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Abstract. We analysed results of three intensive aircraft to lower mixing ratios in spring, when the airmass aerosol
campaigns above Siberia (April and September 2006, Augusburden is important. In the lower troposphere, large-scale
2007) with a total o~70 h of continuous Cg CO and Q deposition processes in the boreal and sub-arctic boundary
measurements. The flight route consists of consecutive adayer is a large @ sink, resulting in a~20 ppb difference
cents and descents between Novosibirsk ($582° E) and  with overlaying air masses. Lagrangian footprint clustering
Yakutsk (62 N, 129 E). We performed retroplume calcula- is very promising and could also be advantageously applied
tions with the Lagrangian particle dispersion model FLEX- to the interpretation of ground based measurements includ-
PART for many short segments along the flight tracks. Toing calculation of tracers’ sources and sinks.

reduce the extremely rich information on source regions pro-
vided by the model calculation into a small number of dis-
tinct cases, we performed a statistical clustering — to our; |ntroduction

knowledge for the first time — into potential source regions of

the footprint emission sensitivities obtained from the model Atmospheric transport of pollutants can occur both at low
calculations. This technique not only worked well to separatealtitude in the boundary layer and in the free troposphere,
source region influences but also resulted in clearly distinciwhere it can be much faster. Export of North-East Asian
tracer concentrations for the various clusters obtained. Highand North American emissions is associated with strong
CO and @ concentrations were found associated with agri- uplift in the warm conveyor belts of mid-latitude cyclones
cultural fire plumes originating from Kazakhstan in Septem- (e.g. Cooper et al., 2001; Liang et al., 2004; Owen et al.,
ber 2006. A statistical analysis indicates that summer up-2006). On the opposite, European emissions have a tendency
take of CQ is largely explained£50% of variance) by air  to remain in the lower troposphere and are most frequently
mass exposure to uptake by Siberian and sub-arctic ecosyghannelled to the Arctic or to Siberia (Wild et al., 2004;
tems. This resulted in an average 5 to 10 ppm difference withstohl et al., 2002, 2007a; Duncan and Bey, 2004; Law and
overlaying air masses. Stratosphere-troposphere exchange$sohl, 2007; Liu et al., 2002). Faster zonal advection occurs
found to strongly influence the observed Rixing ratios in  in winter and early spring in association with the Siberian
spring, but not in summer. European emissions contributedHigh (Newell and Evans, 2000; Wild et al., 2004; Liu et al.,

to high G; concentrations above Siberia in April 2006 and 2003). In April, European pollutants can contribute signifi-
August 2007, while emissions from North Eastern China alsocantly to tracers’ concentrations in the Asian outflow to the
contributed to higher @mixing ratios in summer, but tend Pacific (Liu et al., 2003; Liang et al., 2004). With respect to
ozone production, European export increagecOncentra-
tions over Siberia by 2 to 4 ppb in spring and 2 to 6 ppb in

Correspondence tal.-D. Paris summer (Wild et al., 2004; Duncan and Bey, 2004).
BY (jean-daniel.paris@Isce.ipsl.fr)

Published by Copernicus Publications on behalf of the European Geosciences Union.



http://creativecommons.org/licenses/by/3.0/

1672 J.-D. Paris et al.: Source-receptor relationships for airborne measurements above Siberia

Pollutant export to or across Siberia, however, hasCO, O; and other tracers have been implemented in vari-
been studied almost exclusively through modelling stud-ous parts of Siberia using aircraft campaigns equipped with
ies and lacks measurement-based assessment. Pochanarflatk sampler (Nakazawa et al., 1997), aircraft vertical pro-
al. (2003) has conducted ground based measurements sufites (Lloyd et al., 2002; Levin et al., 2002; Ramonet et al.,
ported by transport model analysis, showing that Europear2002), the Transsiberian railroad (Oberlander et al., 2002) or
emissions lead to a 1 to 4 ppb increase i 1@ar Baikal tall towers (Kozlova et al., 2008).

Lake. Eneroth et al. (2003), based on backtrajectories anal- Three airborne campaigns were made across Siberia in
ysis of transport to the West-Siberian site of Zotino have April 2006, September 2006 and August 2007 respectively.

shown that stagnant flow conditions were responsible of resNumerous vertical profiles of continuous measurements of
piration build-up leading to high COconcentrations (and CO, CQ, O3 and aerosols were collected, extensively sam-

ruled out European emissions). But measurements of COpling the regional troposphere at different times of the year.

and pollutants’ distribution are still required over Siberia, After describing the data set, we analyse the tracers’ concen-
along with the possibility to relate them to remote emissiontrations using a clustering technique based on the partitioning
sources i.e. source-receptor relationships (SRR). of footprints obtained with a LPDM.

Contrarily to single back-trajectories, the SRR obtained More specifically, we focus on the extent to which clus-
from a Lagrangian particle dispersion model (LPDM) ac- ters (groups with similar distributions) of potential emission
counts for the atmospheric turbulence and convection (Stohsensitivity (PES) maps for receptor positions relate to the air
et al., 1998). Han et al. (2005) compared the result of re-masses chemical composition at these receptors. The PES
gional source apportionment using single backtrajectoriegs expressed here as a residence time. The clusters are used
and backward dispersion. Their backward dispersion modeto generalize SRR throughout the aircraft trajectory through
added individual turbulence-related stochastic component tehe Siberian air shed. We try to answer the following ques-
a large number of HYSPLIT backtrajectories. They demon-tions: (1) can we identify in our data the contribution to £0
strated the better ability of LPDM to identify regional point and CO concentrations of European or other remote anthro-
sources of reactive mercury. Use of LPDM has been pro-pogenic sources predicted by models? (2) Is it possible to
posed (Gerbig et al., 2003; Lin et al., 2003) and eventuallyidentify contributions from forest fire or from other types of
demonstrated (Lauvaux et al., 2008) for meso- to regionalbiomass burning? (3) To what extent can we explain the
scale inversion of C@surface fluxes. seasonal variability in C§ CO and @ concentrations by

Clustering of backtrajectories has been widely used forvariations in atmospheric transport patterns through inten-
the analysis of atmospheric composition measurements adive campaigns? (4) Is there a consistent signal about the
fixed observatories and has been found to be an efficientegional carbon source/sink distribution emerging through
method for separating air masses with different propertiesmodel analysis of C®concentrations?

