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Abstract. In this paper, spectra of aerosol optical thickness1 Introduction

from the AERONET (AErosol RObotic NETwork) station at

Hornsund in the southern part of Spitsbergen were employedtmospheric aerosols originate from a wide variety of
to study the impact of air mass history on aerosol opticalsources in both marine and continental environments.
thickness for wavelength=500 nm — AOT(500) — and the Aerosol content varies significantly depending upon the air-
Angstibm exponent. Backward trajectories computed, usingmass source and history. The Arctic is characterised by a low
the NOAA HYSPLIT model, were used to trace air history. It aerosol load; however, aerosol optical thickness increases
was found that in spring, the changes in AOT values over theconsiderably in late winter and spring (Arctic haze) and dur-
Hornsund station were strongly influenced by air mass trajecing direct advections of polluted air from lower latitudes in
tories 8 days or longer in duration, arriving both in the free other seasons (e.g. Herber et al., 2002; Tomasi et al., 2007;
troposphere and at an altitude of 1 km above sea level. NevQuinn et al., 2007; Engvall et al., 2008).

ertheless, free tropospheric advection was dominant. AOT Nearly all pollution in the high Arctic originates from
variability in summer was best explained by the local di- more southerly latitudes. Local pollution sources are small
rection and speed of advection (1-day trajectories) and waand limited to the vicinity of the Arctic Circle (Law and
dominated by the effectiveness of cleansing processes. DuStohl, 2007). Long-range transport of aerosols and their
ing the ASTAR 2007 campaign, the aerosols near Hornsungjaseous precursors is most abundant in winter and spring,
displayed low AOT values ranging from 0.06 to 0.09, which when the southward shift of the Arctic front facilitates the
is lower than the mean AOT(500) for spring seasons fromadvection of polluted air from mid-latitudes, mainly from
2005 to 2007 (0.11€:0.007; meant standard deviation of Europe and Asia. The stable atmosphere and relatively low
mean). 9 April 2007 with AOT(500)=0.147 was exceptional. scavenging by clouds and precipitation are additional factors
The back-trajectories belonged to clusters with low and av-influencing the effectiveness of the transport of aerosols and
erage cluster mean AOT. Apart from the maximum AOT of gaseous precursors (Quinn et al., 2007). The end of the po-
9 April 2007, the observed AOT values were close to or lowerlar night causes the generation of aerosols from gaseous pre-
than the means for the clusters to which they belonged.  cursors as a result of photochemically induced reactions. In
summer, the Arctic front moves further north, making ad-
vection of air from mid-latitudes more difficult; also, the
dominant direction of circulation changes. In winter, the
mean circulation is characterised by fast low-level transport
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Atlantic Ocean across the high Arctic towards the North Pa-et al. (2003) suggested that five-day trajectories are not long
cific Ocean. Moreover, the summer transport is slower (Lawenough to explain some of the G®@ariability.
and Stohl, 2007). In spring (i.e. mid-April to May) almost ~ The aim of this work was to determine the contribution of
the whole Arctic region is dominated by high-pressure situ-aerosol transport to aerosol optical thickness éngstrbm
ations. In Svalbard this results in a typically persistent air-exponent variability in the southern part of Svalbard, to iden-
flow from the Arctic, and slow transport from the northern tify the main sources and paths of air advection to the South
part of Russia, Scandinavia and the Atlantic (Eneroth et al. Svalbard area and to determine basic aerosol optical charac-
2003; Engvall et al., 2008). Also, biomass burning in Eura-teristics for each of them. The authors also determined the ar-
sia and North America and the advection of desert dust playival altitude of advection and the length of back-trajectories
an important role in Arctic air pollution (Stohl et al., 2006; that best explain the variability in the aerosol optical thick-
Treffeisen et al., 2007; Generoso et al., 2007; Tomasi et al.ness at the Hornsund station. Additionally, the aerosol op-
2007; Stone et al., 2007). Arctic aerosols can also be influtical properties measured at the Hornsund station during the
enced by volcanic activity (Law and Stohl, 2007; Nagel et ASTAR 2007 campaign are presented. The paper is intended
al., 1998; Tomasi et al., 2007); the volcanic regions closesimainly as a climatological background to the aerosol mea-
to the Arctic are the Kamchatka Peninsula and Alaska. surements performed at Hornsund during the ASTAR cam-
Natural, local Arctic sources of aerosol are usually far lesspaign.
effective with regard to AOT enhancement than long-range The cluster analysis of air back-trajectories employed in
transport. Local Arctic aerosols consist of sea salt particleshe paper is a technique widely used to identify transport
(Petelski and Piskozub, 2006), mineral dust, the oxidationpatterns and potential sources of both anthropogenic pollu-
products of dimethyl-sulphide emitted from the sea surfacetion and natural constituents of the atmosphere, including at-
(HiIIamo etal., 2001) and insoluble organic particles derived mospheric aerosols (e_g_ Abdalmogith and Harrison, 2005;
from the surface microlayer of the ocean by bubble burst-Owega et al., 2006; Katragkou et al., 2009; Xia et al., 2007).
ing (Leck and Bigg, 2005). Analysing a three-year set of si-|t is also used to determine how aerosol optical properties
multaneous measurements from Barrow, Quinn et al. (2002pbserved over the station differ depending on source region
found that sea salt and sulphate aerosol were the dominarind transport pathways (Xia et al., 2007; Toledano et al.,
ionic species. However, local Arctic sources can also be ef2009; Gogoi et al., 2009; Yan et al., 2008). This method has
ficient. Mulcahy et al. (2008) found that under moderate-to-peen used for various parts of the world, but only one paper
high wind conditions, the sea-spray aerosol optical thicknesgoncerns the European High Arctic. Eneroth at al. (2003)
was comparable to that associated with pollution plumes ovegpplied the cluster analysis of five-day back-trajectories to
oceanic regions. identify distinct transport patterns for I\élesund (Svalbard)
Aerosol sources related to anthropogenic activity and theand compare the trajectory clusters toQ®easurements in
transportation pathways have been investigated at differengrder to study the extent to which different atmospheric flow
Arctic stations such as Alert (Canadian Northern Territories; patterns influence the variability in atmospheric £@ the
Lin etal., 2001) and Station North, Greenland (Heidam et al.,present paper, cluster analysis of back-trajectories is used to
2004). Stohl et al. (2002) performed a one-year simulationanalyse the variability in aerosol optical properties at Horn-
of the transport of six passive tracers, released over the contisund, Svalbard.
nents according to an emission inventory for carbon monox-
ide. They found that the European contribution was several
times higher than the Asian and American ones. The pollu2 Methodology
tion sources have been identified, but models do not agree on
the importance of certain pollution elements; for example,2.1 Data
recent modelling studies yield conflicting results on whether
southern Asia is a significant source of pollutants to the Arc-The authors used aerosol data from the AERONET (AErosol
tic or not (Quinn et al., 2007). Besides, only a small num- RObotic NETwork) station at Hornsund from the period
ber of papers discuss long-range transport and its impact 08005-2008. The measurements at Hornsund were made from
aerosol optical properties, and this is especially true in thdate March to late September. The Hornsund station provided
European Arctic (Herber et al. 2002). total aerosol optical thickness (AOT) measurements for se-
Pollution can be advected to the Arctic both in the bound-lected wavelengths (340, 380, 440, 500, 675, 870, 1020 nm),
ary layer and the free troposphere (Khattatov et al., 1997 water vapour content in the atmosphere as well as the con-
Myhre et al., 2007; Quinn et al., 2007), and its residence timetributions of the fine and coarse modes of the aerosol size
in the atmosphere depends on a number of factors such adistribution to the total AOT fok=500 nm (AOTF and AOTk,
scavenging by cloud and precipitation (e.g. Khattatov et al.respectively). For clear sky conditions, measurements were
1997). In order to analyse the long-range transport of pollu-made 6 times an hour (intervals of 6 to 15 min between mea-
tants to the Arctic, five- or ten-day back-trajectories are mostsurements). In cloudy conditions, the measurements were
often used (Eneroth et al., 2003; Lin et al., 2001). Enerothdistributed unevenly during the day. The AOT measurement
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accuracy is 0.02 for ultraviolet and 0.01-0.02 for visible solar
radiation ¢ >380 nm) (Smirnov et al., 2000). For the purpose

