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Abstract

The North Atlantic Oscillation (NAO) plays an important role in the climate variability
of the Northern Hemisphere with significant consequences on pollutant transport. We
study the influence of the NAO on the atmospheric dispersion of pollutants in the near
past and in the future by considering simulations performed by the ECHAM/MESSy At-5

mospheric Chemistry (EMAC) general circulation model. We analyze two model runs:
a simulation with circulation dynamics nudged towards ERA-Interim reanalysis data
over a period of 35 years (1979–2013) and a simulation with prescribed Sea Surface
Temperature (SST) boundary conditions over 150 years (1950–2099). The model is
shown to reproduce the NAO spatial and temporal variability and to be comparable10

with observations. We find that the decadal variability in the NAO, which has been pro-
nounced since 1950s until 1990, will continue to dominate in the future considering
decadal periods, although no significant trends are present in the long term projection
(100–150 years horizon). We do not find in the model projections any significant tem-
poral trend of the NAO for the future, meaning that neither positive or negative phases15

will dominate. Tracers with idealised decay and emissions are considered to investigate
the NAO effects on transport; it is shown that during the positive phase of the NAO, the
transport from North America towards northern Europe is stronger and pollutants are
shifted northwards over the Arctic and southwards over the Mediterranean and North
Africa, with two distinct areas of removal and stagnation of pollutants.20

1 Introduction

The North Atlantic Oscillation (NAO) is the most prominent recurrent pattern of atmo-
spheric variability over middle and high latitudes in the Northern Hemisphere (NH). It
refers to oscillations in the meridional atmospheric pressure difference between the
sub-polar and sub-tropical North Atlantic Ocean which produce large changes in the25

mean wind speed and direction, heat and moisture transport, surface temperature and
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intensity of precipitation, especially during boreal winter (Hurrell et al., 2003, and ref-
erences therein). The NAO influence on the mean winter climate across much of the
NH is well established (Hurrell, 1995). When the polar low and tropical high surface
pressures are relatively stronger, the pressure difference is higher than average (pos-
itive NAO phase) and the north–south pressure gradient produces surface westerlies5

stronger than average across the middle latitudes of the Atlantic towards northern Eu-
rope. In periods with the polar low and tropical high surface pressure relatively weaker
(negative NAO phase) the flow has a reduced zonal component. Several studies (Hur-
rell, 1995; Visbeck et al., 2001; Hurrell et al., 2003) have linked the westerly flow during
positive NAO with warm and moist maritime air over northern-western Europe, accom-10

panied with enhanced precipitation, and colder and drier conditions over the Mediter-
ranean.

Since the NAO exerts strong influence on the boreal winter weather it can be also ex-
pected to influence pollutants transport on hemispheric scale. Several studies have in-
vestigated the relationship between the phases of NAO and pollutant transport. Moulin15

et al. (1997) studied the role of the NAO in controlling the desert dust transport into the
Atlantic and Mediterranean and suggested that the NAO likely affects the distribution of
anthropogenic aerosols. Li et al. (2002) found that there is an increase of North Amer-
ican ozone at Mace Head Ireland during positive NAO, when westerly winds across
the North Atlantic are stronger. Creilson et al. (2003) also analyzed the relationship20

between the NAO phases and the tropospheric ozone transport across the North At-
lantic and discovered that rises of ozone over western Europe are strongly correlated
with positive NAO. Pausata et al. (2012) showed both with station measurements and
coupled atmoshere-chemistry model simulations that the NAO affects surface ozone
concentrations during all seasons, except in autumn. Eckhardt et al. (2003) studied the25

relationship between the NAO and the pollutant transport towards the Artic and found
that concentrations of surface carbon monoxide, both from Europe and North America,
increase in the Arctic during the NAO positive phase.
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The study of export pathways of European pollution by Duncan et al. (2004) confirms
that the carbon monoxide burden from European sources tends to be lower over the
North Atlantic and higher over the Arctic in the same periods. Christoudias et al. (2012)
studied the emissions and transport of tagged idealised tracers in the atmosphere in
relation to the NAO, confirming these findings. They also found that during high NAO5

