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[1] Extensive trace gas measurement campaigns were performed in 2005 at the Swiss
high-altitude station Jungfraujoch, including measurements of ozone (O3), carbon
monoxide (CO), nitrogen oxides (NOx = NO + NO2), the sum of reactive nitrogen species
(NOy), peroxyacetylnitrate (PAN), formaldehyde (HCHO), oxygenated volatile organic
compounds (OVOCs), volatile hydrocarbons (HCs), methane (CH4), and nitrous oxide
(N2O). The air masses arriving at Jungfraujoch experience particular transport pathways
and therefore are expected to have characteristic chemical signatures. These characteristics
are often masked by mixing with European planetary boundary layer air. In order to
address the influence of European emissions, a method to retrieve ‘‘background
concentrations’’ based on backward trajectories and statistics was developed and applied
to the trace gas observations at Jungfraujoch. This procedure is important to determine
baseline values for subsequent assessment of surface air quality targets. Cluster analysis of
backward trajectories for ‘‘background conditions’’ shows that the influence of long-range
transport is discernible in most of the clusters. Air masses tend to have lower background
concentrations whenever transport conditions favor a higher amount of photochemical
degradation (e.g., low latitude or no recent contact to emissions). The results of this study
represent an alternative to aircraft measurements which are typically used to determine
free tropospheric background conditions. They are valuable for comparison with
numerical simulations and for policy making, and provide additional information about
free tropospheric chemistry.
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1. Introduction

[2] The study of variations of air pollutants in back-
ground air masses is a challenging task in the currently
changing atmosphere. Effects of climate change on chem-
istry and dynamics [e.g., Stevenson et al., 2005; Hurrell et
al., 2004], together with a relocation of emissions (e.g.,
toward Asia), might affect local and global air quality.
According to Calvert [1990], background concentration
can be understood as ‘‘the concentration of a given species
in a pristine air mass in which anthropogenic impurities of
relatively short lifetime are not present.’’ This definition
implies that background conditions only exist for long-lived
compounds, which are well mixed in the troposphere away

from their sources. However, for relatively short-living
compounds like O3 and its precursors a common and
generally applicable definition of background and a method
to derive it from point measurements does not exist.
Medium-lived compounds tend to have a region of influ-
ence which is determined by how fast, and in which
chemical and physical environment they are transported
before their decay. The importance of intercontinental
transport of air pollutants has been the focus of various
recent studies that highlighted the potential of interconti-
nental pollution transport [e.g., Fehsenfeld et al., 1996;
Derwent et al., 1998; Jacob et al., 2003].
[3] The distribution of tropospheric O3 is highly sensitive

to photochemistry and transport processes, because of its
long lifetime (up to 1–2 months in the free troposphere
(FT)) [Ravetta et al., 2007]. A recent model study deter-
mined that O3 originating from Asian emissions contributes
between 5 and 30 ppb to the annual mean at different
locations in the Northern Hemisphere [Sudo and Akimoto,
2007]. Several studies investigated the role of long-range
transport (LRT) [e.g., Stohl et al., 2007; Real et al., 2007];
however, continuous long-term in situ measurements in-
cluding the most relevant O3 precursors in the FT are not
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available. Most measurement campaigns and programmes
using airborne measurements, are limited to only a few
species [e.g., Thouret et al., 1998], short periods or sparse
sampling. An alternative approach is to perform measure-
ments from a ground station, where no local or regional
pollution affects the measurements. These conditions can be
met at remote sites like the arctic or at marine boundary
layer stations. However, within the planetary boundary layer
(PBL) dry deposition and emissions take place, which will
characterize measurements at a particular site. While air-
borne observations allow a direct sampling of specific air
masses, a fixed measurement station is exposed to a wide
variety of situations, including air which is locally or
regionally polluted. In this case appropriate filters have to
be used to distinguish between the different conditions.
Frequently, filter functions are based on in situ meteorolog-
ical parameters and/or on trace gas observations directly
[e.g., Zellweger et al., 2002; Henne et al., 2005]. These
filters have the disadvantage that they need to be adjusted to
a particular measurement site. Statistical filter methods can
be applied to multiple locations and rely, at different degrees
of complexity, on the identification of measurements which
deviate from smooth curve fit to the data [e.g., Novelli et al.,
1998; Cox et al., 2003]. In addition, the analysis of air mass
origins [e.g., Simmonds et al., 1997] can be used to identify
baseline conditions. Furthermore, the combination of mete-
orological filters and statistical approaches has been used
[e.g., Tsutsumi et al., 2006].
[4] The information on background concentrations is