of this paper, the authors used mainly AOT data. A@iid 0.5 2005
AOT. are the respective AOT values due to fine and coarse F2006
mode aerosol attenuation. The modes used in this instance by 2007
AERONET are defined optically. The coarse mode spectral £2008
variation is approximately neutral. Details of the algorithm ~ E

for the spectral discrimination between coarse and fine mode§ 0.3
optical depth can be found in O’Neill et al. (2003).
During the ASTAR 2007 campaign, which lasted from
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28 March to 16 April, a number of additional measure-
ments were made at Hornsund. In this paper, the authors
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surements with a Classical Scattering Aerosol Spectrometer 0.1 J@ﬁ & & 4
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Like any other automated algorithm, the AERONET cloud 5 plk X Qri@ ® % Qﬁ 2o
screen algorithm (Smirnov et al., 2000) is not 100% success- 0.0 ‘ ‘ — — ‘
ful. The original spectra obtained from AERONET were ad- 100 150 ) 200 250
ditionally cloud screened. Since the authors did not have in- Julian day

dependent Cirrus cloud measurements for further quality as- o _
sessment, the nature of the temporal changes in AOT,fAOTF'g- 1. Temporal vanatlons_of AOT betwec_an 2005 and 2008 in
and AOT, as well as meteorological observations were used0rnsund. Symbols and whiskers show daily means and standard
(Hornsund is WMO station No. 01003). Cases when greateldevIatlons (variability of AOT within a given day).

temporal variability in AOT was caused only by coarse par-

ticles, indicating the high probability of thin Cirrus clouds whereio is the reference wavelength ahg=1000 nm. The

or drifting snow crystals, were rejected. Such an approactingspsm exponent was calculated for the spectral range
is justified by the high correlation of the elevated concen-om 440 to 870 nm

tration of coarse mode aerosol (measured with CSASP-100- Figure 1 shows the whole set of daily means of AOT at
HV-SP) with blowing snow and the cases of precipitation ob- 4 nqnd used in the present paper. A detailed discussion
served during the ASTAR campaign (Rozwadowska et al.,f the seasonal variability in AOT ang at Hornsund will

_2008). Moreover, the increase or strong ter_nporal variationg, o given in a separate paper (Rozwadowska and Sobolewski,
in coarse mode AOT were often accompanied by a choppedn 10y The error of the daily average AOT is lower than

dataset, when only a few measurements were made during oo5 \ith the exception of several cases of high AOT and
the day (signs of a cloudy day) and occurred near breaks iRjgnificant daily variability. Typical errors of the daily aver-

the mea;urements (edges of clouds). Both cloud particleagea are 0.07 for AOT(500)=0.12, 0.1 for AOT(500)=0.07
and blowing snow particles belong to the coarse mode. Sands.,4 o 2 for AOT(500)=0.04. The daily variability and non-

storms, another source of coarse mode particles, are un"kelwnearity of the spectrum (on a log-log scale) are the main

at Hornsund. The only source of aerosol coarse mode parz, ;ses of the averageerror. Hereafter, AOT(500) denotes

ticles is the ocean, but such cases must be related to strongg daily AOT means fok=500 nm andx the Angstiom ex-

winds blowing in from the ocean. Therefore, cases wheny,nant calculated for the spectral range from 440 to 870 nm;
higher AOT temporal variability was caused only by coarse , is 5150 a daily mean.

particles and could not be justified by a storm on the ocean
were rejected. 2.2 Backward trajectories

Days during which a minimum of five measurements were
made were chosen for the subsequent analyses. For each d&8ackward trajectories computed by means of the
the averagdingstiom exponentd) and average AOT(500) NOAA HYSPLIT model (Draxler and Rolph, 2003)
were calculated. AOT(500) stands for the aerosol opticalwere used to trace the air history. The mid-point of the
thickness for the wavelengtt=500 nm. The&ngstlt')m ex-  aerosol-measuring period on a given day was selected
ponent is the slope of the AOT spectrum presented in theas the trajectory arrival time input to HYSPLIT on that
log-log scale. Itis defined as day. For calculations, the ‘Reanalysis’ database was
used. “Reanalysis”, in this case, means the name of a
dataset in the HYSPLIT services to calculate trajectories,
i.e. global NOAA-NCEP/NCAR pressure level reanalysis
data archives reprocessed into the HYSPLIT compatible
format (NCAR/NCEP reanalysis project; Kalnay et al.,

