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Past and recent changes
in the North Atlantic oscillation

Joaquim G. Pinto'* and Christoph C. Raible?3

The North Atlantic oscillation (NAO) is under current climate conditions the
leading mode of atmospheric circulation variability over the North Atlantic region.
While the pattern is present during the entire year, it is most important during
winter, explaining a large part of the variability of the large-scale pressure field,
being thus largely determinant for the weather conditions over the North Atlantic
basin and over Western Europe. In this study, a review of recent literature on the
basic understanding of the NAOQ, its variability on different time scales and driving
physical mechanisms is presented. In particular, the observed NAO variations and
long-term trends are put into a long term perspective by considering paleo-proxy
evidence. A representative number of recently released NAO reconstructions are
discussed. While the reconstructions agree reasonably well with observations
during the instrumental overlapping period, there is a rather high uncertainty
between the different reconstructions for the pre-instrumental period, which leads
to partially incoherent results, that is, periods where the NAO reconstructions do
not agree even in sign. Finally, we highlight the future need of a broader definition
of the NAO, the assessment of the stability of the teleconnection centers over
time, the analysis of the relations to other relevant variables like temperature
and precipitation, as well as on the relevant processes involved. © 2011 John Wiley &
Sons, Ltd.
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INTRODUCTION

he atmospheric circulation of the North Atlantic

is dominated by the North Atlantic oscillation
(NAO) in winter. The pattern consists of two
centers of action located over Iceland and the Azores
with an equivalent barotropic structure explaining
approximately 40% of the winter variability of the
troposphere pressure fields.!?> The time scales of the
NAO range from days to centuries, but the dominant
scales are interannual to decadal. The state of the
NAO is characterized by an index definition, which
is often also interpreted as an indicator for the
strength of the westerlies over the Eastern North
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Atlantic.! Thus, changes in NAO phase are associated
with characteristic changes of surface temperature,
precipitation, and storm tracks, not only over the
North Atlantic basin and Europe but also over parts
of the Northern America, the Mediterranean basin
and FEurasia.’> Nevertheless, these relationships to
temperature and precipitation identified under 20th
century climate conditions may be time dependent.*
Over the past 20-30 years, scientific research has
focussed on decadal variability of the NAO, the asso-
ciated physical mechanisms, particularly the coupling
with the ocean and the stratosphere, as well as connec-
tion to external forcing (e.g., solar activity, volcanoes).
Recently, the observed variations of the NAO have
been extended back in time using paleo evidence from
a variety of different proxy archives.>™7 Still, the exist-
ing NAO reconstructions show large uncertainties for
the pre-instrumental period leaving room for partly
contradicting interpretations and results.8-10:18:19
Thus, further improvement of the understanding of
the NAO variability is important not only to estimate
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the range of possible fluctuations, but also to assess
their predictability and possible shifts associated with
increasing greenhouse gas concentrations. !>

In this study, we present first an overview
of the basic concept of the NAO. Second, recent
changes of the NAO as well as evidences of potential
underlying mechanisms are introduced. In a third
step, paleo evidences of NAO changes in the last
1000 years, for example, periods of NAO phase locks
or changes in the dominant frequencies, are presented,
including a critical discussion of these results. Finally,
conclusive remarks and a short outlook of open
research questions related to the NAO follows.

WHAT IS THE NAO?

The first descriptions of phenomena associated with
the NAO were given by Scandinavian sailors who real-
ized that winter temperatures in Greenland and Scan-
dinavia vary in opposite phase.»?9-22 The colonization
of Greenland began in 985, and until 1300 ships fre-
quently sailed between Scandinavia and Greenland,
enabling a detailed understanding of weather, cli-
mate, and its remote links.?®> First published work
dates back to the mid-18th century?**?3 focussing on
the description of thermal and hydrological conditions
in Greenland versus Scandinavia. In 1811, Gronau?®
described the links between the weather conditions in
Greenland and Germany. Later studies?” confirmed
these relationships by analyzing early temperature
time series. The concept of the NAO with two pres-
sure centers of action appeared in the late 19th and
early 20th century.?8-3% Two factors were crucial for
this development: (1) the availability of pressure data
via the early measurement network over Europe and
partly the North Atlantic and (2) the development
of the correlation analysis. Nowadays, the NAO is
described as equivalent barotropic teleconnection pat-
tern or spatial oscillation in the troposphere over the
North Atlantic European sector3! with strong connec-
tions to the regional weather and climate, particularly
during winter.3> However, it should be mentioned that
the NAO is the only atmospheric circulation pattern
which can be identified for each month of the year.33