(Moody and Galloway, 1988, Dorling et al., 1992, Sirois  Section 2 describes the campaigns, instruments, model and
and Bottenheim, 1995, Eneroth et al., 2003). Moody andstatistical tools. Section 3 describes the variability ofCO
Galloway (1988) were the first to attempt clustering of back-cO and Q observed above Siberia during the three cam-
trajectories in order to assess the wet deposition of acid compaigns. In Sect. 4 we discuss, using cluster analysis, the
pounds over the Bermuda. The same technique has been usggécer concentrations observed in selected flights. Section 5
at the continental scale to derive SRRs for@dncentrations  investigates the “seasonal” (inter-campaign) variation of the

in central Siberia and supported the conclusion of elevate&onnection between source regions and trace gas concentra-
CO in air masses influenced by European emissions (Pochaions over Siberia.

nart et al., 2003). Traub et al. (2003) applied a simple back-
trajectories’ partitioning technique to the extensive analysis
of measurements obtained from an aircraft. No attempt ha® Data and method
been made yet, to our knowledge, to use a clustering tech-
nigue based on LPDM footprints. 2.1 Campaigns overview and instruments

Aircraft measurements only provide a snapshot of the at-
mosphere at a particular time, but they have the potentiallhe airborne platform is an Antonov-30 dubbed “Optik-E”
to explore transport processes and impact across transport@thartered by Tomsk’s Institute of Atmospheric Optics. It was
plumes (Takegawa et al., 2004; Fehsenfeld et al., 2006; Stoteéquipped in collaboration between French and Russian labo-
et al., 2007b; Methven et al., 2006; Lelieveld et al., 2002) orratories for the measurement of €CGCO, G, aerosols and
in the outflow of massively emitting regions (Jacob et al., meteorological parameters. Intensive campaigns took place
2003). Here we investigate data from three recent YAK-over Siberia between 11 and 14 April 2006, between 7 and
AEROSIB (Airborne Extensive Regional Observations in 10 September 2006 and between 17 and 20 August 2007.
Siberia) intensive campaigns that sampled the Siberian tropothe flight route consists in a large, continental-scale loop
sphere at different times of the year (Paris et al., 2008). Meafrom Novosibirsk in central Siberia to Yakutsk in eastern
surement programmes of different types dedicated ta,CO Siberia (Fig. 1) that is done in four days. Each campaign

Atmos. Chem. Phys., 10, 1671687, 2010 www.atmos-chem-phys.net/10/1671/2010/



J.-D. Paris et al.: Source-receptor relationships for airborne measurements above Siberia 1673

Fig. 1. Horizontal (top panel) and 3-D (bottom panel) flight tracks. Each campaign followed a similar path. Flights are numbered in the
bottom panel. The different flights of each campaign (four each, typically one per day) are shown in different colors.

consists of 4 flights (Fig. 1) lasting up to 8 h (limited by re- absorption gas correlation with an accuracy of 5 ppb or 5%.
fuelling needs and airports availability). These flights are The instrument is based on a commercial infrared absorp-
numbered 1 to 4, 5 to 8 and 9 to 12 for the April 2006, tion correlation gas analyser (Model 48C, TEI Thermo En-
September 2006 and August 2007 campaigns respectivelywironment Instruments, USA; &klec et al., 2003). Qis
The flight route is repeated with minor modifications for each measured by a modified UV commercial fast response ozone
campaign. Flights were conducted in all weather conditionsanalyser (Thermo Instruments Model 49) with a precision of
usually between 09:00 and 17:00 LT (Paris et al., 2008). Pro2 ppb, 2% for an integration time of 4 s.
files are collected as often as possible as the flight tracks con-
sist mainly of ascents up to 7 km altitude and descents. Thick.2 Atmospheric backward transport model
cloud decks were flown over instead of conducting normal
ascent and descent through them. Atmospheric transport was investigated using the FLEX-
The April campaign was dominated by stagnant flow con-PART v6.2 LPDM. FLEXPART calculates the trajectories
ditions and low surface temperatures (Paris et al., 2008), witlof tracer particles using the mean winds interpolated from
most of the ground covered by snow. In contrast, the Septemthe analysis fields plus random motions representing turbu-
ber 2006 and August 2007 campaigns were characterized bence (Stohl and Thomson, 1999). Results presented here
westerly flow, warmer and highly variable temperatures, anduse ECMWF analysis fields although both ECMWF and
significant frontal activity in the flight area. GFS (NOAA/NCEP) fields were used for a prior assessment
Detailed instrument descriptions can be found in Parisof transport error (selttp://zardoz.nilu.nofandreas/YAK).
et al. (2008); we give here only a short description. 2.CO For moist convective transport, FLEXPART uses the scheme
is measured by a modified Non Dispersive Infrared Anal-of Emanuel and Zivkovic-Rothman (1999), as described and
yser based on a commercial Li-Cor 6262, with accuracy andested by Forster et al. (2007). A backward simulation mode
precision of 0.15 ppm, obtained by periodical in-flight cal- is available, described in more detail by Stohl et al. (2005)
ibration against WMO-referenced reference gases brackeiand Seibert and Frank (2004). Here the backward method
ing atmospheric concentrations, and regulation of pressurds used to analyse transport pathways from potential flux re-
temperature and flow in the cells. CO is measured by IRgions to the receptor position. Each simulation consists of
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Fig. 2. Regions chosen for data reduction prior to the clustering analysis. The black line shows the fight track during the campaigns.
Anthropogenic CO emissions from the EDGAR database are also shown in logarithmic grey scale, in gég®)hto illustrate difference

between regions.

40000 particles released whenever the aircraft has movedingle campaign improves the separation capability of the al-
0.15 in latitude or longitude, or 10 hPa in altitude. This gorithm, whereas definingjover the three campaigns allows
corresponds to about one minute of sampling or to a layeiinter-campaign comparison.