AOT (A)=AO0T (r0)- (%) 1)
0
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1996; Draxler et al., 2009). The global data are given on2.3 Cluster analysis
a latitude-longitude grid (2.5 degrees) at 17 pressure levels
(18 sigma levels). The time resolution of the datais 6h.  Cluster analysis was used in the paper to classify backward
The trajectories were calculated for three arrival heights:air trajectories into groups of similar history, i.e. similar di-
1km, 2.5km and 5km above sea level. These heights aréection of advection and velocity of air movement. It was
comparable to those used by Engvall et al. (2008) for Nyshown that the trajectory clusters are associated with the fea-
Alesund. It must be noted that these trajectories, in generafiures of large-scale atmospheric circulation (Dorling et al.,
change altitude as a function of transit time and that thesel992). The non-hierarchical clustering algorithm, described
heights are only those at which the air arrives at the stationby Dorling et al. (1992), was employed in this study. The
The selection of 1 km as the lowest level resulted from theauthors used the dataset of geographical coordinates of air
orography around the station. The fjord is surrounded byparcel back—trajectories, which reached the Hornsund station,
hills of 500 to 1000 m in height above sea level (highest peakcalculated at 1-h intervals for a period of time between 0 to
1431 m) and, thus, lower trajectories, even if they are calcu192 h prior to arrival above the station.
lated properly, will be significantly influenced by the orogra-  Prior to the cluster analyses, the geographical coordinates
phy. were converted to x, y on a plane using the azimuthal equidis-
The 5km level at the station is in the free troposphere (FT),tant projection with the central point being the geographical
and the 1 km height at the station is likely to be in the bound-Position of the Hornsund station. It was assumed that the
ary layer (BL). There is a lack of data regarding the boundarydistortion related to the projection had a secondary impact
layer thickness over Hornsund, but it is not a typical Arctic on the classification. The projection is equidistant along the
BL over an ice-covered sea. The station is surrounded by ameridians” (in this nomenclature Hornsund — the tangent
varied landscape: fijord and ocean, glaciers, tundra and rockg0int of the projection — is located at the pole); however,
Moreover, the station is located at the mouth of the fiord tothere is some distortion along some other lines. Itis the great-
the warm ocean. 1-2 km north of the station, there is a moungst along the “parallels” and increases with angular distance
tain peak c. 500m high. Most likely, the boundary layer from the tangent point from 0.4% for 202.0% at 30, 4.6%
top often exceeds 1000 m above sea level. The spring ocat 40, 8.5% at 50and 13.8% at 60 The cases given are
currence of Cumulonimbus clouds confirms the presence ofXxtreme. The error decreases when the points are not on the
a relatively thick boundary layer, which is probably similar same ‘parallel’. The majority of trajectories are within°40
to that in Kongsfjorden (Spitsbergen). Engvall et al. (2008) and only some exceed B0Besides, the respective points of
assumed the thickness of the boundary layer indigsund  two trajectories are rarely on the same “parallel”.
(Kongsfjorden) to be c. 2 km for April to June. They defined  The calculated Euclidean distancés between the-th
the boundary layer limits using the height of the cloud tops. trajectory and a typical (mearijth cluster trajectory are de-
To check the representativeness of the trajectories arrivingined as follows:
at Hornsund for the Hornsund area, trajectories for points I=N; x—k=N;, 2 2
shifted by 2.8E and W and 0.5N and S from Hornsund i/~ Zwi=1 Zk=1 [(x"kl_x"'kl) + (k=Y ju) ] 2)
were calculated for the same altitudes as at Hornsund besides,
the trajectories ending at Hornsund itself. As far as trajecto-
ries arriving at one altitude are concerned, in 70% of cases 3— — k —index equal to the air pass time from a given trajec-
4 of the 4 trajectories arriving at points around Hornsund are  tory point to Hornsund expressed in hours,
very similar to those simultaneously reaching Hornsund it- ]
self at the same altitude; in another 23% of cases, 2 of the — Nk —trajectory length expressed by the number of hours
4 trajectories resemble those at Hornsund. Comparison of ~ USed in clustering,
sets of trajectories arriving simultaneously at all 3 altitudes
shows that in 72% of cases at least 2 trajectory sets reaching
the points around Hornsund are in agreement at all 3 alti- — N; — the number of trajectory levels used in clustering,
tudes with the trajectories for Hornsund itself and in 40% of ) )
cases at least 3 sets are in such agreement. For certain case§ *ikl» Yik — coordinates on the plane of tiketh point
with strong divergence, trajectories were also calculated with ~ ©f thei-th trajectory reaching theth height above the
a denser grid. It was found that strong spatial trajectory di-  Station,
vergences also occur for a denser meteo gricdb{latitude
and longitude). The spatial distribution of additional points
with trajectories concurring with those for Hornsund is vari-
able. We must remember that 120 km is already within the
synoptic scale and, thus, the trajectories can differ.
Only the trajectories for Hornsund were used in the later
calculations.

ere

— [ —the number of trajectory arrival level considered,

— Xju, Yju — coordinates on the plane of theth point
of an average trajectory of thieth cluster reaching the
[-th height above the station.
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The algorithm minimized the following factor: 2.4 Relative variance
J=Ne =N . . . . .
f= =1 Zizltj ,ZJ (3)  The aim of the cluster analysis of air trajectories was to

determine the importance of aerosol transport in AOT and
: bt Angstiom exponent variability in the southern part of Sval-
Ny; denotes the number of trajectories in fth cluster, and  parg. we attempted to determine the height of air arrival and
N is the number of clusters. _ _ thelength of the back-trajectory that best explain the variabil-
Clustering was performed for three “seed” trajectory files, i of AOT in Hornsund. To solve this problem, the relative

trajectories for single air arrival altitudes (1, 2.5 or Skm \arjance of AOT was analysed. The relative variance of AOT
above sea level), combinations of two altitudes and for trajecyg gefined by the following formula:

tories arriving at three height levels simultaneously. Cluster-
ing was done for trajectories of lengths between 24 h (1 day) J=Nex~=N] (AT (AOT) )2
to 192 h (8 days). In this study, three types of seed files Wergy (AOT)= ijl —ij=1 ( ij—( >j)
applied. The first seed file included all trajectories from a =V (AQT; — (AOT))?
given season (seed file 1). The second included a selection
of trajectories from a given season with a range of differentwhere N is the total number of cases (measurement days),
trajectory shapes (seed file 2). The third seed file (seed file 3)V¢ is the number of clustersy; the number of cases from
consisted of “artificial” back-trajectories, which originated at the j-th cluster, AOT; is AOT for thei-th case from thg-th
45 or 65 N and which after eight days reached Hornsund. cluster,<AOT> ; is the average AOT for all cases from the
Four (two short and two long) of these “radii” were directed j-th cluster. Low values of rv(AOT) are found if atmospheric
towards Asia, two to Europe, two to the Atlantic Ocean, to transport, as specified by the clusters, is able to explain the
North America and the last two towards the Bering Strait. variance.
With trajectory clustering at several levels simultaneously, a In the variance calculations, the AOT values deviating
combination of these “radii” was used as a seed file. most from the seasonal average were rejected, e.g. 2 and
We mixed the levels in the distance measure to represeng May 2006 (respective Julian days 122 and 123) and 5 July
the advection in the entire column of the lower and middle and 29 August 2008 (respective Julian days 187 and 241;
troposphere. Pollution advection may occur at different al-see Fig. 1). The inclusion of these cases in particular clus-
titudes. The similarity of trajectories arriving at a point at ters would have had a strong impact on the relative vari-
a given altitude may not be relevant to the trajectories arriv-ance of AOT, which would have masked the contribution of
ing at that instant at other altitudes. In our cluster analysisother cases. The exceptionally high AOT cases of 2 and
each cluster member is represented by 1, 2 or 3 trajectorieg May 2006, caused by farmland fires in Eastern Europe,
together. were discussed by Myhre et al. (2007). However, the discus-
Only trajectory coordinates have been used in the clussion of the particular cases of trajectory division in clusters
tering algorithm, while additional factors such as trajectory (Sects. 3.1 and 3.2) includes all AOT cases, since the outliers
height (except for the arrival height at Hornsund), topogra-influence the mean AOT and variance values only for their
phy, land cover, sea ice, atmospheric stability, precipitationown clusters. In this case, taking days with very high AOT
or certain events (such as fires) have not been explicitly invalues into consideration does not alter the picture of the situ-
cluded. However, some of these factors are related to geodation as much as in the relative variance analysis. Moreover,
graphical coordinates. These factors could be significant tahe placement of these outliers in the clusters is discussed in
the aerosols on the trajectory arriving over Hornsund, but wethe text.
do not have enough data to introduce another parameter t0 The relative variance of AOT decreases strongly as the
the clustering. This paper is a first approach to the problem,ymper of clusters increases. However, the number of one-
for the Hornsund station. element clusters also increases along with the increase in the
Owing to significant seasonal differentiation of the Arc- nymper of clusters. Taking into consideration the relatively
tic aerosol properties, the spring data (in this paper Marchyqy number of measurement days in both seasons (about 60
April, May — Julian days up to 147) and summer data (mid- per season) and the great number of possible combinations
June to mid-September, Julian days from 165 to 266) werey trajectory shapes and directions at 3 levels, we decided
analysed separately. Figure 1 shows temporal variations ifnat division into 10 clusters would be optimal for the rel-
AOT during the measurement years at the Hornsund staative variance analysis. The number of clusters was made
tion. The mean values AOT(500) for spring and summer arezonstant so as to make all the clustering cases under analy-
0.116+0.007 (mean and standard deviation of the mean) andjs comparable. One of the criteria, for selecting the number
0.048t0.003, respectively. The transition period (Engvall et of cjysters, involves the points of the strong increase in the
al., 2008) was ignored. minimized factor (Eq. 3) with the decrease in the number of
clusters (Dorling et al., 1992). In our analysis, one of the
“breaks” in the plot of the minimized factor in the function