important for the study of chemical processes in the remote
atmosphere, for the calibration and testing of models, for the
evaluation of trends, and for the setting of air quality limit
thresholds [McCarthy et al., 2006]. A solid knowledge of
the compounds primarily emitted to the atmosphere and the
compounds which are secondarily produced during the
transport is of key importance for the modeling of photo-
chemical ozone production.
[5] In the particular case of Europe the analysis of

background concentrations could add further insights on
the question why background O3 concentrations in Europe
increased in the last 15 years, despite a significant decrease
in the emission of its precursors [Simmonds et al., 2004;
Ordonez et al., 2007]. It is still not clear to what extent the
increase in ozone at European high mountain sites is caused
by increasing transport of ozone from the stratosphere or if
it is due to long-range transport [Ordonez et al., 2005].
Auvray and Bey [2005], using a global chemistry transport
model, found that in summer O3 decreased in the Europe
boundary layer from 1980 to 1997. This finding reflects the
reduction of European ozone precursor emissions (EMEP,
2004). In the free troposphere, this decrease is compensated
by the increase in O3 due to increasing Asian emissions. In
contrast, Ordonez et al. [2007] provide evidence for a
significant influence of lowermost stratospheric ozone
trends on tropospheric ozone changes over Europe. Further-
more, a better knowledge of the background seasonal cycles
is of vital importance to understand the often observed and
frequently discussed ozone spring maximum [e.g., Monks,
2000].
[6] The aim of this study is to retrieve and analyze

background concentrations for 2005 at the high-altitude
research station Jungfraujoch (JFJ, Switzerland), consider-

ing both their seasonal and spatial variation. During this
particular year routine and campaign measurements allowed
the collection of an extensive data set including: O3,
nitrogen monoxide (NO) and dioxide (NO2), the sum of
reactive nitrogen species (NOy), carbon monoxide (CO),
volatile hydrocarbons (HCs), oxygenated volatile organic
compounds (OVOCs), and peroxyacetylnitrate (PAN).
[7] A new methodology to retrieve background concen-

trations was developed in order to minimize the effect of
primary European emissions on the Jungfraujoch observa-
tions. This approach is based on the analysis of backward
trajectories and additionally takes the observations at Jung-
fraujoch into account. Furthermore, a back-trajectory clus-
tering was applied to describe the influence of the spatial
variation of emission sources on the retrieved background
concentrations.

2. Methodology

2.1. Measurement Site

[8] The high alpine station Jungfraujoch (JFJ, 46.55�N,
7.98�E, 3580 meters above sea level (m asl); see Figure 1) is
located in the western Swiss Alps, which are a strong barrier
for synoptic-scale air flow. The observatory is located on a
mountain saddle between the two mountain peaks Jungfrau
(4158 m asl) in the west and Mönch (4099 m asl) in the east.
This particular topographical condition strongly influences
the local wind field. The main wind directions observed at
the site are northwest and southwest. The station is located
on the first high topographical barrier that an air mass
reaching the station from the north (e.g., from the Swiss
Plateau) encounters. In contrast, if an air mass arrives
from the south (e.g., from the Po Valley, Italy) it needs to
cross the inner Alpine region before it arrives at the JFJ
observatory.

2.2. Instrumentation

[9] All the measurements used in this study are summa-
rized in Table 1. The majority of the continuous trace gas
measurements at JFJ are carried out as part of the Swiss Air
Pollution Monitoring Network (NABEL), which is run by
the Swiss Federal Laboratories for Materials Testing and
Research (Empa) in joint collaboration with the Swiss
Federal Office for Environment (FOEN). In addition to
the continuous measurements, four seasonal campaigns
took place during 2005 focusing on HCHO (winter (20
February to 8 March), spring (15 April to 16 May), summer
(9–22 August and 9–18 September), autumn (7 October to
7 November)), on OVOCs (winter (8 February to 15
March), spring (22 April to 30 May), summer (5 August
to 19 September), autumn (14 October to 1 November)),
and PAN (February 2005 to August 2006). Only results
from overlapping HCHO and OVOCs measurements are
included in this study.
[10] Air samples were collected using the NABEL stain-