~100m thick during ascent or descent. Released particles

The M boxes are identified a priori as regions with spe-

were followed 10 days backward in time. Gridded PESscific sources or sink for the species relevant to this study.
in three vertical levels (0—-300 m, 300-3000 m, and 3000-Such identification is based either on case studies from the
50000 m) are stored at°k1° resolution every 24h. The April and September 2006 campaigns (Paris et al., 2008), or
fraction of stratospheric air is recorded as the percentagen the questions to be addressed with this dataset, such as
of all particles originating from the stratosphere (i.e. havethe transport of European emissions to Siberia. The regions
resided in the stratosphere any time within the last 10 days)identified are:

2.3 Cluster analysis

Airborne campaigns can deliver detailed information on the
atmospheric state at a particular time. To generalize this in-
formation and to organize the YAK-AEROSIB data set, a
method is sought that groups the data according to common
transport properties. Cluster analysis is such an exploratory
tool, which sorts multivariate data into groups as dissimilar
as possible but whose properties are not known a priori. We
seek to investigate to which extent footprints can explain the
air mass chemical composition in GOCO and Q. Foot-
prints are implemented as 10-day summed spatial distribu-
tion of PES obtained from FLEXPART, complemented by
10-day averaged relative contributions from the stratosphere,
defined as the region with potential vorticity2 PVU. To
facilitate analysis we have reduced the number of variables
from the gridded PES by further summing these PES over
large regions of interest for our study (Fig. 2). A vector

— Europe: European pollutant emissions and outflow;

— Western Russia: European Russian pollutant emissions
and outflow;

— NE China and Koreas: extratropical cyclones can lift
NE Asian pollutant over central or eastern Siberia;

— Central Asia: Central Asia has a different ecosystem
and low anthropogenic sources but it is a potential
source of biomass burning (e.g. van der Werf et al.,
2006);

— Arctic: Arctic air from beyond the Arctic front can be
observed over Siberia during cold air outbreaks;

— Local region: covers the area directly flown over by our
aircraft;

— Stratosphere: An extra variable is added which averages
the 10-day proportion of stratospheric particles.

10 10 10

Xj= rj, F2 jsenns rm,j of daily PESr; in box . )
! d§1 / dgl ! d§1 ! The boxes’ geographical extent is the result of a trade-off
m (m=1, 2, ...,M) is associated with each consecutive re- between maximizing differences between transport from the

ceptor positionj. This time seriex ; will constitute our set
of j realizations ofM variables to cluster. Defining over a

Atmos. Chem. Phys., 10, 1671687, 2010

various boxes, and an insufficient number of particles if
boxes are chosen to be too small. There are large regions
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not covered by any box. Theoretically, this could meanthata 1
footprint is located entirely outside all of the boxes. How-
ever, the footprints normally cover quite large regions, so osf- -
they always overlap with one or more of the boxes. By sep- o
arating the boxes from each other, differences between the os- ~—LN -
various footprints can be maximized by the clustering algo-
rithm. Choosing boxes that are contiguous make the separa- o7 - - -
tion more sensitive to horizontal transport error, and associ-¢ T —
ated PES less contrasted. “ o6l .

More remote regions are less connected (few or no parti- 1
cles reaching the region) by transport to the measurements. os|- 7 B - -
As a result, remote regions’ average footprint distributions B
are skewed toward zero. To account for this skewness and o4} -
different region sizes, normalization is applied to the re- 1
gions’ average footprint time serias according toxy = o3 —L L L L ~ L ” -
(x — po.os) /X where pg o5 is the 5th percentile of and was # Clusters
found to optimally separate clusters. The robustness of data
reduction into regions and data normalization was tested bflg 3. Silhouette index of the ClUStering algorithm Separation ca-
running the clustering algorithm for varying region sizes, lo- pability as a function of thg number of (_:Iuster_s fpr aII_data (thick
cations and number of regions (bootstrapping), and variougne) gnd separated campaign by campaign (thin line with error bars

. . showing=+1 std dev).
normalization functions.

The K-means algorithm implemented in the MATLAB
software’s Statistics toolbox is used for clusteridgzmeans
is a classic partitioning (non-hierarchical) algorithm (see
e.g. Wilks, 2006) which attempts to separate observation
into a fixed number of groups. (1) It definés centroids
with initial random position vector of siz& =7 (number of
regions); then (2) associates each paipto the nearest (in
Euclidian metrics) cluster centroid, (3) moves the centroid to
the centre of the cluster and (4) repeats steps 2 and 3 until
convergence is achieved. In the process, any empty clust . .
is discgrded. In order to maintainpthe numbe)r/ of c?u)s/ters, :é Campaign observations
point having maximum distance to its centroid is singled out3 1 CO, measurements
and declared centroid of a new cluster.

Figure 3 shows the “silhouette” indef €[—1, 1]),amea- Figure 4a, d and g shows the observed C&dncentra-
sure of the separation capability of the clustering, as a functions averaged for each of the 4 flights of each campaign.
tion of the chosen number of clusters. Thendex is defined  Among our surveys in 2006 and 2007, the minimum BL
as: CO, concentrations have been observed in August 2007 (av-

1 dnearese deentroid erage 366 ppm pelow 1 km during Flight 12). While_ compar-
S= NZ 7 ” : (1) ing campaigns it should be noted that atmospherie @©

i=1 MaXdnearestdcentroid creases by-1.4 ppmyr! due to global anthropogenic emis-

with N number of points, and where pointhas a dis- sions. The flight where this GOminimum was measured
tance to the nearest clustérearestand distance to its as- occurred mostly over a forested region, with sparse agricul-
sociated centroidcentroig The S index informs about how  tural landscapes and industrial centres (Kemerovo, Novosi-
close a point is to its cluster’'s centroid, relative to the birsk) nearby. This C® minimum was coincident with a
other nearest cluster centroid (Matlab R2006b documentavery high BL top (up to~3.5kma.g.l.), as deduced from hu-
tion, Statistics toolboxhttp://www.mathworks.com/access/ midity and CQ gradients. At the Zotino tall tower, average
helpdesk/help/toolbox/stats/silhouette.Htndsing thes in- daytime CQ mixing ratios measured in the boundary layer
dex, the minimum numbek of clusters was found to be op- were 390 ppm and 382 ppm in April and September 2006, re-
timally set to 6 in the global clustering option, and 4 in the spectively (Kozlova et al., 2008). Kozlova et al.'s September
campaign by campaign option (Fig. 3). value is significantly higher than the mixing ratio observed in