wherei is the number of the next trajectory in theh cluster,

4
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of a number of clusters usually occurred in the range 7 toparticular clusters. In general, the advection of an air mass
11 clusters. at any altitude may impact on AOT values. Moreover, the

One-element “clusters” have an average variance of zerosimilarity of the trajectories that arrive at one altitude does
In order to check their impact on the relative variance dis-not necessarily imply the similarity of trajectories at other
cussed in this paper, relative variance was also calculatedltitudes.
with zero variance in these clusters replaced with values The most abundant cluster is the central one, number 4
equal to three times the variance for the entire season (with¢19 days out of 66). It includes trajectories with very differ-
out clustering). The differences in relative variance wereent source areas and directions, and also large curvatures. A
negligible. common feature of the trajectories is the relatively long air
mass residence time over the Arctic Ocean. There is no char-
acteristic direction of advection on the synoptic maps for this
cluster. Anticyclonic advection and low pressure gradients
are dominant.

Clusters 2 (9 members), 7 (6 members) and 8 (6 mem-

In this section, we identify the main sources and paths of adPers) are North American. Trajectories arriving at 5 km come
vection to southern Spitsbergen and relate them to aerosdfom Labrador (mainly cluster 8), northern Canada, Alaska
optical properties. Since this paper investigates the deperfmainly cluster 2) and the Canadian Arctic. Lower trajecto-
dence of aerosol optical properties on air mass trajectoriedj€s (2.5 and 1km) come mainly from various parts of the
the criterion for choosing the optimum trajectory division Arctic Basin and adjacent seas and also from over the Asian
into clusters involves the greatest decrease in AOT variance~rctic and northern Siberia, especially in cluster 2. No dom-
This section presents the results of the trajectory division, opinant circulation type for cluster 2 at the instants of trajec-
timum for our dataset, into 10 clusters (compare Sect. 3.3)t0ry arrivals was found. Advection (the geostrophic wind) is
For the current AOT dataset, the optimum trajectory division Mainly from the N and NE in both cyclonic and anticyclonic
was obtained using the clustering of 5-day trajectories arriv-'égimes. An easterly cyclonic advection was dominant in
ing at an altitude of 5km above sea level in spring and ofcluster 7. For cluster 8 the synoptic maps show the domi-
1-day trajectories at 2.5 and 5km in summer, both for seed’@nce of gntu:_yclor_uc c!rculatlons, but there is no dominant
file 2 (compare Sect. 2.3). For each cluster source the trag€ostrophic wind direction.

jectory areas are discussed as well as the directions of air Clusters 3 (10 members), 5 (3 elements) and 9 (4 mem-
mass advections and the synoptic situation at the moment drers) are Eurasian. In all these clusters air arrives at Horn-
air mass arrival over the station. For the Synoptic discus.sund within an anticyclonic circulation: E in cluster 9, NE,
sion, a calendar of circulation types for Spitsbergen is useds and N in cluster 3. An anticyclonic circulation with a low
(Niedzwiedz, 2009). Classification of circulation types is Pressure gradient was found in cluster 5.

based on surface synoptic maps and takes into account the Cluster 1 (7 members) is northerly. These are the tra-
direction of the geostrophic wind and the kind of pressurejectories that arrive from over the Pacific and pass rapidly
pattern (anticyclonic, cyclonic). The geostrophic wind direc- across the entire Arctic. The atmospheric circulation during
tion illustrates the position of a cyclone or anticyclone with the AOT measurements was mostly anticyclonic. The domi-
respect to southern Spitsbergen. When discussing the resulint air mass advection directions to Hornsund (geostrophic
of the impact of air back-trajectories on aerosol optical prop-Wind), determined using the surface synoptic maps, were NE
erties investigations, we must remember that the sun phoand N.

tometer method of measuring AOT precludes measurements The clusters presented are not very abundant; however,
on cloudy days. This favours anticyclonic weather conditionstheir representativeness is confirmed by the fact that in
and reduces the number of measurement days. In this papefost cases they have trajectories from different years and/or
we used data from four years of measurements, but for th&onths. Clusters 10 and 6 are 1-member clusters. These
cluster analyses we used only 66 spring days and 60 summéfajectories are sufficiently different that the reduction in the

3 Results

3.1 Back-trajectory clusters for Hornsund station

days. number of clusters to 8 did not lead to the 1-member clusters
being eliminated. With the decrease in the number of clus-
3.1.1 Spring ters, the algorithm links similar clusters but does not force the

_ _ _ o _ elimination of 1-member clusters. Obviously, such clusters
In spring, the optimum trajectory division was obtained us- gre not statistically significant and can be treated as outliers.
ing the clustering of 5-day trajectories arriving at 5km. The

