 are obtained when using the PCA in-

dices computed from the subsets only (not shown).

3.3 Temporal stationarity of the NAO-
wPre relationship

In order to determine whether the temporal NAO-
winter climate relationship is affected by the con-
current phase of the EA and the SCA and to
what extent, several multidecadal time-slices have
been defined based on NAO-EA and NAO-SCA
persistence patterns described in section 3.2 (Fig-
ure 7). Here we have used the same periods as
those identified previously by Moore et al. (2013),
even though, as discussed earlier, our EA and
SCA indices present different polarities to those
computed by them. Thus, the periods 1910-1929
and 1950-1969 (Figures 7(a) and 7(c)) exhibit EA
and SCA indices of predominantly opposite sign
compared with the NAO, whereas all indices are
mainly of the same sign for the periods 1930-1949
and 1970-1989 (Figures 7(b) and 7(d)). The per-
centage of years that present each sign combina-
tion for each of the 20 year period is shown in
Figure 7. During the period 1990-2000, each com-
bination accounts for 50% of the years, and hence
is not included in our study.

For the remainder of this article we focus on
wPre, because the NAO-wTmp relationship ap-
pears to be relatively insensitive to the effect of
the EA and the SCA on the concomitant phase

of the NAO for the time periods described above
(not shown).

Our results (Figure 7) show that winter precip-
itation in several regions (e.g. Ireland, southern
UK and France) is particularly sensitive to dif-
ferent combinations between the NAOI and the
coexisting EAI or SCAI. The zero-correlation line
defines a more southerly locus, and has a less pro-
nounced northeast-southwest aspect for the 1910-
1929 period (Figure 7(a)) compared with the in-
terval 1930-1949 (Figure 7(b)), when more (NAO-
EA)g and (NAO-SCA)g years occur. For the last
two time periods (Figure 7(c) and (d)), there is no
predominance of one specific combination of signs
over the other, with respect to the SCA, because
each possible combination is present in 50% of the
winters for 1950-1969 and 1970-1989. As a result,
the EA is the dominant influence on the spatial
pattern of the NAO-wPre correlations for these
two periods. The impact of the NAO on the wPre
in Scandinavia is weaker in a period such as 1950-
1969, when the majority of winters have opposing
EA and NAO polarities, in comparison with 1970-
1989, where 75% of the winters are (NAO-EA)g.

4 Discussion

The spatial non-stationarity of the regional NAO-
climate relationships described in section 3.2 can
be rationalized on the basis of recent studies of
SLP patterns (Moore and Renfrew, 2012) that
demonstrated shifts in the NAO centres of actions
relative to those used to define the classic station
based NAO indices (Hurrell, 1995; Jones et al.,
1997) linked to the coexisting states of the EA
and the SCA.

As our PC-based NAO index is the projection
of the SLP onto a fixed NAO pattern and can-
not therefore provide information about the spa-
tial variability of the NAO dipole, teleconnectiv-
ity maps (Wallace and Gutzler, 1981) have been
used to provide information about the spatial SLP
variability associated with the NAO-winter cli-
mate correlation maps presented here (Figure 1

and section S3.2 in the Supporting information).
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Importantly, the northeastward shift of the Ice-
landic Low SLP anomalies in the positive NAO
regime that can lead to a northward movement
of the nodal line of the NAO dipole (Hurrell and
Deser, 2009) is not likely to affect our results, be-
cause positive and negative states of the NAO are
well balanced in all our data subsets.

The teleconnectivity maps (Figure 1) involve
shifts in the southern NAO centre of action
from the classic locations (Lisbon (Hurrell, 1995),
Gibraltar (Jones et al., 1997) and Ponta Delgada
(Rogers, 1984)) toward the northeast when the
NAO-EA indices have the same sign, (NAO-EA)g.
Under these conditions, the southern centre of ac-
tion migrates to a location west of the Iberian
Peninsula and the northern centre is found in the
Greenland Sea (Figure 1(a)). By contrast, when
the indices are of opposite sign, (NAO-EA)q, the
NAO centres of action migrate towards the south-
west, resulting in a southern pole west of the Ca-
nary Islands and a northern pole between Ice-
land and Greenland (Figure 1(c)). Thus, the zero-
correlation line of the NAOI-climate relationship
migrates to lower latitudes when the southern cen-
tre of action is located further away from the Eu-
ropean continent (Figure 5(c) and (g)). This effect
is also noticeable in the location and extent of the
areas showing a strong correlation (either positive
or negative) between winter SLP and the NAOI
(Figure 4(c)).