To further illustrate the NAO and its
relationships to other variables like temperature and
precipitation on interannual time scales, a schematic
overview for the positive and the negative phase of the
NAO is presented separately in Figure 1 (provided by
H. Wanner).! This figure summarizes findings based
on correlation and composite analysis for present-
day climate conditions. A positive NAO phase is
characterized by an intensified Azores High and
deeper Iceland Low leading to a stronger meridional
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pressure gradient over North Atlantic, a more zonal
flow regime and stronger westerlies, in particular of
the central and eastern North Atlantic (Figure 1(a)).
This typically leads to unsteady weather conditions
over Western and Central Europe, characterized by
a succession of low pressure centers embedded in
the westerly flow. Additionally, this NAO phase is
associated with warmer and wetter conditions over
Northern Europe and dryer conditions over Southern
Europe (Figure 1(a)). The imprint on the ocean of
the NAO shows a tripole pattern in the sea surface
temperatures (SSTs) with negative SST anomalies in
the Greenland and Irminger Seas to Newfoundland
and positive SST anomalies in the central North
Atlantic and again negative SST anomalies further
south at the west African coast (Figure 1(a)).

During a negative phase of the NAO, the
Azores High is weaker and the Iceland Low is
shallower. This atmospheric circulation pattern leads
to a reduced meridional pressure gradient and weaker
westerlies over the North Atlantic and Western Europe
(Figure 1(b)). Over Southern Europe, the negative
phase leads to unsteady weather conditions, typically
wetter than normal, while over Northern Europe dryer
and colder conditions are found, typically associated
with a blocking (stationary high) situation extending
from Ural/Eastern Europe to Western/Central Europe.
Such a blocking high may remain in place for several
weeks, leading to stable weather conditions over
Central Europe. The SST anomalies during a negative
phase of the NAO (Figure 1(b)) are opposite sign to
the positive phase (Figure 1(a)).

Besides, the NAO is closely connected with the
variability of the North Atlantic storm track—an
area between Newfoundland, Iceland and Northern
Europe with enhanced synoptic activity, or, in
other words, with the frequent passage of synoptic
disturbances (high and low pressure centers). During
positive NAO phases, there is a constant passage of
low pressure systems from the North Atlantic toward
Northern Europe leading to an intensified, north
eastward tilted storm track, roughly directed toward
the Arctic at its exit.>*3¢ In contrast, negative NAO
phases are characterized by more zonal oriented and
typically shorter trajectories of low pressure systems.
This leads to a weaker and southwardly displaced
storm track, typically directed toward the Iberian
Peninsula at its exit area.>*3® As described above,
these shifts of the storm track are closely associated
with wetter/dryer and warmer/colder conditions over
different parts of Europe. For Western and Central
Europe, most windstorms occur in conjunction with
a slightly positive NAO phase3®37 illustrating the
importance of the NAO for socio-economic impacts.
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(a) NAO+

(b) NAO-

FIGURE 1| A schematic overview of the two states of the NAO presented by Wanner et al.! Shading indicates SSTs (bordered by dashed
contours) and sea-ice extension; arrows show the flow systems in ocean, atmosphere and rivers; solid blue and red contours indicate sea level
pressures; white rectangles describe either characteristic climate conditions or important processes: (a) The positive phase and (b) the negative phase

of the NAO. Source: Wanner et al.!