5-day trajectories for particular clusters and the 5-day trajec3.1.2 Summer

tories of cluster members are presented in Fig. 2. Addition-

ally, Fig. 2 shows full 8-day trajectories arriving at heights In summer the optimum division of trajectories was obtained
of 1km, 2.5km and 5 km above sea level of days from par-by clustering the 1-day trajectories arriving at 2.5 and 5 km.
ticular clusters. This gives the full advection picture within The average 1-day trajectories for particular clusters and
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Fig. 2. Average trajectories for particular clusters, and trajectories of cluster members for spring clustering of 5-day trajectories at 5 km. Full
8-day trajectories arriving at 1 km, 2.5 km and 5 km for days from particular clusters are plotted in pale colours.
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1-day trajectories of cluster members are presented in Fig. 3. As already mentioned, the cluster analysis included only
Like Fig. 2, Fig. 3 also includes full 8-day trajectories arriv- clear days and days with low cloud cover. In order to deter-
ing at heights of 1 km, 2.5km and 5 km for days from partic- mine the extent to which our cluster classification is repre-
ular clusters. sentative of all the days of the years under study, our clus-
Clusters 5 (5 members) and 7 (6 members) are northerlyers should be compared to the clusters determined for all
clusters. In all these clusters the air passes over Spitsbergatays, but such an analysis is beyond the scope of this paper.
before it reaches Hornsund. The source area for these cludNonetheless, our classification is consistent with the domi-
ters is mainly the Arctic Ocean and the Nordic seas (Fig. 3),nant directions of advection in spring and summer given in
but some trajectories cross Eurasia and the Atlantic Ocearthe classification by Eneroth et al. (2003) for Myesund,
The trajectories in cluster 5 arrive from the north with a slight Spitsbergen. Those authors used a ten-year data set of 5-
easterly component. N and E cyclonic circulations are charday back-trajectories and applied a single clustering to the
acteristic of this cluster. In cluster 7, trajectories reach Horn-whole period, regardless of season. Unlike our classifica-
sund from the same direction as in cluster 5, but the transportion, the clustering by Eneroth et al. (2003) comprises all
is much faster. Cyclonic advection from the north with some days, regardless of cloud cover. Our data set is a very mod-
northerly anticyclonic advection is dominant. est one. But despite the differences, both classifications are
In cluster 10 (4 members), 1-day trajectories come fromconsistent with respect to the dominant types of advection in
the NNW at 2.5km, those at 5km from the N. 8-day tra- spring (anticyclonic from N to E or low gradient situations)
jectories are very diverse. In general, the air source areaand summer (advection with cyclonic systems and low gra-
are similar to those from clusters 4 and 5 (mainly the Arctic dient situations).
Ocean and Nordic seas), but the Atlantic Ocean is reached by
trajectories at a height of 1 km. This cluster is dominated by3.2 Aerosol optical properties of back-trajectory
a NW anticyclonic circulation. clusters at the Hornsund station
Clusters 4 (9 members) and 8 (5 members) are north-
westerly. The main source area of cluster 4 is the ArcticThis section discusses the impact of the individual clusters
Ocean. However, some of these trajectories reach Siberiayn aerosol optical properties. Figure 4a and b show the aver-
Canada and the Atlantic Ocean. Advection on the last dayage values of AOT and théngstdm exponent for particular
is rapid. Synoptic maps show the dominance of the cyclonicclusters from Figs. 2 and 3 along with standard deviations of
circulation and different geostrophic wind directions (most respective mean values in spring and summer.
frequently N and NE) at the moments of trajectory arrival.
The source areas of cluster 8 are mainly the North Atlantic3.2.1  Spring
and Canada,; these air masses from over the Atlantic advected
mainly with a NW cyclonic circulation. In spring (Fig. 4a), the minimum cluster mean
Westerly cluster number 1 is the most abundant of all theAOT is observed for North American clusters:
summer clusters (14 members), but the trajectories in thi¥y  (<AOT>=0.086t0.009, <a>=1.3740.10) and
cluster are not very coherent, coming as they do from many8 (<AOT>=0.08740.009, <o>=1.46+0.08). The
different regions in the Arctic, Canada and Europe. The synfiumbers in parentheses denote average values of AOT
optic situations during AOT measurements are characterisednd « as well as the standard deviations of the means
by very low pressure gradients over southern Spitsbergen. Inesulting from the variability within clusters. The max-
most cases, an anticyclonic wedge or ridge of high pressurémum cluster mean AOT in spring is found for easterly
and a trough of low pressure were observed. Synoptic mapslusters: 3 £AOT>=0.123£0.011, <a>=1.46+0.07) and
show no particular dominance of geostrophic wind direction.9 (<AOT>=0.12H-0.007, <a>=1.43:0.03). Generally,
Within cluster 3 (8 members), air flows to the Horn- the air in clusters of high AOT at 5km comes from Asia
sund station from SW (1-day trajectories). 8-day trajectoriesand Europe (trajectories extend as far as M This is
come mainly from Greenland, the Barents Sea and northergonsistent with the findings of other authors. The differences
Canada via the Atlantic. Synoptic maps show the dominancén average AOT for clusters with high AOT and low AOT are
of the anticyclonic circulation from the southern sector. statistically significant at confidence level 0.02 (two-sample
Cluster 9 (7 members) is a local cluster. During the lastunpooled t-test for means).
day before arrival at the station, the air resides near Horn- Clusters 2 &£AOT>=0.10A-0.014, <«o>=1.43t0.06)
sund. The trajectories are short. 8-day trajectories at 1 kmand 4 «AOT>=0.106+:0.017, <a>=1.41+0.06) have an
come mainly from over the Nordic Seas. 8-day trajectoriesaverage cluster mean AOT with high in-cluster variability.
at higher altitudes are very diverse. Types of circulation for AOT in cluster 2 is higher than in cluster 7. The source area
this cluster differ, with northern and cyclonic ones dominant. for this cluster is farther west, in the direction of Alaska.
The 2-member cluster 6 and the 1-element “cluster” 2 canMoreover, as opposed to cluster 7, the lower trajectories
be treated as outliers in the present AOT dataset for the sunin cluster 2, concentrated over the eastern part of the Arc-
mer. tic basin, often reach western Siberia, which can result in
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Fig. 3. Average trajectories for particular clusters, and trajectories of cluster members for summer clustering of 1-day trajectories at 2.5+5 km.
Full 8-day trajectories arriving at 1 km, 2.5 km and 5 km for days from particular clusters are plotted in pale colours.
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back-trajectories on aerosol optical properties on Spitsbergen

higher AOT. In cluster 4, 5-day trajectories at all levels

"1(7) 1 are concentrated over the Arctic basin, but 8-day trajecto-
r 2(9 1 ries at all levels can reach Eurasia and Alaska and, thus,
-2(9) | elevate the cluster mean AOT and increase in-cluster vari-
1.8 13(10) - ability. This cluster contains 2 May 2006, an example of
L 4(20) smoke advection described by Myhre et al. (2007) (farmland
A o 1 fires in Eastern Europe). Transarctic cluster 1 also exhibits
1.6-9(3) . medium cluster mean AOT values AOT>=0.113+0.008,

I 6(1) <a>=1.46+0.09).
| | | The 3-member cluster 5 <(AOT>=0.102+:0.005,
—{

i <a>=1.50+0.01) as well as the 1-member clusters 6 (AOT

L 1 =0.251, «=1.79) and 10 (AOT =0.184¢=1.64) can be

- 9( 4) 1 treated as outliers. Cluster 6, with its very high AOT, is an

1.2 1 o( 1) ] example of the extreme smoke event (Myhre et al., 2007;
| 3 May 2006). In cluster 10, the trajectory at 5 km brings air

masses from over the Atlantic from over the Atlantic, but the

t 1 lower ones pass over central Siberia (e.g. near the industrial

1.0+ . centre of Norilsk) and they seem to be responsible for the
r a 1 high AOT values (1-member cluster).