the trace gases emitted from North are transported relatively far to the northern-eastern
Europe and that trace gases emitted over Europe are transported mostly over Africa
and northern Arctic Circle. The sensitivity study by Thomas et al. (2014) regarding the
free tropospheric carbon monoxide concentrations to different atmospheric weather
states confirmed the NAO control in pollutant distribution and transport over the region10

of Nordic countries.
Finally, some recent works have linked the NAO with aerosol concentration varia-

tions. Jerez et al. (2013) investigated the NAO impact on the local atmospheric scale
processes and the consequences on ground level aerosol concentrations over Europe.
They found that winds, precipitation and temperatures decrease (increase) aerosol15

concentrations over southern Europe during positive (negative) NAO. Pausata et al.
(2015) analyzed the impacts of aerosol reduction (after air pollution mitigation strate-
gies), in combination with greenhouse gases (GHGs) increment, on the winter North
Atlantic atmospheric circulation. Their results showed an expectation for more positive
NAO mean, together with an eastward shift of the southern centre of action of sea level20

pressure.
The aforementioned studies suggest that the knowledge of the future NAO phases

can potentially be used to project and even forecast North American and European
pollutant transport over Europe and the Arctic. However there are still open research
questions about which climate processes could influence the future development of the25

NAO and its variability. Although the NAO is an intrinsic mode of atmospheric variability,
surface (ocean and land), stratospheric, anthropogenic processes may influence its
phase and amplitude, in ways that may be only in part predictable. At present there
is no consensus on the process or processes that are responsible for the observed
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low-frequency variations in the NAO (Visbeck et al., 2001; Hurrell et al., 2003). Many
studies have suggested some external forcing, like the increase of greenhouse gases
(Kuzmina et al., 2005), the warmer tropical sea surface temperature (Hoerling et al.,
2001) and the strengthened stratospheric vortex (Baldwin and Dunkerton, 2001), as
the causes of the upward NAO trend observed from 1960s until 1990s, which was5

projected to continue in the future (Visbeck et al., 2001; Gillett et al., 2003). These
results were superseded by more recent studies (Scaife et al., 2007) showing that the
upward trend has recently reversed downwards, suggesting that the previous positive
trend was due to natural climate variability (and not external factors); if that is indeed
the case other trends with changes in direction and duration can be expected in the10

future, leaving open questions about their origin and the predictability of the NAO.
In this paper we use a global climate circulation model to investigate the temporal

variability of the NAO pattern, including multi-year to decadal trends from the recent
past to the end of the century, and its relation to the spatial variability of atmospheric
pollutants. We consider two simulations generated by ECHAM/MESSy Atmospheric15

Chemistry (EMAC) climate model:

– simulation RC1SD-base-09 (1979–2013) nudged by applying a Newtonian re-
laxation (Jeuken et al., 1996) towards the European Centre for Medium-range
Weather Forecast (ECMWF) ERA-Interim reanalysis data (Dee et al., 2011).
Nudged variables are divergence and vorticity of the wind, temperature, and the20

logarithm of the surface pressure;

– simulation RC2-base-05 (1950–2099) driven by prescribed Sea Surface Tem-
perature (SST) and Sea Ice Coverage (SIC) taken from simulations with the
global climate model HadGEM2-ES (Collins et al., 2011; The HadGEM2 De-
velopment Team, 2011) for the Coupled Model Intercomparison Project phase25

5 (CMIP5).

We analyze the NAO signal, the influence of the NAO on the pollutant transport over
the North Atlantic sector and scan for significant trends in the future projections. In
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our analysis, we consider the carbon monoxide CO pollutant tracer, which is directly
emitted by combustion sources and has a lifetime of 1–3 months in the atmosphere;
thus it has a long atmospheric residence lifetime relative to the time scales of transport.
Our analysis refers to the winter DJF (December–January–February) seasonal means
for the main features, as the sea level pressure (SLP) amplitude anomalies are larger5

in winter and the NAO is typically stronger in this period.
We briefly describe the model simulations and observations in Sect. 2, while the

spatial structure and temporal evolution of the NAO, for both simulations, are presented
in Sect. 3 along with the NAO trends. The analysis of the NAO influence on tracer
transport is discussed in Sect. 4 together with the future implications. Our conclusions10

are given in Sect. 5.