RECENT CHANGES OF THE NAO
AND ASSOCIATED MECHANISMS

Besides the spatial structure of the NAO and its associ-
ated impacts on other important climate variables and
features, the variability of this teleconnection is inves-
tigated, particularly for decadal and centennial time
scales to assess its potential of long term predictabil-
ity. Still, the NAO also varies on shorter time scales,
such as the daily scale.3%-38 In particular, Pinto et al.3¢
have identified a close relationship between the occur-
rence of intense storms over the North Atlantic basin
and strongly positive NAO index values. To assess
the time behavior of the NAO the authors utilize an
index approach, which can be quantified in a multi-
tude of ways: (1) an index based on weather station
data from Iceland and Azores/Lisbon/Gibraltar,32-3%:40
(2) a pattern-based definition, normally using princi-
pal component analysis to extract the leading mode
of variability over the North Atlantic from mean
sea level pressure (MLSP) data,33 and (3) correlation
techniques.>’*! These definitions led to slightly
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different NAO indices, and also to different charac-
teristic spatial patterns. However, the different NAO
indices are strongly correlated (r = 0.71-0.97) with
each other.*? While the NAO is typically a winter phe-
nomena, its index may be determined for each month
of the year.’3 For example, Portis et al.*! define a
mobile NAO index to characterize the seasonality of
the locations of the centers of action. Their work*!
provide evidence that the NAO centers move eastward
in the summer months compared to its winter loca-
tion, resembling earlier findings.*? Still, as the NAO
is mostly expressed in the winter season, this review
concentrates on the winter season.

The seminal study of Hurrell’? provided evi-
dence that the NAO has shifted phase over the
last 130 years (Figure 2): from a predominantly more
negative phase before 1910, the NAO shifted first to a
more positive phase in the 1920s, followed by a nega-
tive trend enduring until the late 1960s. Afterwards, a
strong positive trend is observed, which persists until
the mid-1990s. In the past 15 years, a negative trend of
the NAO indices is observed. This trend culminated in
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FIGURE 2 | Time series of the station-based NAO index from 1864 to 2009 for the season DJFM (updated data from the web page
http://www.cgd.ucar.edu/cas/jhurrell/indices.html).3% In red the data represent unfiltered data from year to year; in black a 31-year filter is applied to

illustrate the low-frequency behavior.

the consecutive winters of 2009/2010 and 2010/2011,
which were among of the most negative winters in
terms of the NAO during the past 150 years.**
While many possible factors for this recent trend have
been discussed in the literature, including the tropical
atmospheric circulation, snow cover extension, and
the stratospheric vortex,***” results by Jung et al.**
support the hypothesis that dynamical atmospheric
processes played a major role at least for the strongly
negative NAO in the 2009/2010 winter.

Given that the storm activity is closely connected
to the NAO,3%3” strong decadal variations have also
been identified for winter storminess over the North
Sea region during the last 130 years, with a peak at the
beginning of the 20th century, a relative minimum in
the early 1960s, followed by a peak in the early 1990s,
and a reduction afterwards.*=>% Thus, the long term
changes in storminess follow closely those of the NAO
index3? for the last 130 years, even though they were
derived from different instrumental data.

Clearly, the importance of the NAO for the
winter circulation over the North Atlantic and Europe
as well as its low-frequency variability (10 years
and longer) motivated the assessment of possible
underlying physical mechanisms, and have led to
vital debates in the scientific community during the
past 15 years.!! Still, the origin of the low-frequency
variability is currently under debate: several authors
suggested that external parameters, like volcanos,>>3
solar activity,>* or stratospheric—-tropospheric
coupling,®¢ are the major drivers of the low-
frequency variability, while other authors suggest
internal variability of the atmosphere, that is,
wave-wave interaction, is a leading factor.’’-%° The
coupling between the ocean and the atmosphere
is apparently also of great importance for the
decadal and longer time scales of NAO variability,
as demonstrated both in observational and climate
modeling studies.’»®12 Some studies consider SST
anomalies over the underlying North Atlantic
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Ocean as crucial,®' particularly feedback processes

associated with the Atlantic meridional overturning
circulation.®? Other studies provided evidence of links
to tropical SSTs, either over the Indian Ocean®* or the
Pacific Ocean.®5:%¢ Recently, some authors analyzed
the influence of upstream atmospheric variability,
in particular the Pacific North American pattern,
in steering the NAO phase.®” Many of the above
mentioned studies use global climate model (GCM)
simulations to evaluate the dynamical features of
the NAO. However, GCMs have difficulties in
reproducing both the (inter-annual) variability of
the NAO and the NAO response in recent decades
to increased greenhouse gas forcing.®® The author®®
concludes that the latter may be model dependent on
the regional scale, even though the general large-scale
MSLP changes are coherent in most GCMs.