The differences between average AOT for medium AOT

0.8 .. clusters and high AOT ones as well as between average AOT
0.00 0.05 0.10 0.15 0.20 0.25 for medium AOT clusters and clusters with low AOT are
AOT(500) statistically insignificant at a confidence level of 0.1. How-

ever, different trajectory directions and air mass sources can

12110(4) I

Angstroem exponent

1.0/ !

20 1 14 oo ] be characterised by similar AOT values; conversely, clusters

I (14) ] with similar trajectories do not have to have very similar op-
L2( 1) 1 tical properties. The aim of this paper was to determine the
1.8 '3(7) 7 aerosol optical properties for different advection directions.

[ A7 & | Therefore, since the cases are grouped according to trajec-

I i 1 ] tory character and not optical properties, the wider the clus-
1.6 . 5( 5) T i ters (and the smaller their number), the greater the chance
" 6( 2) 1 that a given cluster includes cases with different features in-
I 1 fluencing AOT, such as surface type, even if the trajectories

141 ] are similar. .

T ] Differences among clusters in averagagstdm expo-
- 9(7) _ ] nents are statistically insignificant, except for those between
cluster 7 and 5. Cluster 7 shows the lowest value.@f-. It

the only cluster with the majority of 1-km trajectories re-

siding over the Nordic seas south of Spitsbergen, which are
likely to be ice-free in spring.

Clustering indicates that, in the European Arctic, in the

b 1 spring high AOT values are caused by long-range transport
1 from Europe and Asia. We performed another test to confirm

08l . . . .. this, distinguishing the following groups among the spring
0.00 0.02 0.04 0.06 008 0.10

AOT(500)

Fig. 4. The average values of AOT and tﬁegstr'c')m exponent for
particular clusters together with the respective standard deviations
of the mean in springa) and summeib). The numbers in the
legend are the cluster numbers and the numbers of cases belonging
to particular clusters (in parentheses).

— none of the trajectories (3 levels) had come into contact
with land, except for Greenland,

— at least one trajectory out of the three, arriving simul-
taneously at the station at different levels, had crossed
over North America

— at least one trajectory had crossed Eurasia.

Two subgroups were distinguished in each of these groups:
advection over Spitsbergen to the station and marine
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advection to the station. In order to verify the impact of before reaching Hornsund. The high mean AOT for
the “source area” on AOT, the average AOT values for thesahose clusters is due to the fact that apart from the days
3 groups were compared. The average AOT for trajectoriesvith low AOT values <0.05, there are cases with high
not impinging on continents, for cases when at least one traAOT included in these clusters. This also caused a sig-
jectory “touched” North America and for cases with trajec- nificant standard deviation. In addition, th&engstlt')m
tories from Eurasia were respectively equal to 088809, exponent in clusters 7 and 10 is high. “Marine” clus-
0.085+0.008 and 0.113%0.006. The average AOT values ters 1 AOT>=0.049t0.005, <a>=1.41+0.07) and
for the marine and North America cases are identical, while8 (<AOT>=0.043:0.005, <a>=1.36+0.11) have medium
the differences between the mean AOT for these groups andOT values.
those for advections from over the Eurasia are statistically As in spring, the summer differences between the average
significant at a confidence level of 0.1 (two-sample unpooledAOT for medium and high AOT clusters, and between the av-
t-test for means). The impact of direct advection over theerage AOT for medium and low AOT clusters are statistically
station (marine or from over the island) is noticeable but theinsignificant at a confidence level of 0.1. However, the dif-
difference is not statistically significant at a confidence levelferences between clusters with low and high cluster average
of 0.1. AOT are significant at a confidence level of 0.05. Cluster 10,
Findings from southern Spitsbergen that long-range adhowever, with its high standard deviation, is an exception.
vection from Europe and Asia is responsible for AOT vari- To recapitulate, the cases of relatively high AOT
ability in spring are in accordance with present knowledge.(AOT>0.06) occur mainly in the northern, “terrestrial” clus-
This is due not only to the location of the main pollution ters (5, 7 and 10), i.e. when air, especially at altitudes of 2.5
sources, mainly outside the Polar Circle, but also to the easand 5km, crosses Spitsbergen, and also in marine cluster 1.
ier advection of air masses from over the Atlantic from lower The “terrestrial” clusters (10, 7, 5, 2) have the highest aver-
latitudes, which is favoured by the southerly location of the age AOT. Cases of air advection from over the continents (8-
Arctic front. Besides, the relatively low cloud cover and day trajectories) can be observed in all clusters, but in many
sparse precipitation reduces wet deposition and makes longnstances they are responsible for only a slight increase in
range transport more effective in spring. At this time, the lo- AOT, if they have any effect.
cal production of aerosols is relatively small since vast areas Because one-day trajectories can, to some extent, be re-
of Spitsbergen are covered with ice and snow. Sea ice related to particular air mass source areas, an additional test
duces marine aerosol production. In spring, advections fromwas performed to ascertain the main reason for AOT vari-
NW-E-S are most frequent, which causes the trajectories t@bility in summer. The summer AOT cases were divided into

cross a rather uniform surface — mainly snow and ice. groups in the same way as the spring cases. The mean values
for trajectories from over North America, Eurasia and the sea
3.2.2 Summer are 0.0430.004, 0.0410.002 and 0.0320.008, respec-

tively. The differences among the averages are not statisti-
In summer (Fig. 4b), clusters with the lowest mean AQOT cally significant at a confidence level of 0.1. Much higher dif-
— the south-westerly cluster 3<AOT>=0.039t0.002, ferences were observed for AOT values for the same source
<a>=1.54:0.07) and the north-westerly cluster 4 but for trajectories which had crossed Spitsbergen and for
(<AOT>=0.035:0.002, <ao>=1.20+:0.09) - display those which had reached Hornsund from over the sea. The
low variability in AOT, without advections of polluted con- average summer AOT for cases of advection from over Eu-
tinental air masses from over the Atlantic. In these clustersyope and Asia via the sea were 0.8409005, while those
air arrives to Hornsund from off the sea. Although the for advections from over Spitsbergen were 0802017.
majority of trajectories are typically Arctic or marine, some The null-hypothesis that the means are equal was rejected
of them originate from or pass over continents. In cluster 4,at a significance level of 0.1. In cases of advection from
rapid advection from the NW during the last day may haveover North America, the average AOT for marine advections
resulted in a relatively lowe:. Cluster 9, a local cluster, is and the ones from over Spitsbergen were 063802 and
another one with a low AOT and highngstom exponent  0.060+0.013, respectively. The difference is statistically sig-
(<AOT>=0.040t0.003, <a>=1.514+0.09). During the nificant at a confidence level of 0.1. For trajectories not im-
last day before arrival at the station, the air resides neapinging on continents, the difference between direct advec-
Hornsund. Cluster 6 also has a low AOT and hl'g’lgstrbm tion to the station from the sea and from the island side im-
exponent £AOT>=0.04H-0.005, <a>=1.60£0.06) butis  plies that the null-hypothesis (the means are equal) was not
represented by only 2 members. rejected at a confidence level of 0.1 (the respective means:

