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Abstract

This paper studies the interannual variability of pollution pathways from northern hemi-
sphere (NH) continents into the Arctic. Using a 15-year model simulation of the disper-
sion of passive tracers representative of anthropogenic emissions from NH continents,
we show that the North Atlantic Oscillation (NAO) exerts a strong control on the pol-
lution transport into the Arctic, particularly in winter and spring. For tracer lifetimes of
5 (80) days, surface concentrations in the Arctic winter are enhanced by about 70%
(80%) during high phases of the NAO (in the following referred to as NAO™) compared
to its low phases (NAO™). This is mainly due to great differences in the pathways of Eu-
ropean pollution during NAO™ and NAO™ phases, respectively, but reinforced by North
American pollution, which is also enhanced in the Arctic during NAO™ phases. In con-
trast, Asian pollution in the Arctic does not significantly depend on the NAO phase. The
model results are confirmed using remotely-sensed NO, vertical atmospheric columns
obtained from seven years of satellite measurements, which show enhanced northward
NO, transport and reduced NO, outflow into the North Atlantic from Central Europe
during NAO™ phases. Surface measurements of carbon monoxide (CO) and black car-
bon at high-latitude stations further corroborate the overall picture of enhanced Arctic
pollution levels during NAO™ phases.

1. Introduction

During winter and spring, the Arctic suffers from high levels of anthropogenic pollu-
tion (Mitchell, 1957), leading to decreased visibility — the Arctic haze (Barrie, 1986)
— radiative forcing of the Arctic climate (Garrett et al., 2002), soil pollution (Meijer et
al., 2003), and accumulation of persistent organic chemicals (Wania, 2003). Accumu-
lation of ozone precursors in the Arctic in winter and their release to lower latitudes
in spring also causes a peak in photochemical ozone formation, contributing to the
spring-time maximum in photooxidants that is observed throughout much of the north-
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ern hemisphere (NH) troposphere (Penkett and Brice, 1986). Factors that cause the
winter/spring maximum of Arctic pollution, i.e. seasonal changes in pollutant removal
rates, photochemical processes, local meteorology and pollution transport pathways,
are reasonably well understood now (Barrie, 1986; Polissar et al., 2001). There is also
evidence for downward trends of, e.g. sulfate, cadmium, or aerosol scattering, that
have been related to emission reductions (Bodhaine, 1989; Li et al., 2003). However,
little attention has yet been paid to the influence of climate variability on interannual
changes of Arctic air pollution levels.

In the NH, especially during the winter months, the most prominent and recurrent pat-
tern of atmospheric variability is the North Atlantic Oscillation (NAO), a redistribution of
atmospheric mass between the Arctic and the subtropical Atlantic (Hurrell, 1995). Os-
cillations between high and low NAO phases produce large changes in the mean wind
speed and direction over the Atlantic, the heat and moisture transport between the At-
lantic and the neighbouring continents, and the intensity and number of storms (Hurrell
et al., 1997). Thus, NAO-related influences on hemispheric-scale pollution transport
are to be expected. Indeed, it has been shown that the NAO influences the transport
of Saharan dust into the Atlantic and Mediterranean (Moulin et al., 1997), and photo-
chemical model calculations suggest that it may also modify the transport of pollutants
from North America to Europe (Li et al., 2002). Here we present a significant correla-
tion between the NAO and air pollution transport towards the Arctic. The results of this
paper represent the strongest signal found in a survey of the dependence of global pol-
lution transport pathways on a series of popular indices describing climate variability in
various regions of the globe (the Southern Oscillation, Pacific-North America pattern,
Arctic Oscillation and NAO).

2. Methods

Poleward transport of air pollution was examined in a 15-year (1979—-1993) climatology,
an extension to a previous one-year study (Stohl et al., 2002). The climatology is based
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on calculations with the Lagrangian particle dispersion model FLEXPART (Stohl et al.,
1998), driven by six-hourly meteorological re-analysis data from the European Centre
for Medium-Range Weather Forecasts (ECMWF) (Gibson et al., 1999). The transport
of three (Asian, European, North American) carbon monoxide (CO) pollution tracers
was simulated. Emissions were taken from the global EDGAR version 2 inventory
(Olivier et al., 1996) with the base year 1990. Attribution of an EDGAR grid cell to a
particular continent was done approximately according to the continental boundaries
shown on a geographical map, resulting in the emission distribution shown in Fig. 1.
Anthropogenic CO emissions have a distribution similar to the emissions of many other
anthropogenic pollutants, and thus are used here also as a proxy for anthropogenic
pollution in a general sense.