less steel (SS) inlet with an inner diameter (ID) of 8 cm and
a total length of 3.1 m. The air flow was 50 m3 h�1 and a
heating system provided a constant temperature of 10�C. A
glass manifold (ID 4 cm) flushed with 100 L min�1 is
connected to the main inlet. Perfluoroalkoxy (PFA) teflon
tubes (ID 6 mm, approximately 2 m) are used in the stream
to connect the O3 and CO instruments to the glass inlet. The
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NO, NOx, NOy, HCHO, OVOCs, and PAN instruments are
directly connected to the main inlet using PFA tubing.
Particular care was taken for the NOy, PAN, and HCHO
measurements by installing the instrument as close as
possible to the inlet to avoid adsorption losses or thermal
decomposition of the measured compounds themselves. The
CH4, N2O analyzers, and the instrument used to measure
volatile hydrocarbons were directly connected to the inlet
by a 1/800 SS tubing.
[11] CO was measured with a commercially available

instrument (HORIBA APMA-360) using nondispersive
infrared (NDIR) technique. O3 was measured with a com-
mercially available instrument (Thermo Environmental
Instruments (TEI), Model 49C) using UV absorption. NO,
NOx and NOy were measured with a commercially available
instrument (CraNOX, Ecophysics) using two chemilumines-
cence detectors (CLD 770 AL pptv) with temperature
controlled reaction chambers. NOx was measured as NO
after photolytic conversion of NO2 (PLC 760) with a typical

conversion efficiency of �60%. Nitrogen dioxide (NO2)
was then calculated as the difference between NOx and NO.
NOy species were converted on a heated gold catalyst
(300�C) with 2% CO (99.997%, Messer-Griesheim GmbH)
as a reducing agent. The instrumentation is described in
detail by Zellweger et al. [2000].
[12] Reactive hydrocarbons (n-butane, isobutane, n-

pentane, iso-pentane, benzene and toluene) were continu-
ously analyzed, with an integration time of 4 hours by gas
chromatography–mass spectrometry coupled with an auto-
mated adsorption-desorption system (GC-MS-ADS, Agilent
5793N), which also measured halocarbons [Reimann et al.,
2004].
[13] CH4, and N2O were quasi-continuously measured

(every 30 min) using an Agilent 6890N gas chromatograph
equipped with a flame ionization detector (FID) and an
electron capture detector (ECD) (M. Steinbacher, manu-
script in preparation, 2008).
[14] HCHO was measured using a Hantzsch fluorimetric

monitor, which is similar to the AERO LASER CH2O
analyzer AL4021, and based on sensitive wet chemical
fluorimetric detection of HCHO [Kelly and Fortune,
1994], making use of the Hantzsch reaction [Nash, 1953].
The source lamp used in the fluorimeter was a blue light-
emitting diode (LED) and a photomultiplier tube as de-
scribed by Junkermann and Burger [2006]. In order to reach
higher sensitivity a reduced liquid flow setup was used
(0.16 mL min�1) and the air was collected with a flow of
1.2 L min�1. The precision was ranging from around 20%
below 0.5 ppb to 5% at 2 ppb. A recent intercomparison
[Hak et al., 2005] showed an accuracy of 12% for this type
of instrument. The detection limit, calculated as 3s of the
instrumental noise, was found to be 22 ppt.
[15] PAN was measured with a commercially available

gas chromatograph (PAN GC, Meteorologie Consult
GmbH). The analytical method was based on sampling
2 mL of air in a loop, chromatographic separation, and
subsequent electron capture detection (ECD). The overall
measurement uncertainty was estimated to be ±5% (1s) and
included the uncertainty of the calibration standard, the NO
and zero air flow during the calibration, and the integration
precision of the GC. The detailed procedure is described by
Zellweger et al. [2000].
[16] OVOCs were measured using a new GC-MS instru-

ment [Legreid et al., 2008]. The air samples were collected

Figure 1. A map illustrating the polygon used as latitude
and longitude definition of Europe in order to determine the
planetary boundary layer contact in this study. The position
of JFJ is indicated by a dot.