The maximum mean AOT was obtained for “terrestrial” 0.0374-0.002, 0.0430.005). The statistical significance of

clusters 10 {£AOT>=0.071-0.030, «=1.63t0.04), the results is not high, but in order to obtain a better signifi-
7 (<AOT>=0.065:0.015, <ao>=1.59-0.09) and cance, a greater number of data is necessary.
5 (<AOT>=0.05A4-0.007, <a>=1.44t0.14). In these The test shows that for advection from North America and
clusters, the trajectories typically cross SpitsbergenEurasia from over the ocean AOT values are significantly
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and west of the islandh{tp://modis-atmos.gsfc.nasa.gov/
MYDO08_M3/browsec5.htm). Moreover, ice moves north-
wards, which facilitates the increased production of marine
aerosols contributing to AOT. However, such generation of
mainly coarse mode particles due to wave breaking also leads
to the formation of additional deposition fluxes of smaller
particles from the boundary layer.

1.0

0.9 | Nt A A

X R e S G s

3.3 Importance of aerosol transport in aerosol AOT
variability

e T S B S

Relative variance [0,1]

In this section, the impact of a number of factors, such as
trajectory length, arrival altitude of air advection and a com-
bination of trajectory heights of arrival used in cluster analy-
ses, on relative variance have been analysed for both seasons.

|
|
|
|
|
2 . 4 6 8 The relationships presented below refer to a trajectory divi-
Back-trajectory length [day] sion into 10 clusters.

0.6

o

Figure 5 compares the impact of trajectory length on rel-
ative variance rv(AOT) in spring and summer and for all the
three trajectory arrival heights used in the cluster analysis.

cluster analysis. The vertical lines show ranges of rv(AOT) resulting epending on see_d f|Ie_, the clusters_appll_ed may differ, even

from different seed files (minimum and maximum of rv(AOT) from though they de,sc”*?e similar advection directions. The val-

3 seed file cases). ues presented in Figs. 5 and 6 are average values from the
results obtained for 3 seed files (see Sect. 2.3). The vertical
lines show ranges of AOT relative variance resulting from

lower than for such advections via the island. Moreover, thedifferent seed files (minimum and maximum rv(AQT) from
differences in mean AOT with respect to the direction of di- 3 Seed file cases).

rect advection to the station (from the sea or from the island) In spring, rv(AOT) drops with increasing trajectory length.
are more pronounced for trajectories from North America This suggests that AOT variability at Hornsund is influenced
and Eurasia than for trajectories not impinging on the conti-by an air mass history of 8 days or longer. With 10 clusters
nents. Both the cluster analysis and the test described abowand 8-day trajectories, the AOT variance drops to about 0.74
suggest that in summer, in contrast to the situation in spring@f its value if the trajectories are not clustered. Cluster anal-
variability in AOT is caused mainly by local processes of ysis for 1-day trajectories, i.e. the situation in the Hornsund
aerosol cleansing, which are more effective while crossingarea, explains a maximum of 10% of variances in spring. In
over the ocean owing to the greater cloud cover, probablysummer, the situation is different. The greatest decrease in
higher precipitation and marine aerosol cleansing potentiaROT variance, rv(AOTx0.72, is observed with the cluster
(in the boundary layer). The main source of elevated AOT isanalysis of 1-day trajectories, which suggests that in summer
most probably the same as in spring — long-term advectionAOT variability is related mainly to local atmospheric condi-
but its importance is masked by cleansing processes en routions, i.e. cleansing processes en route to Hornsund.

to Hornsund. Figure 6 illustrates the influence of air back-trajectory
Notice that in summer, the AOT variance is several timeslength and trajectory level combination in cluster analysis on
lower than in spring. The Arctic front moves northwards, rv(AOT). In spring (Fig. 6a), cluster analysis of 8-day ad-
which makes the air mass advections from lower latitudesvection in the free troposphere (a combination of trajectories
more difficult. Long-range advections are much less com-arriving at heights of 2.5 and 5km) reduces AOT variance
mon than in spring. The summer transport is slower (Lawby twice as much as the clustering of trajectories arriving at
and Stohl, 2007). Either the advections have an insignifi-1 km and a combination of altitudes of 1 and 2.5km. This
cant impact on AOT or their impact is much smaller than suggests the dominant part played by free tropospheric ad-
in spring. This is due to the increase in wet depositionvection in AOT variability and can be explained by the longer
because of the greater cloud cover and precipitation. Irranges of higher trajectories and the smaller chances for par-
spring, advection comes mainly from the northerly and east+icles to deposit from high altitudes. With a combination of
erly sectors, whereas in summer, air flowing in from the trajectories arriving at 2 or 3 heights simultaneously, a drop
westerly sector (S-W-N) is dominant. Cleansing intensity in rv(AOT) is observed with trajectory length increasing from
is spatially variable. In general, Spitsbergen has a lowerl to 8 days. This suggests that a transport of at least 8 days at
cloud cover in summer than the warm seas to the soutlvarious levels in the atmosphere is important as regards AOT

Fig. 5. Comparison of the impact of trajectory length on the relative
variance as defined by Eq. (4) in spring and summer and for all
the three altitudes above sea level (1, 2.5 and 5km) used in th
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variability. The importance of long-range transport to AOT 1.0
variability in spring was discussed in the previous section.
Regarding the clustering of trajectories at a single alti-
tude above the Hornsund station, there is a certain trajectory -
length for which rv(AOT) is minimum: 5 days for advection =
at 5km and 4 days for an advection arrival height of 1 km.
Most probably the cluster analysis of longer “single-level”
trajectories is no longer representative of the total (i.e. for all ~
altitudes above the station) advection to the Hornsund sta- >
tion. If AOT is affected by the air mass advection at all the
altitudes and the clustering is done for air mass advections a i
one given altitude, then ignoring the other advection levels |
adds to the calculation error. We suspect that in the clus- }
tering for one level there is some trajectory length, clustering }
for which is the most representative of advection in the entire 06-. T \
atmosphere column. 0 2 4 6 8
By dividing our set of trajectories into 10 clusters, we ob- Back-trajectory length [day]
served the most significant decrease in variance for 5-day air .
trajectories advecting at an altitude of 5km. The use of si-
multaneous advections in the boundary layer and free tropo-
sphere increases the variance slightly for the same numbe '1::
of clusters. This is an artifact due to using the same num-
ber of clusters with the increasing number of altitude lev-
els employed in the cluster analysis. The more parameters
(“degrees of freedom”, e.g. the number of levels at which air
masses from over the Atlantic arrive) are used in the cluster-
ing algorithm, the wider the ranges of particular parameters
within a given cluster for the same number of clusters. This
may cause the AOT variance to increase. For a sufficiently ¢ 0.7
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large dataset, clustering trajectories arriving at several levels L% | } } 1 and 2.5 km
simultaneously would produce the best results. | | 1and 5 km |
Figure 6b presents the impact of trajectory length and the 0.6 L I , I , fﬂ’ 2]5 a,““! 5 \km
combination of trajectory levels used in cluster analysis on 0 2 4 6 8

the relative va.riance of AOT in summer. Rggargless of the Back-trajectory length [day]

number of trajectory levels and their combination used in

Clulster. ar!aIySIS, rv(AOT) s the lowest f(?r 1._.da.y traJeCtO',’leS’ Fig. 6. Impact of trajectory length and trajectory level combination
which |nd|cat_es th_at in summer AQT variability is duemainly | .<oqin cluster analysis on rv(AOT) in sprit@) and summetb).