2 Methodology

2.1 Model simulations

The ECHAM/MESSy Atmospheric Chemistry (EMAC) model is a numerical chemistry
and climate simulation system that includes sub-models describing tropospheric and15

middle atmosphere processes and their interaction with oceans, land and human in-
fluences (Jöckel et al., 2015). It uses the second version of the Modular Earth Sub-
model System (MESSy2) to link multi-institutional computer codes. The core atmo-
spheric model is the 5th generation European Centre Hamburg general circulation
model (ECHAM5, Roeckner et al., 2006).20

For the present study we used ECHAM5 version 5.3.02 and MESSy version 2.51;
more specifically we used simulations RC2-base-05 and RC1SD-base-09 from the
ESCiMo project (Jöckel et al., 2015). Table 1 summarizes the main characteristics
of the simulations; a detailed description can be found in Jöckel et al. (2015) and ref-
erences. Both simulations used T42L47MA-resolution, i.e. with a spherical truncation25

of T42 (corresponding to a quadratic Gaussian grid of approx. 2.8◦ by 2.8◦ in latitude
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and longitude) and 47 vertical hybrid pressure levels up to 0.01 hPa. For this work, the
CO tracer was used, emitted by transient anthropogenic sources (Fujino et al., 2006)
with online calculated chemical decomposition. Two additional tracers named CO25
and CO50, included in the model simulations were used, with emissions modeled after
the CO for the year 2000 (i.e. no interannual variability) and with a constant exponen-5

tial decay, with a e-folding time equal to 25 and 50 days, respectively. These tracers
are well-suited for investigating transport related effects, as no chemical influences are
present.

Simulation RC1SD-base-09 is used to model the recent past (hindcast of the years
1979–2013), while simulation RC2-base-05 is used to project the future development10

of the climate (up to the year 2099).

2.2 Observations

Two kinds of NAO temporal indices produced by the Climate Analysis Section of the Na-
tional Center for Atmospheric Research (NCAR) were used to diagnose the NAO signal
simulated by the model. The “station-based NAO index” (Hurrell and NCAR, 1995) is15

based on measurements of the SLP and is available since 1865. The “PC-based NAO
index” (Hurrell and NCAR, 2003) is obtained from the Principal Component time series
of the leading Empirical Orthogonal Function of the NCAR Sea Leve Pressure dataset
since 1899.

Surface observations of CO were obtained from the World Data Centre for Green-20

house Gases (WDCGG), established by the World Meteorological Organization –
Global Atmosphere Watch (WMO, 2015). The goal of the WDCGG is to assist in more
reliable monitoring and analyzing of greenhouse (CO2, CH4, CFCs, N2O, etc.) and
related gases (CO, NOx, SO2, volatile organic compounds, etc.). In this work only sta-
tions located in the North East America, North Atlantic and North Europe were used.25

Station locations and contributors are listed in the Supplement.
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3 NAO representations and trends

3.1 NAO evaluation

In order to define the spatial structure and temporal evolution of the NAO we use Em-
pirical Orthogonal Function analysis (EOF). This approach consists in computing the
eigenvectors of the cross-covariance matrix of the time variations of the SLP (Hurrell5

et al., 2003). By definition, the eigenvectors are spatially and temporally mutually or-
thogonal and scale according to the amount of the total variance they explain. The
leading EOF (EOF1) explains the largest percentage of the temporal variance in the
dataset. The NAO is identified by the EOFs of the cross-covariance matrix calculated
from seasonal (3 months average) SLP anomalies in the North Atlantic sector (20–10

80◦ N, 90◦ W–40◦ E). The EOF1 spatial pattern is always associated with a north–south
pressure dipole and its centers of action coincide with the NAO poles of highest SLP
variability.