As the clustering algorithm is sensitive to a priori (ran- the lower part of our vertical profiles (Fig. 4d; values between
dom) position of the centroids, the process is repeated 2@71 and 377 ppm for Flights 5 and 8, the closest to the Zotino
times and the best result only (optimizing the separation besite), possibly due to regional variability in sources and sinks
tween centroids) is used in the analysis. This also ensures af CO,. In the free troposphere, GOmixing ratios were

very high confidence in reproducibility of cluster centroids
determination. The normalization and the metrics were also
?ound to have a strong impact on the result. In this respect,
cluster analysis is not an objective classification technique as
the criteria set for the clustering have to be determined sub-
jectively.

www.atmos-chem-phys.net/10/1671/2010/ Atmos. Chem. Phys., 10, 16872010
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Fig. 4. Profiles of median CgQ CO and @ mixing ratios for each flight over the 3 campaigns (top row: April 2006, middle: September 2006,
bottom: August 2007). The horizontal lines join the 10th and 90th percentiles of each altitude level.

between 377 and 379 ppm in August 2007, comparable (ugbove the front. Except for local emissions in the lower

to the interannual trend) to the 377—378 ppm range measurettoposphere, the August 2007 campaign has shown low CO

in September 2006 but much lower than in April 2006 (387—mixing ratios (background 1@66 ppb) with little variation,

388 ppm), reflecting the hemispheric g@easonal cycle. although satellite fire detection has shown numerous fires

CO; mixing ratios in April 2006 were as high as 392 ppm in in temperate and boreal Eurasia. High ozone values (up to

polluted filaments encountered between 5 and 6 km altitud®0 ppb) were found near the flight ceiling during the Au-

(Paris et al., 2008). gust 2007 campaign (Fig. 4i), and the @ertical gradient
was the steepest of the three campaigns.

3.2 CO and O3 measurements

Figure 4b shows the average CO profiles for each flight dur# Cluster-based SRR relationships: case studies

ing the April 2 ign. Th hout thi ign th
Ing the April 2006 campaign rougnout fhis campaign elnthissectionweapplytheclustering algorithm and discuss

average CO mixing ratio was 175 ppb. A number of plumes ! )
g 9 bp b the results to examine the measurements for a selected flight

with higher CO mixing ratios were repeatedly observed. A . . .
plume with CO up to 220 ppb was found to be associated tc;‘rom each of the three campaigns (Flight 1 on 11 April 20086,

uplift of a polluted air mass from NE China by a warm con- Hlight 5 on 7 Septem_ber 2006 a_nd Flight 9 on 1.7 Au-
veyor belt (Paris et al., 2008). During this campaign, the O gust 2007). All three flights are going from Novosibirsk to

: : : : Myrni (green track in Fig. 1). The three flights took off at
profile shows a relatively flat vertical profile (from60 ppb i i ] ) )
at 6km to~45 ppb at 1km, Fig. 4c) compared to summer 12:00, 09:00 and 09:30 LT, and landed at 21:00, 19:00 and

campaigns. 18:15LT respectively. The clustering is applied on a single

During the September 2006 campaign the average champalgn—bass. Thg cIustermg. being mdependent from the
. . =~ ..~ "0Observed concentrations, statistical separation of the concen-
concentration was about 100 ppb, with a large variability

: : . - {rations across different clusters is interpreted as a validation
(Fig. 4e), due to the presence of air masses with very distinc
e . ; . of the SRR.
origins. For example during Flight 5 the aircraft crossed a
warm front across which strong composition gradients were
found, with CO mixing ratios up to 150 ppb immediately

Atmos. Chem. Phys., 10, 1671687, 2010 www.atmos-chem-phys.net/10/1671/2010/
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(a) Cluster A, N=5 (b) Cluster B, N=68

Fig. 5. Average footprint maps for data belonging to clusters A-D throughout Flight 1 (11 April 2006). Logarithmic color scale shows the
log 10 of residence time, i.e. the PES below 300 m. The number of eleiNenta particular cluster is given above each map.

4.1 Flight 1: pollution from North-eastern China Figure 6 shows the distribution (quartiles and median) of
CO,, CO, G; and water vapour measurements associated to
Figure 5 illustrate the ability of the clustering algorithm to each cluster. Associated altitude is given in Fig. 6e, and the
separate transport patterns (and PES) between clusters idefyur (A-D) clusters’ centroid (in std dev-normalized coor-
tified throughout the 11 April 2006 flight. The panels show dinates) position vector is given in Fig. 6f. Each cluster's
the average footprint (air mass residence time below 300 mgentroid position vector can be related to the cluster average
obtained from the population of backward plumes associatedootprint map in Fig. 5.
to each of the 4 clusters. Cluster A appears to gather foot- The data associated to Cluster D (sensitive to NE China
prints including air transported from the European boundaryemissions) are encountered between 5 and 6.5 km altitude
layer and, secondarily, local influence. Cluster B is related to(Fig. 6e) and have a median CO concentration of 180 ppb
strong local influence (brown and dark red in Fig. 5b) and to(Fig. 6b), well differentiated from other clusters. On the
Arctic air masses. opposite, CQ values (median 388.6 ppm; Fig. 6a) are not
Footprints classified as Cluster C (Fig. 5¢) dominate thegjstinguishably higher. This cluster identifies the trans-
flight (73%). This cluster is characterized by a strong port of North Eastern China emissions to eastern Siberia on
residence time in the free troposphere, and exhibits thej2 April 2006. The ability of the LPDM to resolve thin lay-
highest stratospheric influence compared to the other clusers associated to synoptic features is a useful advantage over
ters (Fig. 6f, green line). Potential emission sensitivity is Eylerian models.
typically stronger over South East and East Siberia. A Cjuster C is ubiquitous throughout Flight 1 and has a
marginal number (1%) of footprints are associated to Clustehjgher stratospheric influence reflected in its higho@ncen-
A (Fig. 5a), where air masses are sensitive to European emigrations (up to 85 ppb). Cluster B has high CO concentrations

sions. Cluster B (20%; Fig. 5b) gathers a significant amounimedian 174 ppb) corresponding to local emission sensitivity
of observations from air masses having resided over northergf the lower troposphere.