Particularly this strong trend to a positive phase
of the NAO from the mid-1960s to mid-1990s raised
questions on the role of climate change as a potential
cause for this trend. Investigating reanalysis data and
model simulations Hoerling and colleagues hypothe-
sized that the trend is caused by a positive SST trend
over the Indian Ocean which may be related to global
warming.2®* However, other authors®®~"! concluded
from their analysis based on observations and model
simulations that this positive NAO trend is not signif-
icantly different in a statistical way from the internal
atmosphere—ocean variability.

An important finding of studies focussing on the
time behavior of the NAO was that the low-frequency
variability of the NAO is not stable in time, that is,
there are phases with enhanced and reduced decadal
variations.> Motivated by the results of Appenzeller
et al.> a modeling study’? showed that during phases
with enhanced decadal variability a strong connection
between the NAO and the underlying North Atlantic
Ocean (the forth-mentioned tripole SST pattern)
is found.®? In contrast, periods with low decadal
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variability exhibit a preferential link to the SSTs of
the tropical Pacific.”? Periods with higher influence
of Indian and Pacific SSTs to the NAO have also
been suggested by Hoerling et al.®* Further, Pinto
et al.%” discuss the coupling between the Pacific North
American pattern and the NAO, also identifying
phases with stronger or weaker coupling of the two
modes, that is, phases of stronger/weaker influence
from the North Pacific region. These studies suggest
a way to combine and reconciliate several competing
hypotheses discussed earlier in the literature.

PALEO EVIDENCES OF NAO CHANGES

The increasing amount of proxy data generated in
the last two to three decades enabled reconstructions
of the past climate over Europe. Among others,
several reconstructions of the NAO back to 1049
AD have been performed in the last 15 years.>»73-80
These proxy reconstructions are either based on single
proxy archives (e.g., ice cores’), on only pressure-
sensitive proxy data distributed over Europe,”®-80
or on multi-proxies from different archives (e.g.,
tree rings, speleotherms, documentary) which are
sensitive to temperature and/or precipitation.®”3 Such
reconstructions are performed with different statistical
methods, which estimate a statistical relationship
between the proxy and climate data in the overlapping
instrumental period (so-called calibration period). All
methods have a common basic assumption that the
relationship between the proxy and the climate data
is stationary in time. Moreover, some reconstruction
methods use regression techniques based on ordinary
least squares, which are known to reduce variance.”