In our study the EOF analysis for the winter season (DJF) shows that the nudged
simulation RC1SD-base-09 well captures the NAO signal: the leading EOF (Fig. 1,15

top) explains 53.0% of the total variance and the pattern has the typical dipolar struc-
ture, while the second EOF (Fig. 1, bottom) represents 14.6% of the total variance.
The patterns are displayed in terms of amplitude (hPa) obtained by regressing the SLP
anomalies upon the leading principal component time series; we can observe maxi-
mum departures of the field of order of ±3 hPa at the central poles.20

The first two spatial EOFs computed also for the long simulation RC2-base-05 are
shown in Fig. 2. The percentages of the total variance explained are 36.2% for EOF1
and 19.1% for EOF2. Both patterns, displayed in terms of amplitude (hPa), are com-
parable with the spatial structure of the NAO and the variability pattern for the North
Atlantic: a dipole in EOF1 and a monopole in EOF2. This indicates that the model with25

the prescribed SSTs reproduces the characteristic signature of the NAO in a realistic
fashion.
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NAO indices (NAOI) for the description of the NAO temporal evolution are derived
from the SLP difference between two locations (NAOI-press) or from the time series of
the leading EOF of SLP (EOF1-ts) (Hurrell et al., 2003). NAOI-press is based on the
difference of normalized sea level pressure between one northern and one southern
station. We will mostly consider only EOF-ts in the following analysis. However, as the5

two NAOIs are highly correlated especially so in the winter season, with a correlation
coefficient (R2) of 0.92 for the case of the nudged simulation RC1SD-base-09 (Fig. 3),
it is reasonable to interchange them to diagnose the temporal variation of the NAO
pattern. The same is valid for the long simulation: the NAO-press and EOF1-ts from
simulation RC2-base-05 correlate highly (R2 = 0.88) for the period 1979–2013 (Fig. 3)10

and also for the entire simulation (1950–2099, with R2 = 0.84). A t test between sim-
ulations RC1SD-base-09 and RC2-base-05 for the calculated NAOI showed that both
simulations are compatible with stemming from the same distribution with equivalent
variance.

In order to validate the model capacity in reproducing the NAO we compared the15

modeled NAOI-press, computed between the stations Ponta Delgada-Azores (37.7◦ N;
25.7◦ W) and Stykkisholmur/Reykjavik-Iceland (65.1◦ N; 22.7◦ W) for DJF of the nudged
simulation, with the observed NAOI-press (Hurrell and NCAR, 1995). The correlation
coefficient between these two NAOI is equal to 0.99 (Fig. 3), signifying that the nudged
simulation well reproduces the observations and the NAO signal.20

3.2 NAO projection trends

To investigate the NAO temporal variability and trends over the simulated period, we
estimated the linear regression coefficients of the principal component time series of
the EOF1 in sliding windows with variable lengths. We considered windows variable
in length between a minimum of 10 years and maximum equal to the simulated period25

and sliding along the whole time series; we computed the linear trend for each case
and assigned the slope value to the central year of the window, e.g. the regression
coefficient of the period 1979–1989 (11 years window) was assigned to the year 1984.
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Figure 4 (top) shows trends of EOF1-ts of the nudged simulation computed following
this method. Plotted in the horizontal axis are the window lengths expressed in years
and in the vertical axis the central years of the windows. The color bar indicates the
slope magnitudes (expressed in hPayear−1). Trends with statistical significance at the
90 % level or above are marked with black crosses. Similarly, in Fig. 4 (center) we con-5

sidered the NAO principal component (PC-ts) based index (Hurrell and NCAR, 2003)
for the same period as the nudged simulation (1979–2013). The patterns and values of
the two plots are similar confirming the capability of the model (and simulation RC1SD-
base-09 in particular) in reproducing results comparable to the observations. There are
two clear patterns in the plots: an upward trend (red shading) which dominates between10

1984 and 1991 and a downward trend (blue shading) which dominates during almost
all periods from 1992 onwards, considering decadal time-scales. The positive trend in
the first period is confirmed by other studies (Visbeck et al., 2001; Gillett et al., 2003);
nevertheless, on a longer ∼ 35 years horizon (1979–2013), the trend is non-significant.