Siberia and the Arctic. Footprints in Cluster D (5%; Fig. 5d)

are exposed to surface exchange in southern Siberia and the2 Flight 5: fires and CO, uptake

Kazakhstan. The four well-differentiated footprint maps il-

lustrate the validity of cluster-based partitioning. Figure 7 shows the average footprint for each cluster for the
7 September 2006 flight. As in the previous section, cluster-
ing was performed on the whole campaign (here, the Septem-
ber 2006 campaign). Data within Cluster B (43%; Fig. 7b)

www.atmos-chem-phys.net/10/1671/2010/ Atmos. Chem. Phys., 10,1687-2010
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Fig. 6. (a)Box plots of median and inter-quartile range (IQR) for £€ncentrations measured during Flight 1 (11 April 2006) associated

to each cluster (clusters A-D in abscissa, same denomination as in Fig. 5). Outliers within the IQR are included in the whiskers; outliers
beyond the IQR are shown as dofb) Same for CO(c) Same for Q. (d) Same for water vapour mixing ratige) Same for altitude(f)

Cluster centroid position vector for each cluster. Gray bars indicate the population of each cluster (number of samples).

were mostly associated to FT zonal flow, with limited sen- The European (Cluster C) air mass has a median CO con-
sitivity to potential surface emissions over European Russiaentration of 110 ppb (Fig. 8b) at a median altitude of 5km,
and the Black Sea area. This cluster has the highest stratde be compared to 105 ppb for the more ubiquitous Cluster B.
spheric signature of the dataset (Fig. 8f). Cluster D is alsoAlthough this is only a single case, it provides a case of east-
ubiquitous in this flight (39%; Fig. 7d). It gathers footprint ward European pollution export in the mid-troposphere, sug-
with sensitivity highest over Kazakhstan, between Caspiargesting that this export does not always follow the low level
and Aral Seas. A large number of fires detected by ATSRadvection pathway described by modelling studies (Wild
fire count in this region, probably of agricultural origin, were et al., 2003; Stohl et al., 2002; Duncan and Bey, 2004).
injected in the FT as the region was swept by a front (Paris eDther characteristic of this air mass include relatively high
al., 2008). Cluster A (14%; Fig. 7a) is clearly associated toCO, (median 376 ppm) and ans®nedian concentration of
an Arctic air mass channelled southward in the BL. Cluster C53 ppb.

(4%; Fig. 7c) reflects advection of air masses in contact with

potential European emissions.
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(a) Cluster A, N=47 (b) Cluster B, N=148

Fig. 7. Same as Fig. 5 for Flight 5 on 7 September 2006.

Figure 8b shows that Cluster D has the most elevatecas CO oxidation within the plume and G@ssimilation by
CO concentration, up to 158 ppb (median 121 ppb). It isintact vegetation, and reflect the difficulty to retrieve fire
also associated to highsmedian 55 ppb) but COmix- emission ratio with the airmass integrating sources and sinks
ing ratios are not particularly high (375ppm). High CO upstream of the burning area.
and G are likely to reflect the sensitivity of Cluster D Cluster A gathers observations affected by Arctic air
(Fig. 7d) to the biomass burning detected in the CaspianFig. 8f) with low CO,, CO and Q concentrations values
region (especially in Northern Kazakhstan-ab0® N, be- (median values 373 ppm GO103 ppb CO and 34 ppbD
tween 50 and 70E). To illustrate our analysis we focus It is typically encountered at low altitude (1 km) within the
now on individual biomass burning plumes found through BL and consists of moist air (Fig. 8d). Advection of Arctic
this flight. The plume with the highest CO concentration air in the campaign domain sampled during September 2006
(144+14 ppb) exhibits a high CO-Ocorrelation ®?=0.68,  occurred in the boundary layer. FLEXPART results indicate
regression slope 0.24molmd). This plume was deter- that total PES over the Arctic was 5 days or more in the last
mined to be a biomass burning plume using FLEXPART and10 days for the majority of data in Cluster A. The low CO
satellite detected fire hot spots, with the fire hot spots locatechtnd CQ concentrations suggest a strong isolation from pol-
over Kazakhstanh{tp://zardoz.nilu.no/andreas/YAK), and  |ution sources in the air mass history. During the five days
hence is illustrative of Cluster D. The positive regression of meridian transport from the Arctic, exposure to uptake by
slope is usually associated to ne3 Production within the  high latitude vegetation with permanent daylight period and
plume from combustion-generated precursors like CO (Pfisto surface deposition must also have contributed to lovg CO
ter et al., 2006; Val Martin et al., 2006). In another biomassand low G values respectively.
burning plume the regression slope was found to be negative
(—0.10molmoft). Both of these plumes are encountered 4.3  Flight 9: CO, uptake, forest fire and stratospheric
at 2—2.5 km altitude. The £2CO regression slopes are com- input
parable to those found in the literature for boreal forest fire
plumes (range 0.05-0.30 mol md} Val Martin et al., 2006;  Figure 9 shows the average footprint for each of the 4 clusters
Real et al., 2007 and references therein). for the 14 August 2007 flight. Cluster B indicates the domi-

Both of these plumes have a high CO-£Correlation  nant footprint pattern for this flight (65%; Fig. 9b). It has a
(respectivelyR?=0.80 and 0.78) with negative CO-G@e- strong stratospheric component (Fig. 10f) and the weak sur-
gression slopes 6£0.06 and—0.09 mol mot! respectively.  face footprint density is spread over Western Siberia. Cluster
These negative slopes reflect competing loss processes su€h(17%; Fig. 9¢) has a high sensitivity north of Lake Baikal.
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Fig. 8. Same as Fig. 6 for Flight 5 on 7 September 2006.