Table 1. Continuous and Campaign Trace Gas Measurements Performed at JFJ and Used for This Study

Measured Species Method Period Time Resolution

Continuous Measurements Performed by EMPA
CO NDIR continuous 10 min
O3 UV photometry continuous 10 min
NO chemiluminescence

(after reaction with O3)
continuous 10 min

NOx photolytic conversion continuous 10 min
NO2 calculated (NOx � NO)
NOy catalytic conversion ‘Au’ continuous 10 min
HCs GC-MS continuous 4 hrs
CH4 GC-FID continuous 30 min

Campaign Measurements
HCHO Hantzsch monitor 4 seasonal campaigns 1 min
PAN GC-ECD 4 seasonal campaigns 10 min
OVOCs GC-MS 4 seasonal campaigns 50 min
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on a two-stage adsorbent system connected to a gas chro-
matograph–mass spectrometer (GC-MS Agilent HP 6890 -
HP 5973N). One measurement cycle took 50 min. The
OVOCs were measured with an accuracy of 3–25% (n-
butanol: 37%) and a precision of 1–5%, calculated from an
intercomparison experiment within the European project
ACCENT. The detection limit, calculated as the 3s above
the noise of 5 zero air samples, lies in a range of 1–120 ppt
depending on the compound.

2.3. Backward Trajectories

[17] In this study trajectory calculations were based on
European Center for Medium-range Weather Forecast
(ECMWF) data with a temporal resolution of 3 hours,
horizontal resolution of 1� � 1�, and 60 vertical levels.
The temporal resolution of 3 hours was achieved by
combining analysis fields (0000, 0600, 1200, and 1800
UTC) with forecast fields. The use of a forecasted wind
field helps to reduce temporal interpolation errors [Stohl,
1998]. Three-dimensional trajectories were retrieved using
the LAGRangian ANalysis TOol (LAGRANTO) described
in detail by Wernli and Davies [1997]. An ensemble of
15 days backward trajectories was calculated for each hour
of the year 2005. Each ensemble consists of a reference
trajectory (centered on JFJ at a mean pressure of 660 hPa)
and six displaced trajectories, 4 have an offset of ±0.5� in
latitude and longitude and 2 are located 20 hPa above and
below the reference pressure. The trajectory position was
stored with a time step of 1 hour. In total 8757 � 7
trajectories were calculated.

2.4. Background Definition by the Use of Trajectories

[18] The ensemble of trajectories and the associated
measurement data were used to identify ‘‘Unpolluted Euro-

pean’’ air masses (hereinafter, UE) applying separately, for
each month, the following steps.
[19] 1. The time each trajectory spent in the European

PBL (residence time, RT) was calculated for each individual
trajectory belonging to the trajectory ensemble Q. Europe
was defined using a polygon with a resolution of 1� � 1�
(see Figure 1), and a constant PBL top of 700 hPa. This
PBL height was found to represent an upper limit for the
PBL height during summer in Europe [Matthias et al.,
2004]. The average residence time, RT , at a specific time
was then defined as the weighted mean for each trajectory i
of the ensemble Q,

RTðQÞ ¼
X

i

wiRTðQÞi; ð1Þ

where wi is equal to 0.4 for the reference and 0.1 for the 6
displaced trajectories. Each trajectory ensemble was classi-
fied as UE only if RT was <0.5 hours. This means, if at least
the reference and one displaced trajectory spent one hour in
the European PBL, the trajectory of the specific arrival time
was discarded. Following this criterion 34.6% of the initial
data set was selected as unpolluted.
[20] 2. Each trajectory ensemble Q was classified as UE if

the following condition was fulfilled:

Q : xðQÞ < ð0:75Þq x 8 x; ð2Þ

where (0.75)q x is the 20 days running 0.75 quantile
calculated for a selected group of compounds x, which
originate from the PBL. The ensemble x includes the
continuously measured HCs at the site (benzene, toluene,
i-butane, n-butane, i-pentane, n-pentane), plus CO and NOx,
but not NOy. Since the HCs were measured every 4 hours

Figure 2. Variation of annual mean concentrations for different compounds as a function of the selected
quantile. O3 and CO concentrations are in ppb, NOy and HCHO are in tens of ppt, NOx, benzene, toluene,
and PAN are in ppt. The right y axis indicates the percentage of the European Unpolluted trajectories
remaining.
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they were interpolated to every single hour between every
two consecutive measurements. This criterion leads to a
selection of 22.6% of the initial data set as UE.
[21] The overall aim of the use of this procedure is to

obtain a data set for which no contact with the European
PBL in the previous 15 days before reaching JFJ took place.
To assume real ‘‘background conditions,’’ these strict crite-
ria were applied. These include the rather elevated height of
the PBL and the short European residence time.
[22] Although this method works very well for the colder