For the analysis of past and future trends we applied the method described before15

to the longer RC2-base-05 simulation. Firstly we computed the regression coefficients
considering the same temporal period of the nudged simulation (1979–2013): the slope
values, shown in Fig. 4 (bottom), are very similar to the nudged simulation ones (Fig. 4
top and middle). This indicates that the SSTs have a significant impact on the NAO
evolution, as it has been already demonstrated in the past: the low-frequency North20

Atlantic climate variability is not only a stochastic atmospheric noise, but it is also in-
fluenced by the ocean surface temperature (Hurrell et al., 2001). However, while the
response of the Atlantic Ocean to changes in the NAO is firmly established, the strength
of the feedback of the SSTs variations on the atmospheric state is yet to be quantified
(Visbeck et al., 2003; Czaja et al., 2003).25

The trend analysis for the whole period of the long simulation is shown in Fig. 5.
The area inside the green triangle corresponds to Fig. 4 (bottom). No change in the
projected future NAO variability is noticeable compared to the recent past, when con-
sidering periods shorter than 30 years. Considering windows of length between 30 and
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60 years, downward trends (centred in the 1980s and 2040s) interchange with upward
trends (centred in the 2010s and 2060s). When considering longer window lengths, we
find two main tendencies: downward trends in the first part of the simulation and upward
ones in the second part of the simulation (with an evident significant area) compatible
with zero, but no long term trend in the NAO pattern projected by our model.5

We can conclude that the decadal variability in NAO, which has been pronounced
since 1950s until 1990 (Hurrell, 1995), will continue to dominate in the future con-
sidering decadal periods, although no significant trends are present in the long term
projection (100–150 years horizon) based on our model simulations. To further check
these findings, the full IGAC/SPARC Chemistry–Climate Model Initiative (CCMI, 2013)10

model ensemble will be intercompared once finalized and available.

4 NAO effects on tracer transport

Using the nudged simulation, we computed the correlation between the principal com-
ponent time series of the leading EOF and tracer mixing ratios at surface level. In this
analysis the CO was used, as it has a relative moderate lifetime (1–2 months) compa-15

rable to intercontinental transport time scales and additionally can be used as proxy
for anthropogenic pollutions, as it is mostly emitted by biomass burning and human
activities (Pozzer et al., 2007).

In Fig. 6 (top) the EOF1-ts and CO mixing ratio computed at the surface level are
significantly correlated over East American coast, Canada, North Africa, the Mediter-20

ranean and above the Arctic Circle. They are anti-correlated over northern Europe and
the tropical Atlantic Ocean, but not statistically significant. The areas with correlation
at the surface level are linked to the main features of the positive NAO phase, when
stronger-than-average surface westerlies are oriented towards northern Europe, with
anomalous southerly flow over the eastern US and anomalous northerly flow across25

the Canadian Arctic and the Mediterranean (Hurrell et al., 2003). In this regime, with
a stronger separation of the flow over Europe, the European tracers are relatively de-
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pleted over northern Europe and relatively higher concentrations are shifted towards
southern Europe, northern Africa and the Arctic. On the other hand air pollution con-
centrations are lower over northern Europe during the negative phase of the NAO,
when the westerlies are weaker and clean Arctic air is transported southwards. Our re-
sults agree with the findings of Christoudias et al. (2012), who examined the influence5

of the NAO on the atmospheric dispersion of pollutant tracers tagged by the continent
of origin for a period of 50 years (1960–2010). Christoudias et al. (2012) computed
a similar correlation considering CO emitted in Europe and in North America. Such
a comparison is justified by the fact that most of CO in Europe is influenced by emis-
sions from Europe and partially from North America, while the contribution from Asian10