Cluster A (9%; Fig. 9a) is centred over north European Rus-August 2007 vs. 34 ppb in September 2006. In Siberia FT
sia and Scandinavia while Cluster D (9%; Fig. 9d) reflectsCO, concentrations are minimum in August (Ramonet et
air of Arctic origin, comparable to Cluster A in the Septem- al., 2002), and September concentrations increase by about
ber 2006 case. 2ppm in the FT and 5 ppm in the BL relative to August.
Figure 10b—c shows that Cluster C has the highest CO val- Cluster B shows the highest stratospheric component for
ues (median 122 ppb, upper quartile 191 ppb). Such high CaGhis flight. The highest @values (up to 91 ppb) associated to
values point to regional fire influence, as seen on ATSR fireit are consistent with the “stratospheric” classification. High
atlas for the period of the campaign (not shown). The altitudeO3 concentrations (up to 90 ppb; Fig. 11) are associated to
range is very large (1-6 km). The highest CO concentrationsnore than 50% of freshly (2 days) exported stratospheric
within this cluster (300 ppb) were observed in two distinct particles.
layers in the lower FT (see Fig. 11).
Comparing CQ concentrations in the low-altitude Arc-
tic clusters of September 2006 (Cluster A) and August 2007
(Cluster D), the latter (median 369 ppm) is lower by
~4 ppm (despite the anthropogenic inter-annual increase of
~1.4ppmyr1). The same is found for Owith 25 ppb in
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(a) Cluster A,N=26 (b) Cluster B,N=194

Fig. 9. Same as Fig. 5 for Flight 9 on 17 August 2007.

5 Statistical relationships between source regions and over local ecosystems both in September 2006-(0.20,
species across campaigns 7=—0.37, Table 1) and August 200R£—0.41,7=—0.43).
The regression slope is steeper in August than in Septem-
In order to compare between campaigns and seasons, and ker (-3.9x10~4ppms! and —1.0x10~*ppms! respec-
discuss the cluster analysis we now resort to pair-wise corretively), documenting a stronger uptake in August. Similarly,
lations statistics (correlations and regression slopes) directljor the Arctic region in summer, significant correlation is ob-
associating observed trace gas mixing ratios and individuaserved between C{concentrations and the PES, also with
retroplume’s residence times over each region (Fig. 2). Pearstronger correlations in August 2007 than in September 2006
son correlation coefficients were calculated after excluding(Fig. 12). Therefore, the more air travelled through the Arc-
data associated to residence tim&00s. This data selec- tic region before reaching our aircraft, the more it has been
tion rejects less than 1% of the data range. We report als@lepleted in C@ by sub-arctic ecosystems. As discussed in
the Kendallr parameter which is a “rank” correlation coeffi- Sect. 4, air having resided in the Arctic surface layer and
cient and therefore describes better increasing or decreasirgyentually reaching our aircraft is typically associated to ad-

but non-linear relationships (Wilks, 2006). vection in the BL, and therefore integrates between 1 and
10 days of exposure to uptake by Siberian sub-arctic ecosys-
5.1 Variations of CO, associated to source regions tems. Together, these correlation coefficients indicate that

the 10-day cumulated exposure to local and Arctic fluxes

Figure 12 shows the influence that airmasses’ residence tim& August 2007 explains-50% of the total C@ variance,

in the lowest 300m in the Arctic and Siberian regions ex- When boreal and sub-arctic ecosystem uptake is at its annual
erts on CQ measurements. Since G@uxes are highly =~ Maximum.

variable at the sub-day timescale, whereas simulated expo- In August 2007 North Eastern China is an influent source
sure to fluxes is averaged over 10 days, the relations beef CO,, as denoted by the strong positive correlation
tween CQ concentrations and PES over source or sink re-(R=0.54, slope=5.210 2ppms1; Table 1). We note that
gions are not expected to be strongly linear, making thethe clustering analysis did not identify a cluster with domi-
Kendall T a useful complement to the Pearson correlationnant NE China signal (Sect. 4.3., Fig. 10). The strong cor-
coefficient to describe the relationship between residenceelation combined with this absence of a distinct cluster sug-
time and mixing ratios. Linear regression slopes and cor-gests that NE Chinese emissions enhanced Gidcentra-
relation coefficients are reported in Table 1. £@ixing tions over Siberia in an ubiquitous and diffuse way. On
ratios are significantly f <0.01) anti-correlated with PES the opposite, in April 2006 both a highly polluted cluster of

www.atmos-chem-phys.net/10/1671/2010/ Atmos. Chem. Phys., 10,1687-2010



1682

Campaign3/FIt1 Novossibirsk—Myrniy

J.-D. Paris et al.: Source-receptor relationships for airborne measurements above Siberia

380 4 @ - T I 200 1) |
180 A r
3 . 160 - i
E 3751 é )
o a
e s > 140 -
© L © 120
T = = -
i 100{ B3 L =1
N=26 N=194 N=50 N=26
A B c D A B c D
1 1 1 1 X 1O_I3 1 1 1
(c) s (d) T
80 - - 87 I
. T T 0 5
— o 67 r
‘&’ 60 [ - €
s | = z 4 -
T =
40 - >
L T s 24 8 .
- =
20 - ol = |
A B C D A B c D
79 (e) T I ®) —
o c 3 n B
61 8 - S -
z S—
£ 5] o
24 3 L § 27
é 34 . - 8
< 3 1-
2 - B
=
1 7 ES é I O
T T T T 0 . i : : : 4
A B ¢} D WEur WRus WKaz Arctic NEChin Local Strato
Fig. 10. Same as Fig. 6 for Flight 9 on 17 August 2007.
Table 1. Regional PES-concentration pairwise statistics fobCO
April 2006 September 2006 August 2007
72 RP s€ 72 RP s€ 72 RP s¢
W Europe  (0.07) (0.03) - 0.31 (0.03) - 0.42 (0.19) -
W Russia (0.05) -0.29 -—-3.7e-4 0.15 0.11 4.9e-4 0.11 -0.12 -1.9e-3
W Kazak 0.13 ¢0.04) - (0.01) —-0.15 -2.1e-4 0.25 —-0.13 -—3.0e-3
Arctic (0.06) —-0.25 -—-1.3e-4 —-0.29 -0.35 -5.0e-4 —-040 -0.37 —4.7e-4
NE China 0.31 +£0.01) - (0.00) (0.68) - 0.14 0.54 5.0e-2
Local 0.40 0.14 5.0e-5 —-0.37 -0.20 -1.0e-4 —-0.43 -0.41 -3.9e-4
Strato (0.01) -0.35 —4.0e-2 0.37 (0.00) - 0.37 —0.21) -—1.4e-2