Tracer particles were tagged with their release time and followed in the simulation
for 50 days. Resulting tracer concentrations were binned into 12 age classes and
stored on a three-dimensional grid as monthly averages. Thus, for every month of our
simulation, 12 concentration fields, each one consisting of tracer of definite age only
(e.g. 0—2 days for the “youngest” age class, and 40-50 days for the “oldest” age class)
were available for further analyses. This age-spectrum approach, which is popular in
stratospheric research (Hall and Plumb, 1994), is useful for a posteriori determining
approximately the concentrations of tracers with different e-folding lifetimes. Chemical
species in the atmosphere can be characterized by their lifetime 7, after which their
mass has decreased to 1/e of its initial value (i.e. the mass emitted). To determine the
concentration C of a species with lifetime 7 from the discrete age spectra, we can use

N
C~ z C,,e‘%" , (1)
n=1

where C,, is the tracer concentration in the age class n, t,, is the mean age of class n,

and N is the number of age classes used (12 in our case). This approximate relation-

ship holds for species with lifetimes well within the range of the age classes available.

The age spectra can also be used conveniently to create movies (each consisting
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of N frames) of time-mean tracer dispersion. This can be done either for an individual
month (note that we have monthly model output), or for suitably defined ensembles of
individual months (furtheron referred to as composites). To obtain the composites, the
age spectra of the months pertaining to the ensemble are simply averaged. In order
to study the NAO’s influence on tracer transport, we have produced composite movies
representing ensemble averages of the winter months with the highest (hereafter re-
ferred to as NAO™) and lowest (NAO™) 20% of all NAO indices (mean values of these
ensembles are 3.6 and —3.0, respectively). The NAO index used here was derived from
the difference of normalized sea level pressure (SLP) between Ponta Delgada, Azores
and Stykkisholmur/Reykjavik, Iceland (Hurrell, 1995). The monthly NAO index values
were taken from an internet website (http://www.cgd.ucar.edu/~jhurrell/nao.html).

3. Results

Figure 2 shows snapshots from the two dispersion movies of the European tracer for
composites based on months with NAO* conditions and months with NAO~ condi-
tions, respectively. The full movies showing the dispersion of the European, Asian and
North American tracers are available from http://www.forst.tu-muenchen.de/EXT/LST/
METEO/arcticpollution. After 2-4 days (Figs. 2a, b), the European pollution plume is
largely confined to south of 60° N for NAO™, but it reaches 70° N for NAO™. After 8—10
days (Figsb. 2c, d), most of the European tracer is found south (north) of the Arctic cir-
cle for the NAO™ (NAO™) composites. In the movies, large differences between the two
NAO phases are evident for up to 25 days, after which the differences decrease. Thus,
while European pollution is eventually transported to the Arctic under both regimes, the
poleward transport is faster during NAO™ phases.

Figure 3 shows the corresponding plots for the North America tracer. Like for the
European tracer, more North American tracer reaches Arctic latitudes during NAO*
phases, even though the differences between the two composites are smaller. The
tracer’s transport across the North Atlantic is faster and directed towards higher lat-
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itudes during for the NAO™ ensemble. Transport of North American air pollution is
strongly affected by the warm conveyor belt airstreams of extratropical cyclones (Stohl
et al., 2002), and these warm conveyor belts show a similar correlation with the NAO
(Eckhardt et al., 2003).

In order to quantify the contributions of European, Asian and North American emis-
sions to the Arctic pollution, we plot for both NAO phases the average tracer mixing
ratios at the surface, averaged over the Arctic region north of 70°N, in dependence
of the tracer’s e-folding lifetime. Figure 4 reveals three important facts: Firstly, Eu-
ropean emissions contribute more to Arctic pollution than Asian and North American
emissions together, due to Europe’s position at higher latitudes and prevailing airflow
patterns (Stohl et al., 2002). Secondly, more tracer from all three source continents is
found in the Arctic for NAO™ than for NAO™. Thirdly, the NAO dependence is strongest
for the European tracer and decreases with its e-folding lifetime. For an e-folding life-
time of 5 days (30 days), 90% (50%) more European tracer and 70% (30%) more tracer
in total resides in the Arctic for NAO™ than for NAO™.

Fig. 5 shows maps of the slopes between the surface mixing ratios of the 30-day-
lifetime tracers (from all NH continents together, as well as from Europe, America, and
Asia alone), and the NAO index, obtained from a linear regression analysis. Both the
North American tracer and the European tracer show a bipole pattern, with a region of
positive slopes north of the main source region, and a region with negative slopes south
of the source region (note the difference in scale, though, between panels b and c). The
slopes for the Asian tracer reveal a more complicated distribution, which is largely not
significant, but in the polar regions positive slopes are found, too. The slopes for tracer
mixing ratios originating from all NH continents together closely resemble the results
for Europe alone, confirming the dominant European signal.