Similar results are obtained when determin-
ing the locations of the NAO centres of action
according to different NAOI-SCAI combinations.
When these two indices have the same sign, (NAO-
SCA)g, the southern node of the NAO is located
over France, and the northern pole over north-
ern Greenland (Figure 1(b)). On the other hand,
if the SCAI has the opposite sign to the NAOI,
(NAO-SCA)p, the southern centre of action mi-
grates towards the southwest, to a location be-
tween the Azores and Canary Islands and the
northern pole to the southeast in the Greenland
Sea (Figure 1(d)). These results suggest that the
impact of the phase of SCAI relative to that of the

NAOI yields to a clockwise-anticlockwise move-
ment of the NAO dipole, consistent with the mi-
gration of the zero-correlation line observed in the
NAO-climate correlation distribution maps (Fig-
ure 5(b), (f) vs. (d) and (h)) as well as with the
spatial correlation maps between SLP and NAO
(right panel of Figure 4).

It is also important here to remind the reader
that these movements of the NAO centres of ac-
tion are also described in Moore et al. (2013); but
because our computed EA and SCA indices have
opposite signs (as discussed in section 2.2), the
relative movements associated with the Figure 8.
Spatial representation of the North Atlantic Os-
cillation (NAO) centres of action for the 20 year
time periods defined in Figure 7: (a) 1910-1929,
(b) 1930-1949, (c¢) 1950-1969 and (d) 1970-1989.
Following the approach of Wang et al. (2012), the
maximum empirical orthogonal weights of the first
principal component of sea-level pressure anoma-
lies in each 20 year period over the region 10-80°N,
100°W-40°E yield the location of the centres, the
coordinates of which are shown in each panel. The
different combinations of NAOI-EAI and NAOI-
SCAI described here are the opposite to those pre-
sented by Moore et al. (2013).

With regard to our analysis of temporal per-
sistence of NAO-EA and NAO-SCA polarities us-
ing 20 year time slices, NAO-wPre correlation pat-
terns are consistent with the northeast-southwest
migration of the dipole associated with the in-
fluence of the EA pattern on the NAO dipole,
as well as the clockwise/anticlockwise movement
linked to the SCA effect. We have also calcu-
lated the locations of the NAO poles for each of
these 20 year periods following the approach of
Wang et al. (2012) (Figure 8). The locations of
the SLP dipole, equivalent to the NAO, differ be-
tween the selected periods and are consistent with
the teleconnectivity maps for these 20 year pe-
riods (not shown). For the first two time-slices
presented in section 3.3 (Figure 8(a) 1910-1929
and (b) 1930-1949), the northern pole remains at

the same location, whereas the southern node mi-
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grates northeastwards from near the Azores dur-
ing 1910-1929 to southwest France in 1930-1949.
We argue that this relative movement of the NAO
poles reflects the anticlockwise movement of the
zero-correlation line observed in 1930-1949 (Fig-
ure 8(b)) with respect to 1910-1929 (Figure 8(a)),
as well as its northwards migration. Moreover, the
SLP dipole is located at its furthest northeastern
position for the period 1970-1989, when there is a
prevalent (NAO-EA)g combination of signs. This
can be related to the spatial correlation map pre-
sented in Figure 7(d), since the high positive corre-
lations seen in western Norway and western Scot-
land for the period 1970-1989 may be the result
of the proximity of the northern NAO node to the
European continent. Similarly, both nodes of the
SLP dipole are located at their southwesternmost
position during the period 1950-1969, when 60%
of the 20 year period corresponded to a sign com-
bination of (NAO-EA)e. In addition, the greatest
deviation from the classic NAO centres of action
is found when the EA pattern is predominantly of
the same phase as the NAO (1930-1949 and 1970-
1989).

Finally, as an example of how the effects of dif-
ferent NAOI-EAI combinations are manifest on
a regional scale, Figure 9 illustrates the mean
precipitation anomalies relative to the long-term
mean (1902-2009) in the UK and Ireland, for the
14 to 22 winters that show each of the four possi-
ble EAI-NAOI sign combinations, calculated from
the CRUTS3.1 dataset. With (NAO-EA)o (Figure
9(a) and (d)), the NAO dipole has migrated to the
southwest (Figure 1(c)), and large and spatially
coherent negative (positive) precipitation anoma-
lies are found in the UK and Ireland for nega-
tive (positive) states of the NAO. By contrast,
when (NAO-EA)g (Figure 9(b) and (c)) the north
and south of the UK exhibit opposing precipita-
tion anomaly patterns. We interpret this pattern
to reflect the northeasterly migration of the NAO
centres of action, as observed with the large-scale
patterns depicted in Figure 4(a) and the correla-

tion distribution map shown in Figure 5(a). Un-

der these conditions, the southern NAO pole, lo-
cated over the Iberian Peninsula, appears to exert
a detectable influence on the southern UK and Ire-
land. Since the north remains relatively unaffected
for negative NAO years, the positive precipitation
anomalies in the south accentuate the north-south
precipitation gradient under negative EAI condi-
tions (Figure 9(c)) in comparison with positive
EATI conditions (Figure 9(a)). For positive NAO
states, the south of the UK and Ireland experience
above-average winter precipitation only in nega-
tive EA years. Therefore, a combination of posi-
tive NAOI and EAT results in an increased north—
south winter precipitation gradient compared with
years with negative EA, when wetter conditions
are found overall. Of the four possible sign combi-
nations, the steepest north-south gradient is found
when the two atmospheric patterns are in their
positive modes (Figure 9(b)), confirmed by meteo-
rological observations from Stornoway and Oxford

as detailed in Figure 9.