To illustrate the current state of knowledge, a
selection of available NAO reconstructions is pre-
sented in Figure 3 focusing on the low-frequency part
of variability. To highlight these low frequency varia-
tions, a 31-yearr time filter is applied to the different
NAO reconstructions. Note that one reconstruction®
only represent such low-frequency variability due to
the temporally coarse resolved proxy data used in
this reconstruction. As some reconstructions under
or overestimate the low-frequency variability due to
statistical methods used, all filtered time series are nor-
malized to enable an easier comparison. Moreover,
most of the NAO reconstructions also provide an
uncertainty range. Such uncertainty ranges are, how-
ever, omitted in Figure 3 for the sake of clarity. The
uncertainty may steam from dating uncertainties, for
example, for stalagmite record used in® has a dating
uncertainty of +/—20 years, or the calibration error
when applying the statistical method to the data.
For example, if using a linear regression technique
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the calibration uncertainty could be estimated by the
95% confidence interval of the regression coefficient
obtained during the calibration period.® For some of
the reconstructions the uncertainty increases further
back in time. The reasons are manifold, encompassing
among others the reduction of the number of proxies
when going back in time, their quality, which could
vary over time, their location and the individual con-
nection of each proxy to the NAO. Still, the range
of the different NAO reconstructions itself gives a
hint of the uncertainty. In general, the reconstructions
(Figure 3) agree reasonably well with observations®?
during the instrumental overlapping period, which is
used for calibration. An important aspect revealed
in these NAO reconstructions is that the variability
of the NAO during the 20th century, in particular
the peak during the early nineties, is not necessarily
unusual in terms of the variability of the NAO in the
past six centuries, particularly before 1650.7374
However, some of the reconstructions show
considerable disagreement already in the period
1864-1900. These inconsistencies are partly because
of the fact that some authors use different calibration
periods for their reconstructions.!” In centuries prior
to observations, during the time of the so-called Little
Ice age, the low-frequency variability shows periods of
better agreement (e.g., around 1620-1720) and peri-
ods of strong disagreement (15th, 16th, and 18th to
early 19th century). One plausible reason for the dis-
agreement lies in the proxies used for the reconstruc-
tion. Some authors use growing-season-related prox-
ies to reconstruct the winter NAO, which could at least
have some impact on the quality of the reconstruction.
Another plausible explanation is that the statistical
relationships between some proxies and the NAO may
be nonstationarity.'® Further, the number of proxies
used may differ considerably between reconstructions.
An example of the location of proxy records used to
reconstruct the NAO index is shown in Figure 4. The
blue correspond to the location of the precipitation
sensitive proxies used in Trouet et al.,’ and yellow to
dark red the proxy locations used in Kuettel et al.”’
The red boxes are 8° x 8° grid boxes sampling wind
speed and direction derived from ship log books.?!
Besides reconstructing the NAO simulations
of the past millennium performed with complex
atmosphere—ocean general circulation models provide
the ability to assess the NAO variations.’382-8
Although there are several simulations and ensemble
simulations with different models available a system-
atic model inter-comparison with respect to the NAO
is still missing. So far, the focus was set to spe-
cific periods of the past, like the Maunder Minimum
(1645-1715), a period of prolonged low solar activity.
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FIGURE 3| (a) Low-frequency variability of different NAO reconstructions®®'673-72 for the past millennium and of observations from 1864 to
2009%2 (Figure 2). To focus on low-frequency variations a 31-year time filter is applied to the data except for the NAO reconstructions by Trouet and
et al.,® which only reconstructed the low-frequency variations (also using a slightly different 31-year time filter). Note that the indices of Trouet
etal., Hurrell, 32 Cook et al.” represent the season DJFM, whereas the others are estimated for the season DJF. Because of the reconstructions
methods the variance is underestimated. To make the indices comparable the low-frequency time series are normalized. The Kuettel index’® is based
on selected grid points near Iceland and Lisbon of the sea level pressure fields provided and then the index is calculated similar to the method of
Hurrel.32 (b) As (a) but only showing the period starting 1800.
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FIGURE 4| An example of the location of proxy records used to reconstruct the NAO index: in blue the precipitation sensitive proxy locations

used in Trouet et al.,® in yellow to dark red the proxy locations (only pressure sensitive) used in the MSLP reconstruction of Kuettel et al.”® Note that
the proxy records of Trouet et al.® span the period 1000-1995, whereas the proxy records of Kuettel span different periods; the red boxes are 8° x 8°
grid boxes sampling wind speed and direction derived from ship log books from 1662 to 1855,8" where 99.6% span the period from 1750 to 1855.7