@ Kendall's tau. Values are given between parentheses if not statistically roos&tQ1)
b pearson correlation coefficient. Values are given between parentheses if not statisticallyrotustl(

¢ Robust linear regression slope (ppms. No value is given if both Pearson and Kendall correlations are not robust, or if only Pearson

correlation is not robust withR| <0.2.

Atmos. Chem. Phys., 10, 1671687, 2010

www.atmos-chem-phys.net/10/1671/2010/



J.-D. Paris et al.: Source-receptor relationships for airborne measurements above Siberia 1683

PRI S S I U SR ST T (T SN T S TR S S T SUT S N S SR TR S [ TR S S S [ S T S
1 ®TAFRighto 385
250 7 -80 T
1l 6 - 380
3 200 £ reog  §
& 1 8 44 & 3752
o E > il
O 1504 = 400 o
17 24 - 370
100 -20 |
0 L L L L L T e e e - 365
03:00 04:00 05:00 06:00 07:00 08:00 09:00 10:00

T T - T -~ T T "~ T T T "~ T ~ T *~ T "~ T "1 1
82.7 85.1 86.2 89.3 92.0 94.8 99.3 102.8107.3 111.0 114.0
Longitude East & Hour UTC, 17/08/2007

Fig. 11. Time series of measured G@black), CO (red) and &(blue) concentrations as well as altitude (grey) during Flight 9 on 17 Au-
gust 2007. Aircraft longitude is also given every half hour.

Table 2. Regional PES-concentration pair-wise statistics for CO.

April 2006 September 2006 August 2007
72 RP s€ 72 RP s€ 72 RP s€

W Europe  —0.08 (-0.04) - (0.02) {0.01) - 0.18 —-0.28 —7.9e-02

W Russia (0.03) -0.25 -5.3e-03 0.09 (0.02) - (0.03) —0.07) -

W Kazak 0.17 £0.11) - 0.29 0.21 3.6e-03 0.26 0.17 3.6e-03
Arctic (0.03) (0.04) - 0.15 -0.18 —4.1e-03 -0.06 -0.13 -
NE China 0.32 (0.00) - +0.03) (-0.86) - 0.17 -0.22 -—-1.7e-01
Local 0.29 (0.01) - 0.27 (0.06) - 0.14 0.36—3.8e-05
Strato 0.04) —0.36 —6.3e-01 —-0.15 (-0.42) -1.1e+00 (0.03) 0.26 -

@ Kendall's tau. Values are given between parentheses if not statistically roos6tQ1)

b pearson correlation coefficient. Values are given between parentheses if not statisticallyrotustl(

¢ Robust linear regression slope (ppms. No value is given if both Pearson and Kendall correlations are not robust, or if only Pearson
correlation is not robust withR| <0.2.

dominant NE China footprint, and a consistent positive re- The absence of a strong correlation between mix-
lationship ¢£=0.31) between C®and NE China PES were ing ratio and airmass residence time over biomass-burning-
found, indicating that spring contribution from NE China to affected areas of Kazakhstan does not support a strong aver-
CO;, over Siberia occurred in specific plumes through spe-age @ production during advection (Table 3), contrarily to
cific transport event, rather than contributing to the back-our observations on CO«rorrelation in individual plumes
ground concentration. (Sect. 4.2).

O3 statistics exhibit significant correlations with the sim-
ulated stratosphere influence in April 2006. This strong cor-
relation (R=0.43) suggests that stratosphere-troposphere ex-

Tables 2 and 3 show the pair-wise statistics associating po¢hange is a strong source term to the free troposphesic O
tential source regions and CO ang @ncentrations respec- SPring budget. However, stratosphere Pearson correlation co-
tively. The CO burden over Siberia is partly due to emis- efﬂ_uent_s are V\_/eaker and not significant in t_he summer cam-
sions from remote anthropogenic sources such as in the NIP&igns, |_nd|cat|ng that other processes domlna.te summer tro-
China region in April 2006¢=0.32; Table 2), where uplift of pospheric Q budget, such as local photochemistry and sur-
polluted air and advection toward Siberia was documentedface deposition.

Western Kazakhstan sources in September 266®.29) Exposure to surface influence in the Siberian BL consis-
and August 20071(=0.26) also contributed to the CO bur- tently reduces @concentrations in all campaigns, with pat-
den. In the case of Kazakhstan CO emissions are most likelyerns similar to that of C@ This effect, attributed to de-
due to biomass burning occurring in these regions. More lo-position on forests, is stronger in summer months (Table 3).
cal sources also have an impact through all campaigns. With positive correlations, European emissions (in Western

5.2 Variations of CO and O3 associated to source
regions
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Table 3. Regional PES-concentration pair-wise statistics fgr O

April 2006 September 2006 August 2007

72 RP s€ 72 RP s€ 7@ RP s©
W Europe 0.28 0.35 8.5e-03 0.31 (0.01) - 0.39 0.34 1.2e-01
W Russia 0.18 0.24 1.1e-03 0.07 —@.06) - 0.13 -0.10 -—-8.2e-03
W Kazak 0.12 -0.20 —3.7e-04 0.07 (0.06) - 0.17 —Q.05) -
Arctic —0.44 -0.36 -6.3e-04 —-0.33 -0.47 -—-3.8e-03 —-0.45 -0.45 -1.8e-03
NE China 0.08 —-0.36 —1.7e-03 —0.10 (0.15) - 0.16 0.44 2.1e-01
Local —0.47 —-0.53 -—-9.8e-04 —-0.44  -0.76 —2.5e-03 —-0.50 -0.69 —2.3e-03
Strato 0.45 0.43 1.0e-01 0.41 (0.30) 5.8e-01 0.52-0.02) -

aKendall’'s tau. Values are given between parentheses if not statistically rghs&tQ1)

b pearson correlation coefficient. Values are given between parentheses if not statisticallyrotustl(

¢ Robust linear regression slope (ppmts. No value is given if both Pearson and Kendall correlations are not robust, or if only Pearson
correlation is not robust withR| < 0.2.