5 Conclusions

Our study demonstrates the important modulat-
ing influence of the EA and the SCA on the 20"
century winter climate variability, which in turn
can be linked to the geographical positions of the
NAO dipole. When the NAO and the EA are of
the same sign, the NAO centres of action migrate
northeastwards, whereas during phases of opposite
sign, they move towards the southwest. When the
NAO and the SCA show the same sign, the centres
of action move in an anticlockwise manner, while
when the phases are of opposite sign, there is an
anticlockwise rotation. An important implication
of these excursions of the NAO dipole is that they
influence the spatial and temporal nonstationarity
of the NAO-climate relationship. Our results sug-
gest that winter precipitation patterns linked to
the NAO are not straightforward in some regions
(e.g. southern UK, Ireland and France) because
they are influenced by the concomitant state of
the EA and SCA. For instance, much of the inter-

annual variability in the UK north-south winter
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precipitation gradient discussed in the literature
and originally attributed to interannual and inter-
decadal variations in the NAO (Wilby et al., 1997;
Murphy and Washington, 2001) appears to be in-
fluenced by these combinations of the NAO and
EA.

Our results indicate that the north-south gra-
dient is accentuated by the occurrence of positive
EA during positive NAO winters, and is damped
during winters with indices of the opposite polar-
ity. The modulating effect of the EA on the NAO
may also be relevant to the occurrence of winter
droughts in the southern UK, consistent with the
severe winter drought of 1976, when our PC-based
NAOI and EAT are positive (0.97 and 1.87, respec-
tively), as in Figure 9(b).

Furthermore, the movements of the NAO dipole
described in this study are likely to modulate the
relationship between the NAO index and wind
speed. Since the EA presents a strong centre of
action of positive SLP anomalies along the nodal
line of the NAO, combinations between NAO and
EA phases could affect the strength and latitu-
dinal location of the dominant westerlies entering
Europe from the Atlantic. Thus, our study has im-
plications for studies that seek to link wind speed
distributions to the state of the NAO, mainly over
UK and Ireland (e.g. Brayshaw et al., 2011).

Our study also has important implications for
efforts to use a range of climate sensitive prox-
ies, such as tree rings, speleothems, corals and
lake sediments to reconstruct the NAOI back
through the last few millennia (Goodkin et al.,
2008; Trouet et al., 2009; Comas-Bru et al., 2012;
Moreno et al., 2012) as some regions may exhibit
temporal non-stationarities in the proxy-NAOI re-

lationship.
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Figure S3.1. Teleconnectivity map of the winter
(DJF) monthly SLP field in the North Atlantic region
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(NAO/SCA),

Figure 1: Teleconnectivity matrix of the winter (December-February) monthly sea-level pressure field
in the North Atlantic region (10-80N, 100°W-40°E) for the period 1872-2009 for different linear com-
binations of NAO-EA (left) and NAO-SCA (right). In (a) and (b), both patterns are of the same
sign, (NAO-EA)g and (NAO-SCA)g, whereas they are of opposite signs in (¢) and (d), (NAO-EA)g
and (NAO-SCA)p. NAO, North Atlantic Oscillation; EA, East Atlantic pattern; SCA, Scandinavian
pattern. Light, medium and dark grey shadings represent areas with correlations of 0.5, 0.6 and 0.7,
respectively. Black crosses indicate the location of the highest correlated grid cells. The movements
referred to in the text are relative to the 20t" century reference period shown in Figure S3.1 in the
Supporting information. Please refer to section S3.2 in the Supporting information to see how these
maps were constructed.
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Figure 2: Spatial display of the first three eigenvectors of the gridded winter (December-February)
monthly sea-level pressure anomalies (in mb) for the North Atlantic domain (1872-2009) calculated
using the 20CRv2 global data set (Compo et al., 2011): (a) North Atlantic Oscillation (NAO),(b) East
Atlantic pattern (EA) and (c¢) Scandinavian pattern (SCA). The empirical orthogonal function was
performed using the cross-correlation matrix. Values adjacent to each map are the percentage of the
total variance explained by each eigenvector. Please refer to section 2.2 for more information on this
analysis.
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Figure 3: Correlation distribution maps between the winter precipitation and temperature (wPre and
wTmp) data sets and the NAO ((a) and (b)), for the boreal winters (December-February) between
1902 and 2009, calculated using the CRU-TS3.1 global climate data set and our EOF-based indices.
Similar correlation distribution maps for ((c) and (d)) EA and ((e) and (f)) SCA. Positive correla-
tions are shown in red and negative correlations are shown in blue (see colour bar). Please refer to
section S3.1 in the Supporting information for further details on the Spearman Rank coefficients (p).
NAO,North Atlantic Oscillation; EA, East Atlantic pattern; SCA, Scandinavian pattern.
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) (NAO/EA), b (NAO/SCA),