To prove that the NAO affects the pollution outflow from Europe as suggested by the
model, we use satellite measurements of a short-lived (lifetime of hours in the bound-
ary layer, and up to a few days in the free troposphere) substance, nitrogen dioxide
(NO,), from the Global Ozone Monitoring Experiment (GOME). GOME is a spectrom-
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eter operating in nadir-viewing geometry on the ERS-2 satellite since 1995 (Burrows
et al., 1999). From the spectral data, total column NO, is retrieved using Differential
Optical Absorption Spectroscopy (Leue et al., 2001). Residual NO, columns for NAO™
minus NAO™ conditions, constructed from monthly data for seven winters (ensemble-
mean NAO indices were —2.1 and 2.0, respectively), show a dipole structure with a
NO, surplus over northern Europe and a deficit over western Europe (Fig. 6a). Careful
analyses of cloud data from GOME itself, the International Satellite Cloud Climatology
Project (Rossow and Schiffer, 1999), and ECMWF tropopause heights for NAO* and
NAQ™ conditions revealed no correspondence to the identified spatial structures. Thus,
the NO, residuals are no artifact of the retrieval technique, but really show an enhanced
outflow into the Arctic and a decreased outflow into the North Atlantic of European pol-
lution for the NAO* compared to the NAO~ ensemble. A map of NAO™ minus NAO~
residuals of the European 1-day-lifetime tracer columns (Fig. 6b) corroborates this find-
ing. Even though the time periods of the model simulations and the measurements do
not overlap and the model does not account for chemical transformations and deposi-
tion (other than applying a 1-day lifetime), there is very good agreement between the
two maps. The spatial patterns identified in the model results are statistically highly sig-
nificant, with correlation coefficients between the NAO indices and the tracer columns
of between —-0.79 and 0.68.

Unfortunately, NO, has too short a lifetime to trace the pollution all the way into the
Arctic. However, in-situ measurements of longer-lived substances at high-latitude sta-
tions confirm our model results. Table 1 shows results of a linear correlation analysis
of CO data at three Arctic stations (Spitsbergen, Barrow, Alert) and at the Irish west
coast (Mace Head), obtained from the NOAA global flask sampling network (Novelli et
al., 1998), and black carbon (BC) data (Cooke et al., 1997) at Mace Head. CO (BC)
has a lifetime of several months (about 10 days) in Arctic winter. Since all timeseries
show a downward trend, which is not discussed further here, a multiple linear regres-
sion was performed with both time and the NAO index as independent variables, in
order to exclude the possibility that correlations are due to joint NAO and emission
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trends. However, at all stations the NAO index is the main explanatory variable, and
thus a regression with the NAO index alone yields very similar correlations and slopes.
Depending on the station, the analysis explains about 30-50% of the variability seen in
the data. At the Irish Mace Head research station, close to the negative pole in Fig. 6,
there is a modest negative correlation between NAO and CO. According to the model
simulations, this is a superposition of a strong negative correlation with European CO
and a weaker positive correlation with North American CO (Fig. 5). For the shorter-
lived BC, for which the North American influence is small, we see a very strong and
highly significant negative correlation with the NAO, reflecting reduced outflow from
Europe to the North Atlantic during NAO™ phases.

In contrast, highly significant positive correlations between NAO and CO are found
at all Arctic stations, confirming the enhanced poleward transport of air pollution from
Europe and North America during NAO™ phases, seen in Figs. 1-4. For NAO indices
of —4 (+4), CO is nearly 10% lower (higher) than on average. Fig. 5 demonstrates that
most of this correlation can be explained by NAO-related modifications of European
pollution transport.

Similar, albeit weaker, correlations between the NAO and both measurement data
and model results were found for spring, whereas for summer and autumn low corre-
lations were obtained. This is expected, as the NAO is strongest in winter and early
spring (Hurrell et al., 1997). Similar correlations were found with alternative NAO-
related patterns like the Arctic Oscillation. The NAO was used here because European
emissions are most important for Arctic air pollution and the NAO possesses the great-
est explanatory power over the Euro-Atlantic region (Ambaum et al., 2001).

4. Discussion and conclusions

Using a 15-year tracer transport climatology it was found in this study that transport of
anthropogenic pollution from all three NH continents correlates with the NAO in winter
(and spring). Enhanced transport of pollution to the Arctic from all three NH continents
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was observed during high NAO phases. The strongest dependency of simulated Arctic
pollution levels on the NAO occurred for the pollution originating from Europe, and the
correlation with the NAO index was strongest for tracers with short lifetimes. Satellite
observations of NO, show a similar correlation with the NAO index and, thus, confirm
the model results. CO measurements at Arctic surface stations, which are all positively
correlated with the NAO, further corroborate our model results.