emissions is smaller (Duncan et al., 2008).
To evaluate our modeled results we computed the correlation between the winter

seasonal means (DJF) of CO mixing ratio measurements (WMO, 2015), collected in
the stations indicated with green circles in Fig. 6 (top), and the PC-ts index by Hurrell
and NCAR (1995). The results are shown in Fig. 6 (bottom). Observation records begin15

in January 1979 and end in 2015. We only considered stations having at least 8 winter
seasonal means and, for each of them, we selected the longest temporal series when
more series were available at the same station. Following these criteria we obtained
the correlations shown in Fig. 6 (bottom). The station point data are in agreement with
the pattern obtained with the modeled values (Fig. 6, top), with singular discrepancies20

in the western Atlantic Ocean, in Ireland, in the North Sea and Baltic Sea. Observations
show a strong negative correlation in Central Europe, where there is a transition zone
between positive and negative values in Fig. 6 (top). In all cases the results based
on observations are always computed with a smaller sample size than the number of
years of the nudged simulation (35 years).25

For the nudged simulation we also computed the correlation between the EOF1-ts
and the mixing ratio of CO with e-folding time equal to 25 days (CO25, see Sect. 2.1) at
the surface level (Fig. 7, top). In this case the correlations represent purely the tracer
transport, since emissions and the decay lifetime are constant in time and there is no
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influence by chemical production/decomposition variability. At the surface, a large sig-
nificant anti-correlated area extends over the Atlantic Ocean, northern-eastern Europe
and Greenland while there is a strong significant correlation over northern-western
Africa, Iberian Peninsula, Arctic Circle and North America. The anti-correlated area is
greater in extent than the one for the CO (Fig. 6, top) showing the same direction to-5

wards North-East but also a new area over Greenland, making a tripole-shape. The
analysis taking into account CO50 (e-folding time of 50 days) leads to similar results
(see the Supplement).

Future implications

The analysis of the tracer transport was repeated for the long simulation (RC2-base-10

05). In Fig. 7 (bottom), correlations for CO25 at the surface are shown. Comparing to
the equivalent results of the nudged simulation, the correlated areas increase in span
from Africa towards the Atlantic Ocean and decrease over North America, while the
anti-correlated ones are of lower magnitude. The patterns of both simulations exhibit
strong similarities, as the contours and significant areas show little differences and15

the tripole-spatial distribution is still present. These results suggest that during pos-
itive NAO events there is and will be a strong dichotomy regarding the influence on
air quality and pollution over Europe. In particular, the positive NAO phase can con-
tribute to make South Europe suffering from more stagnation and higher pollutant local
concentration while North Europe benefits from a higher air quality. Also in this case,20

the analysis considering CO50 has produced similar results (see the Supplement) sig-
nifying robustness of the conclusion over the uncertainties associated with pollutant
tracers atmospheric residence lifetimes.
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5 Conclusions

Two simulations of the ESCiMo project (Jöckel et al., 2015, RC1SD-base-09 and RC2-
base-05) performed with the EMAC model were analyzed in order to study the NAO
evolution and influence on pollutant transport.

The model is able to well reproduce the SLP anomalies and the NAO signal. In-5

deed the spatial analysis of both simulations shows the typical dipolar structure which
identifies the NAO phenomenon. Moreover the NAO temporal index computed for the
nudged simulation is highly correlated with observations.

By analyzing the trends in the nudged simulation a clear downward tendency of the
NAO (considering the period after 90s) is apparent, in agreement with other recent10

studies. However, when considering the variability of the NAO projection, we can infer
that there is no significant trend expected in the future. Our results indicate that the
NAO is influenced by natural climate variability rather than external factors. We find
confirmation that SSTs influence the NAO evolution.