During this period Spangehl et al.’? found in a multi-  during the Maunder Minimum is interpreted as a
model ensemble a predominantly negative phase of the ~ robust forcing signal. Nevertheless, a recent modeling
NAO, confirming earlier modeling results.338% These  study®® hypothesized that the response of the NAO
authors®® showed that the signal of external forcing  to solar forcing could be lagged by up to 50 years
like the solar forcing is only visible in periods of high  because of a northward shift of the convection in the
deviations of the external forcing, like the Maunder  tropical Pacific accompanied by a wave train reach-
Minimum. Therefore, the negative phase of the NAO  ing the North Atlantic. Comparing these modeling
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results with the reconstructions presented in Figure 3
we find that although the uncertainty is high due to the
strong discrepancies among the NAO reconstructions,
the reconstructions agree during the Maunder Mini-
mum and show a negative phase of the NAO. Another
important and robust forcing signal is the link of tropi-
cal volcanic eruptions to the NAO.3>37 The postulated
positive phase of the NAO 1-2 years after an erup-
tion is also identified in pressure reconstructions. %8
Another way to use model simulations is to test recon-
struction in the model world.?? These authors showed
that temperature sensitive proxies are less reliable
in reconstructing the NAO. Additionally, they exhibit
that the reconstruction sensitively relies on the selected
regions, which give an additional hint on the origin of
the uncertainty of NAO reconstructions.

Concerning the reconstructions, a striking fea-
ture is the prolonged positive NAO phase dur-
ing the period 1000-1450 AD® (Figure 3). This
reconstruction,® based on precipitation sensitive prox-
ies (Figure 3), still has to be confirmed by other studies,
but in fact it has stimulated a series of papers in its
wake. The discussion deals with the fact that the proxy
evidence on storminess, which could reflect NAO vari-
ability (this is the case during the 20th century, see
above, but not necessarily the case in earlier periods),
contradicts a shift from a positive phase of NAO
during the period 1000-1450 to the Little Ice Age
(around 1620-1720).°%°1 A newly available study'®
provides some first hints on how to reconcile the
differences between the two proxies. These authors
employ modeling results,”> which suggest that during
negative phases of the NAO the mid latitude cyclones
could be intensified, but decreased in number. Thus,
Trouet et al.'® hypothesize that storm sensitive prox-
ies of the North Atlantic might reflect an increase
in storm intensity rather than storm frequency. Still
this suggestion needs to be supported by additional
multimodel ensemble simulations spanning the entire
last millennium. Recently available simulations of the
past millennium show that although the link between
NAO and precipitation, which is the baseline of the
Trouet reconstruction,'® is reasonably well simulated,
the temporal behavior of the NAO is to a great extent
dominated by internal variability®? with the exception
of periods with high deviations of the external forc-
ing (Maunder and Dalton Minimum, strong volcanic
eruptions, see discussion above).

Besides the low-frequency wvariability, the
spatial-temporal evolution has been another focus of
research. The position of the centers of action shows
a clear seasonality, that is, a northward shift in the
summer season with respect to the winter.*! Further,
several studies have discussed an eastward shift of
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the NAO centers of action for 1978-1997 compared
to previous decades.”> Moreover, the location of the
pressure centers of the NAO are shifted northeastern-
wards in simulations with increasing greenhouse gas
of the 21st century.”* Extending the spatial-temporal
evolution further back in time teleconnection patterns
based on the teleconnectivity?! of the reconstructed
500-hPa geopotential height fields®® are estimated in
a running window of 30-years from 1500 to 1999.%%
These authors®® define so-called teleconnection axes
connecting the two anticorrelated centers of action. To
illustrate this, the axes for all 30-year windows of the
period 1500-1999 are shown in Figure 5. Note that
because of the rather coarse resolution of the recon-
structions some axes are plotted on top of each other.
Two typical orientations are found: a north to south
orientation, which corresponds to the dominant mode
under current climate conditions, and a northwest
to southeast orientation, unknown in recent decades.
Even though the reconstructed area does not span
the entire North Atlantic and is therefore not perfect
to deduce the NAO, the two typical orientations are
also found in model simulations using an expanded
area.®’ Regarding the time evolution of the orientation
of the NAO poles in the reconstructions, no clear link
could be identified to external forcing. Therefore, these
variations may be interpreted as internal variability.
The change of the location of the centers
of action has strong implications: the atmospheric

FIGURE 5 | Teleconnection axes deduced for a 30-year running
window from teleconnectivity maps in winter (DJF).8> The
teleconnectivity is based on 500 hPa geopotential height® (for the
region 30°W-40°E and 30°N-70°N) from 1500 to 1999. All axes are
projected in one plane, so some axes are plotted on top of each other.
The axes of the last 50 years, which is the calibration period of this
specific reconstruction (using NCEP/NCAR reanalysis data) are shown in
red. Note that the axes connect the centers of action within a particular
teleconnection pattern, that is, for the classical NAO, the Iceland Low
and the Azores High. Additional to the axis the black dots show the grid
points of the reconstruction.