6 Conclusion

We analysed three intensive campaigns above Siberia result-

YAK1 Local

oY e ing in a total of~70h of CQ, CO and @Q measurements.
YAK Arctc The sampling strategy was to perform consecutive ascents
B Yo and descents to obtain a tomography of the atmosphere above

Siberia. Our data analysis used a novel technique based on
the clustering of LPDM footprints and correlation analysis.
The clustering technique was found to be able to separate
tracers’ concentrations although it was based solely on atmo-
spheric transport modelling. CO concentrations-G0D9 ppb
were observed in clusters associated to a dominant European
emissions sensitivity in September 2006 andl05 ppb in
August 2007. Dominant NE China PES was associated to
o s 10 a5 a2 & concentrations of 180 ppb in April 2006. High CO angd O
Potental Emisson Senalty 10%s concentrations (median values 121 ppb and 55 ppb respec-
tively) were found in clusters associated with fires in Kaza-

CO, (ppm)

Fig. 12. Scatter plot of CQ measurements against PES in the Arc- . . .
tic (circles) and Siberia (triangles) regions, with robust linear re- khstan in September 2006. High correlatldt?(:0.68) and

gression fit for each of the two regions and each of the three cam!OPUSt linear relationships with regression slopes ranging be-
paigns. YAK-1: April 2006 (red and orange for Siberia and Arctic, tween—0.10 and 0.24 ppb ppld where found in individual

respectively), YAK-2: September 2006 (blue and purple), YAK-3: plumes.
August 2007 (light green and green). Summer (August 2007, September 2006) tropospheric

variability of CO, was found to be largely explained50%)

Europe and European Russia) seem to be a source; of QY uptake due to exposure to boreal and sub-arctic ecosys-
over Siberia in all seasons, confirming the cluster studiegems. It is likely that permanent sunlight exposure of veg-
of Sect. 4. This influence is significant for Western Europeetation above the Arctic Circle contributes to a more con-
in April 2006 (R=0.35) and August 2007R=0.34), and for ~ stant uptake in this region, therefore strongly depleting CO
Western Russia in April 2006 onlyRE0.24). Our results  in slowly transiting air masses.

indicate that emissions in North Eastern China also play an A discernable influence of air exposure to European emis-
important role in the @ budget. In August 2007 they con- Sions was observed, associated with highgrodncentra-
tribute positively to @ mixing ratios =0.44), whereas this tions. G was also affected by large sink processes in the
influence is negative in April 2006R=—0.36). This negative ~ Siberian BL and constant stratospheric contribution. North
spring influence might be due to heterogeneous chemistry ifFastern Chinese emissions contribute to highgem@xing

the presence of heavy aerosol load in the air mass followingatio in summer, but tend to decrease them in spring.

the dust storm that occurred in the region prior to and during Airborne measurements across Siberia during three YAK
the campaign (Paris et al., 2008). campaigns have been capable to detect concentrations

originating from sources located in remote regions, thus
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validating the sampling strategy. The cluster-based methodtneroth, K., Kjellstrom, E., and Holmen, K.: Interannual and sea-
proposed here was successful at separating air masses withsonal variations in transport to a measuring site in western Siberia
different chemical compositions, although the classification —and their impact on the observed atmospherig@txing ratio,
scheme is based only on simulated transport properties and J- Geophys. Res., 108(D21), 4660, doi:10.1029/2002JD002730,
eventually matched independently against air chemical com- 2003 _

position measurements. Another advantage of our cluster: c"senfeld, F.C., Ancr?”et’ G., Bates, T. S., Goldstein, A. _H'F]Hard'
ing method is that it is independent from our limited knowl- fﬂsé)éei'nMs" F,:/?g;aLérRJ" L;;\:’ri; Sb‘ I‘Dew:jss’z';g" keitcp’ EJS-
edge of sources and sinks, especially for the case of Siberia. g p B’., S”chlaggr, Hl., éeinfeld, J 'Talllyaot, R. a?:’d Z.biﬁdé’n, R
Single-flight cluster analysis exhibited a variety of air masses

T ALIVEEY International Consortium for Atmospheric Research on Trans-
origin, related to a large variability in GO CO and Q.

port and Transformation (ICARTT): North America to Europe —
The technique used here, although it has sufficient resolving Overview of the 2004 summer field study, J. Geophys. Res., 111,
power, would benefit from more refinements. The cluster- D23S01, doi:10.1029/2006JD007829, 2006.

based method should be able to ensure comparability beForster, C., Stohl, A., and Seibert, P.. Parameterization of convec-
tween different campaigns at different locations and/or pe- tive transport in a Lagrangian particle dispersion model and its
riods (given no strong concentrations trend between cam- €valuation, J. Appl. Meteorol. Clim., 46(4), 403422, 2007
paigns). Another possible application of this technique to®€™ig: C., Lin, J. C., Wofsy, S. C., Daube, B. C., Andrews, A.
surface observatories or regular aircraft profiles is to con- = Stephens, B. B., Bakwin, P. S., and Grainger, C. A.: Toward

. . " constraining regional-scale fluxes of g@ith atmospheric ob-
tr_lbute to the deflnltlon Of bagkground cond|t|0n§ qnd to pro servations over a continent: 2. Analysis of COBRA data using a
vide a systematic classification of air masses origin.

receptor-oriented framework, J. Geophys. Res., 108(D24), 4757,
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