The final aim of this work was the study of the NAO influence on the tracer trans-15

port, by examining its correlation with tracer mixing ratios. During the positive NAO
phases, when stronger than average westerlies cross the middle latitudes of the At-
lantic, the purely dynamics-influenced tracer CO25 is advected from North America to-
wards Europe reaching the Arctic zone, the southern Mediterranean and North Africa.
The transport of CO, also influenced by chemistry, is less significant, nevertheless the20

observations mostly confirm our model results. Moreover the CO-correlation for the
nudged simulation also shows a tripole-distribution like the pattern obtained for the
idealised case of the CO25.

Since the NAO is strongly correlated with pollutant transport, the NAO Indices may
be used as indicators of (future) pollutant transport over Europe. Our results indicate25

no expectation for a significant trend of the NAO in this century and that strong NAO
events generally imply a splitting over Europe between the northern part with influence
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leading to lower pollution concentrations and the southern part with air stagnation of
pollutants.

The Supplement related to this article is available online at
doi:10.5194/acpd-15-33049-2015-supplement.
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Table 1. Main characteristics of the numerical simulations used in our study.

Name Period Years Type Resolution

RC1SD-base-09 1979–2013 35 T42L47MA Nudged towards ERA-Interim
Re-analysis dynamics

RC2-base-05 1950–2099 150 T42L47MA Prescribed sea surface temper-
ature boundary conditions
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Figure 1. First two empirical orthogonal functions, EOF1 (top) and EOF2 (bottom), of the win-
ter (DJF) mean sea level pressure (SLP) anomalies in the North Atlantic sector (20–80◦ N,
90◦ W–40◦ E) of the nudged simulation (1979–2013) and the percentages of the total variance
explained. The patterns are displayed in terms of amplitude (hPa), obtained by regressing the
SLP anomalies on the principal component time series.
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Figure 2. First two empirical orthogonal functions, EOF1 (top) and EOF2 (bottom), of the win-
ter (DJF) mean sea level pressure (SLP) anomalies in the North Atlantic sector (20–80◦ N,
90◦ W–40◦ E) of the long simulation (1950–2099) and the percentages of the total variance ex-
plained. The patterns are displayed in terms of amplitude (hPa), obtained by regressing the
SLP anomalies on the principal component time series.
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Figure 3. Time series of the observed NAO index based on the normalized SLP difference
(Obs-NAOI-press) between Ponta Delgada and Stykkisholmur/Reykjavik (black line), the mod-
eled NAO indices based on SLP difference (Modeled-NAOI-press) for the simulations RC1SD-
base-09 (blue line) and RC2-base-05 (red line) and the principal component time series of the
leading EOF (Modeled EOF1-ts) for the simulations RC1SD-base-09 (blue dashed line) and
RC2-base-05 (red dashed line).
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Figure 4. Linear regression coefficients of EOF1-ts based on RC1SD-base-09 data (top), PC-
ts by Hurrell (center) and EOF1-ts based on RC2-base-05 data (bottom) computed in sliding
windows with variable lengths. Plotted in the x axis are the window lengths, in the y axis the
central years of the windows, and the regression coefficient values are expressed in hPayear−1

(see color legend). Points marked with a black cross indicate the 90% level of significance.
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Figure 5. Linear regression coefficients in hPayear−1 (color scale) of the principal component
time series of the EOF1 computed in sliding windows with variable lengths with RC2-base-05
simulation data; in x axis there are the window lengths and in y axis the central years of the
windows (from 1955 to 2094). Points with a black cross indicate the 90% level of significance.
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Figure 6. Top: correlation of winter (DJF) seasonal carbon monoxide mixing ratio anomalies at
surface level with the principal component of the EOF1 time series for the nudged simulation
(RC1SD-base-09); points with a white cross indicate local 95% level of significance. Bottom:
correlation between observed DJF CO mixing ratio and PC-ts by Hurrell; circles correspond to
the locations of the stations (also shown as green circles in the top panel).
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Figure 7. Correlation of winter (DJF) seasonal CO25 mixing ratio anomalies at surface level with
the principal component of the EOF1 time series for the nudged simulation (RC1SD-base-09)
(top) and for the long simulation (RC2-base-05) (bottom). Points with a white cross indicate the
local 95% level of significance.
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