Our observation that the NAO controls pollution outflow from NH continents into the
Arctic has important consequences. During the past decades, there has been a posi-
tive trend in the NAO (Hurrell, 1995), explaining partly why climate change in the Arctic
was probably faster than anywhere else in the world (Moritz et al., 2002). Anthro-
pogenic aerosols reduce cloud droplet sizes (Bréon et al., 2002), which globally leads
to negative radiative forcing due to an increase in cloud reflectivity. However, under
Arctic conditions (large solar zenith angles, high surface albedo because of snow and
ice), aerosols warm the surface by increasing the longwave emissivity of thin clouds
(Garrett et al., 2002), which adds to the forcing by greenhouse gases. Thus, part of the
observed Arctic warming may have been due to enhanced transport of anthropogenic
pollution into the Arctic during the past decades, both because of increasing emissions
and the positive NAO trend. Very recently, though, the Arctic has cooled and become
less cloudy in winter (Wang and Key, 2003), which could be related to recent emission
reductions in Europe and North America, and a stabilization of the NAO in the last
decade.

Another implication of our results is a possible feedback on the NAO itself, caused by
transport of short-lived greenhouse gases and aerosols to the Arctic varying with the
NAO phase. Both the strength and the direction of such a feedback loop are unknown
yet, but could possibly be explored with chemistry-climate models.

According to our results, the NAO may lead to large interannual and decadal vari-
ability of nitrogen deposition to the Arctic Ocean, with potentially important ecological
implications (Pearl et al., 1999). Furthermore, a negative correlation between the NAO
and nitrate concentrations in UK freshwaters has been reported, but is not yet explained
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(Monteith et al., 2000). We suggest that variability in atmospheric pollution transport
may be responsible.
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Table 1. Table shows coefficients obtained from a multiple linear regression with CO or BC as
dependent, and time and NAO index as independent variables: a, intercept (unit ppbv for CO,

ng m~2 for BC), a, trend (ppbv/year for CO, ng m'3/year for BC), a5 slope with NAO index (ppbv
for CO, ng m~ for BC). * significance of r? on the * 5% level, ™ 1% level, ™ 0.1% level

Station Location Period Species r? a, a, ag

Mace Head 53.3°N9.9°W  1991-2001 CcO 027" 192 -42 -44

Mace Head 53.3°N9.9°W  1989-2001 BC 0.49™ 180 -3.1 -317
Spitsbergen  78.9°N11.9°E  1994-2001 CO 041™ 170 -09 3.3
Barrow 71.3° N 156.6° W  1994-2001 CO 0.44™ 186 -2.4 4.0
Alert 82.5°N62.5°W  1994-2001 CO 028" 187 -2.7 2.8
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a) North American Emissions
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Fig. 1. Anthropogenic CO emissions in kilotons CO per year and 1° x 1° grid cell according to
the EDGAR inventory for the base year 1990 for North America (a), Europe (b) and Asia (c).
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Fig. 2. European tracer columns [mg m_z] 2—4 days (a, b), and 8-10 days (c, d) after tracer
emission. The two composites represent the three December, January and February months
with the lowest and highest NAO index, respectively, selected from a 15-year (1979—1993)

period.
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Fig. 3. Same as Fig. 2, but for the North American tracer.
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Fig. 4. Dependence of the winter-time mean tracer mixing ratios [ppbv] at the surface, averaged
over the region north of 70° N, on tracer lifetime for NAO™ (bold lines) and NAO~ (dashed lines)
ensembles, respectively, for European (green lines), North American (blue lines) and Asian

tracer (red lines).
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a) Northern Hemisphere c) Europe

[Ppbv]

Fig. 5. Maps of the slopes (ppbv per index unit) between the 30-day-lifetime model tracer, and
the NAO index in winter, for (a) all three NH source continents together, (b) North America
alone, (c¢) Europe alone, and (d) Asia alone. The slopes were obtained by carrying out a linear
regression analysis with the NAO index as the independent variable, and the tracer mixing ratio
in the lowest model layer as the dependent variable.
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Fig. 6. Comparison of observed and simulated NAO signal in pollution transport from Europe.
(a) Residuals of NO, columns retrieved from GOME satellite observations for NAO* minus
NAO™ composites during seven (1996-2002) winters. (b) Map of the correlation coefficients
between the NAO index and total vertical columns of the European 1-day-lifetime tracer (white
contour lines) during 15 winters (1979-1993). The coloured isopleths represent the residuals of
the tracer columns [mg m_2] for NAO™ minus NAO™ composites. Asterisks mark the locations
of measurement sites at Mace Head and Spitsbergen.
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