to the local situation, local direction and velocity of advec- cqjour denotes a trajectory level combination used in clustering and
tion (1-day trajectories). As already discussed in the previoushe subsequent calculations of the relative AOT variance. Vertical
section, this most probably reflects the dependence of the efines show ranges of rv(AOT) resulting from different seed files.
fect of cleansing processes on air arrival direction rather than

local aerosol sources.

In cluster analyses of trajectories arriving at 1km alti- Even such a robust classification, based on a modest
tude, rv(AOT) increases along with the increase in trajectorydataset, with a small number of clusters, and without the
length, whereas in the clustering of a combination of trajec-explicit use of orography, land cover, precipitation, events
tories, including a trajectory in the free troposphere (5km,(€.g. fires) and advecting air height along the trajectory, can
1+2.5+5 km), a slight drop of rv(AOT) is observed for longer explain about 30% of AOT variances. For comparison, clus-
trajectories. This is most probably an effect of long-rangetering of 3-day back-trajectories ending in Beijing explained
transport on AOT variability. from about 25 to 47% of variance in aerosol optical thickness

With 10 clusters the variance in AOT mostly decreasesin Beijing, depending on season (Xia et al., 2007).
with 1-day advections in both the free troposphere and the
boundary layer (rv(AOT)=0.7). The best effect results from
a combination of the following levels: 1+5km, 2.5+5km and
1+2.5+5km.
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Table 1. Daily mean aerosol properties, meteorological conditions and 5-day back-trajectory clusters during the ASTAR 2007 campaign.
Thegand Teng are the respective times of the beginning and the end of the aerosol measurements. N is the number of observations during
a given day. AOT and are the respective daily means of AOT(500) a{d40,870). SRot and SQ, are the standard deviations of AOT

anda. RH, v and dir are the relative humidity, wind speed and wind direction averaged over the time of aerosol measurements. The cluster
number (CN) refers to the cluster classification for spring, given in Sects. 3.1.1 and 3.2.1.

Date  Theg Tend Julian N AOT SDor « SD, RH v dir CN
dd.mm.yyyy UTC UTC day [%] [m/s] [ded
(h] (h]

31 Mar 2007 9.28 14.57 90 27 0.058 0.004 1.60 0.03 61 2.7 27 4
2 Apr2007 1253 14.83 92 11 0.067 0.006 170 0.04 55 0.6 90 4
3 Apr 2007 7.10 12.28 93 26 0.091 0.017 1.78 0.06 67 3.0 77 8
9 Apr 2007 6.35 12.25 99 18 0.147 0.009 1.34 0.17 76 3.0 87 2

10 Apr2007  8.00 10.10 100 12 0.078 0.003 159 011 70 8 100 2

11 Apr2007 12.08 15.87 101 17 0.075 0.006 1.27 0.06 74 9 85 7

2

17 Apr 2007 545 13.07 107 35 0.088 0.014 145 0.06 73 1.6 90

3.4 Data collected during the ASTAR 2007 campaign though the 1-km trajectory does not pass over Norilsk, the in-
versus trajectory classification fluence of this region of Siberia cannot be completely ruled
out. The copper/nickel mining and smelting complex near
The ASTAR 2007 campaign lasted from 31 March to Norilsk is a big source of pollutants, including sulphur diox-
16 April 2007. Daily mean aerosol properties, meteorologi-ide (Kashulina et al., 2003).
cal conditions and 5-day back-trajectory clusters during the This example shows that although long-range transport in
campaign are presented in Table 1. The cluster number rethe free troposphere is dominant in spring, several trajectory
lates to the cluster classification for spring, given in Sect. 3.2Jevels should be used to analyse the impact of long-range
During the AOT measurements at the Hornsund station reltransport on aerosol optical properties.
ative humidity ranged from 55 to 76%, wind speed did not
exceed 3m/s, and wind direction was mainly easterly. Only
on 10 and 11 April was the mean wind speed 8 and 9m/s4 Conclusions
respectively. It must be borne in mind that wind direction at
the Hornsund station is strongly modified by the latitudinal In spring, the variability in AOT values over the Hornsund
location of the Hornsund fjord and is, therefore, not repre-station is influenced by a history of air at least 8 days long,
sentative of air transport in the boundary layer. which is advected both in the free troposphere and in the
During the ASTAR 2007 campaign low AOT values were boundary layer. That free tropospheric advection is domi-
recorded, ranging from 0.06 to 0.09, with the exceptionnant is confirmed by low values of rv(AOT) for the cluster
of 9 April, when AOT(500)=0.147. For comparison, the classification of the combined 2.5 and 5km trajectories. 1-
4-year mean value of AOT(500) in spring at Hornsund is day trajectories explain only 10% of AOT variance. In sum-
0.11G+0.007 (meant standard deviation of the mean). As- mer, as in spring, long-range advection from Europe and Asia
suming that the average of the lowest 20% of AOT duringis mainly responsible for the increase in AOT. However, in
spring can be treated as the seasonal background, the backentrast to spring, the importance of the source is masked
ground AOT is equal to 0.0670.002. With the exception of by local conditions — spatial variability in cleansing inten-
9 April, all daily mean AOT values during ASTAR 2007 were sity en route to the station. In cases of advection from North
within 40% of the lowest cases of AOT for all spring seasonsAmerica and Eurasia from over the ocean, AOT values are
from 2005 to 2008. The air back-trajectories belonged to thesignificantly lower than when such advections approach via
clusters with low (clusters 7 and 8) and average (clusters 2he island. Moreover, the differences in mean AOT related to
and 4) cluster mean AOT (see Sect. 3.2). Apart from thethe direction of direct advection to the station (from the sea
maximum AOT of 9 April, the observed values of AOT were or from the island) are more pronounced for trajectories from
close to or lower than the means for the clusters to whichNorth America and Eurasia than for trajectories not imping-
they belong. ing on any continents. That is why we think that the summer
9 April is an exception belonging to cluster 2. The daily variability in AOT is influenced by local cleansing processes
mean AOT (=0.147) is very high compared to the clus- rather than local aerosol sources.
ter mean £AOT>=0.1070.014). The trajectory at 1km The division of cases versus the trajectory type reduces the
shows air advection from the Central Siberian Plateau. Everwvariance of AOT. The magnitude of the reduction depends
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