Figure 4: Spatial correlations between winter sea-level pressure and the NAOI for different combi-
nations of the indices: (left) NAOI-EAI combinations based on (a) 51 winters of indices of the same
sign, (NAO-EA)g, and (c) 57 winters of different sign, (NAO-EA)p; (right) NAOI-SCAI combinations
based on (b) 56 winter of indices of the same sign, (NAO-SCA)g, and (d) 52 winters of different sign,
(NAO-SCA)p. NAOI, North Atlantic Oscillation index; EAI, East Atlantic index; SCAI, Scandinavian
index. Please refer to the text for further information about the notations. White crosses indicate the
location of the strongest correlated grid cells. Correlation coefficients and colour bar as in Figure 3.
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Figure 5: Spatial coherence of the NAO-climate relationship with the CRU-TS3.1 data set and our
EOF-based indices, for different combinations of signs: ((a) and (e)) (NAO-EA)g; n = 57; ((c) and (g))
(NAO-EA)p; n = 51; (b,f) (NAO-SCA)g; n = 56 and ((d) and (h)) (NAO-SCA)p; n= 52. NAO, North
Atlantic Oscillation; EA, East Atlantic pattern; SCA, Scandinavian pattern. Colour bar, correlation
coeflicients and notations as in Figure 4.
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Figure 6: Scatter plots showing our North Atlantic Oscillation, East Atlantic and Scandinavian
(NAO, EA and SCA) indices computed by empirical orthogonal function (EOF) analysis from se-
lected subsets of winters that show the same sign: (a) (NAO-EA)g and (b) (NAO-SCA)g; or different
sign: (¢) (NAO-EA)p and (d) (NAO-SCA)p versus equivalent indices based on EOFs of the entire
20CRv2 data set (1902-2009). Each quadrant represents the same subset shown in Figures 2 and 4.
Grey circles represent the ((a) and (c¢)) EA indices and ((b) and (d)) SCA indices. The NAO indices
are represented by black circles. The percentages of winters that fall into each quadrant are indicated
in black (top) for the NAO and grey (bottom) for either EA or SCA. The number of winters that corre-
spond to each sign combination is as shown in Figures 4 and 5. Spearman rank coefficient correlations
(p) between each pair of indices plotted are indicated at the bottom of each scatter plot.
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Figure 7: Precipitation data set and North Atlantic Oscillation index (wPre-NAOI) correlation dis-
tribution maps for 20 year periods: (a) 1910-1929, (b) 1930-1949, (c¢) 1950-1969 and (d) 1970-1989.
These maps have been computed using the CRU-TS3.1 global climate data set and our NAOI based
on the first eigenvector of the 20CRv2 sea-level pressure data set. Percentage values beneath each map
are the proportion of the years in each period with a given combination of signs. Notations are as on
the caption for Figure 1. Colour bar and correlation coefficients as in Figure 3.
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Figure 8: Spatial representation of the North Atlantic Oscillation (NAO)centres of action for the 20
year time periods defined in Figure 7: (a)1910-1929, (b) 1930-1949, (c) 1950-1969 and (d) 1970-1989.
Following the approach of Wang et al. (2012), the maximum empirical orthogonal weights of the first
principal component of sea-level pressure anomalies in each 20 year period over the region 1080°N,
100°W-40°E yield the location of the centres, the coordinates of which are shown in each panel.
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Figure 9: Mean precipitation data set (wPre) anomalies (in mm) from the long-term mean (1902-
2009) in the UK and Ireland for (a) negative North Atlantic Oscillation index (NAOI) and positive
East Atlantic index (EAI), (b) negative NAOI and EAI (c) positive NAOI and EA and (d) positive
NAOI and negative EAI. Winters with NAOI or EAT values within 0.2 of the long-term means have
been omitted (n = 27). Also shown are the December-February mean precipitation anomalies for the
period 1930-1999 at two selected meteorological stations: Stornoway Airport (S, black circle; 58.33°N,
6.32°W) and Oxford (O, grey circle; 51.77°N, 1.27°W) (available from NOAA Satellite and Information
Service (http://lwf.ncdc.noaa.gov/oa/ncde.html); accessed 22 June 2012). Areas in yellow/red show
negative precipitation anomalies and blue areas correspond to positive anomalies (see colour bar).
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