© 2011 John Wiley & Sons, Ltd. 85



Focus Article

circulation is dominated by a meridional flow toward
Europe (either southwesterly or northwesterly) during
phases with northwest to southeast oriented telecon-
nection pattern. Such a flow pattern is in contrast to
the present climate conditions, which feature a north
to south orientation, that is, a more zonal flow (for a
positive index using the identified centers of actions)
or a more meridional flow (an anomalous eastwards
flow in the case of a negative index when using the
identified centers of actions to define it). Thus, a dif-
ferent location of the NAO centers of action can be
expected to have had a strong impact on the Euro-
pean climate. Such changes over time have also been
identified by Osborn et al.,* who provided evidence
that the relationships between the NAO, tempera-
ture and precipitation may not be stable under recent
climate conditions by analyzing a 1400 year control
simulation with the HadCM2 GCM.

CONCLUSION

In this study, we have presented a review of the
recent and past changes of the NAO focusing on
its dominant low frequency variability, that is, time
scales of decades to centuries. Several studies provide
evidence that low frequency variability may not be sta-
tionary in time. The proposed hypotheses regarding
the underlying physical mechanisms include not only
the tropical atmospheric circulation, the intensity of
stratospheric polar vortex, external forcing, like solar
insolation, snow cover extension, sea surface tem-
perature, and sea ice anomalies, but also of internal
dynamical atmospheric processes.'>#*¢7 Still, it is an
open question which mechanisms have contributed to
which long-term shift of the NAO index, for example,
the low NAO values during the Maunder Minimum
(1645-1715) or the strong positive trend from the
1960s to the 1990s. The large variety of hypotheses
could explain why the identification of the driving
mechanism of the low-frequency NAO variations is
still not settled.

In recent years, several attempts have been per-
formed to extend the NAO time series back to
1500 or earlier. In this study, all available NAO
reconstructions are presented spanning a rather wide
range during pre-instrumental period and thus illus-
trate the high uncertainty of past NAO evolution.
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During some periods, there is good agreement between
the reconstructions (e.g., 1620-1720) while for oth-
ers there is strong disagreement (e.g., 18th to early
19th century). A common problem to methods is the
assumption of a stationary relationship between the
proxies and the NAO, which may not be necessarily
true at least for some of the proxy data. Another
problem is the reduction of variance seen in several
of the reconstructions, which is associated with the
use of regression techniques based on ordinary least
square estimation. Additional to the temporal changes
of the NAO index, possible changes in the location
of the NAO poles over time were discussed. In this
context, evidence was given that the influence of the
NAO on the European climate is different for periods
with a different orientation of the NAO centers. This
is particularly important for the proxy community as
structural changes of the NAO could either destroy
the statistical relationship between proxy record and
the NAO or changes recorded in the proxy could
be generated by a different atmospheric circulation
pattern.

On the basis the review above, some pertinent
but still pending questions arise for future research.
Clearly, there is a need to re-evaluate reconstruction
techniques to avoid the problem of diminishing vari-
ance when going back in time. Further, these recon-
struction techniques should be tested in the model
world®® to analyze the coherence between the differ-
ent proxy data and to separate external forcing from
natural climate variability.”> In particular, a compre-
hensive model comparison of all available simulations
of the past millennium including the behavior of the
NAO will be very pertinent in the near future. Such
studies will help to better understand past NAO vari-
ability, evaluate its uncertainties, and provide hints
to the underlying dominant processes and to enhance
predictability of the NAO on decadal time scales.
Finally, the concept of the NAO should become more
flexible, considering other different viewpoints of the
NAO, in particularly its description as Rossby wave
breaking events of cyclonic/anticyclonic characteris-
tics and its close link to blocking.®%¢="% Such a new
concept should enable the consideration of both shifts
in pattern and magnitude over time.
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