months, it is less successful for the summer months because
trajectories alone cannot sufficiently resolve thermal lifting
and mountain venting events (more frequent in spring,
summer and autumn), particularly in a complex mountain
area as the Alps [Henne et al., 2004]. To overcome these
difficulties we eliminated the highest concentrations using a
0.75 running quantile.
[23] However, the selection of data based on the 0.75

running quantile might lead to the exclusion of major
transport events, during which longer-lived compounds
might be increased especially in periods of low photochem-
istry. The choice of the 0.75 quantile is a good compromise
to maintain enough data points and to remove potential
extreme values. As shown in Figure 2, choosing a lower
0.65 quantile would lead to a further 5% loss of data points

during 2005 and a small reduction of the annual mean
mixing ratios of different compounds (CO mean by 1.8%,
O3 by 0.3%, and NOy 6% with slightly higher variations for
NOx and PAN).
[24] The background concentration based on the applied

conditions is representative of air masses which have not
been in contact with the European PBL. Long-range trans-
port events are considered as ‘‘background,’’ since they are
not affected by Europe and are not depending on European
emissions. With this method 22.6% of the total data
were maintained. An example of its application is given
in Figure 3 for CO concentrations during March and
August, where the pink dots represent the selected back-
ground. The selected points efficiently mark periods of low,
background CO concentrations. These results are then used
to calculate a monthly background concentration and its
percentiles.

2.5. Identification of North American PBL
and STT Influence

[25] The retrieved UE background is expected to show
specific chemical signatures. Trajectory calculations (num-
ber of trajectories which spent more than 5 hours in the
North American PBL), show that 24% of the JFJ measure-
ments during 2005 were influenced by NA LRT. However,

Figure 3. Examples of CO measurements and the defined background. The black line gives all
measurements, the pink circles are the detected background concentrations, and the green line is a daily
running average of the background. Monthly means of the background are also shown as a pink line with
its standard deviation (dash-dotted line).
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only 7% of the total 2005 measurements represent air
directly transported to JFJ without mixing with the Euro-
pean PBL. Furthermore, while retrieving background con-
centrations it cannot be avoided that applying the 0.75
running quantile excludes some LRT events. However, this
is not true for stratosphere to troposphere (STT) extreme
transport events, because O3 is not used in the calculations
of ensemble x, therefore a higher observed O3 concentration
would not lead to the exclusion of a particular date.
Stratospheric influence (calculated as trajectories with po-
tential vorticity (PV) 	 2 during the period 5 days prior to
the arrival at JFJ (PV = 2 is commonly used to indicate the
tropopause height, while lower PV values refer to the
troposphere and higher values refer to the highly stable
stratosphere) was less important (less than 4%) and most of
the air masses seem to mix with European PBL air before
arriving at JFJ. Only 1% of the STT influenced air masses
during 2005 were not mixed with European PBL before
arriving at JFJ. This could have been caused by the PBL
definition used in our method (700 hPa) which is very
restrictive for the colder months, or by a fast turbulent
mixing of dry and colder stratospheric air with warmer,
moister, and more polluted tropospheric air [e.g., Brioude et
al., 2006], leading to an exclusion of the event from UE
background. Furthermore, contact with stratospheric air
might have occurred earlier than 5 days prior to sampling
[Stohl et al., 2000], which also indicates, that the classifi-
cation, used in this study does not account for all strato-
spheric contributions.

2.6. Trajectory Clustering

[26] In order to evaluate the influence of different flow
patterns on the background concentration of the different
compounds, we applied cluster analysis to the trajectory
position. Similar techniques were successfully used in
several studies [e.g., Harris and Kahl, 1990; Traub et al.,
2003; Henne et al., 2008a] for interpretation of trace gas
measurements in relation to large-scale air mass transport.
The freeware program PLOTRA v2.1 was used [Sodemann,
2000]. PLOTRA uses Ward’s hierarchical clustering method
with a 3D Euclidean distance measure on the normalized
coordinates of each trajectory point. This accounts for the
variations in transport speed and direction in both horizontal
and vertical directions simultaneously, yielding clusters of
trajectories of similar length, altitude, and curvature. In this
study we concentrated on the days 15 to 6 prior to the
arrival at JFJ emphasizing the origin of the trajectory. Only

trajectories of the UE background (1978 trajectories with
3 hour time step) were divided into clusters.

3. Results and Discussion

3.1. Performance of Background Estimation

[27] An overview of the selected background concentra-
tions is given in Figure 4 for O3, CO, and NOy. The method
satisfactorily selects lower concentrations, in particular for
NOy, which is not utilized in the selection procedure (see
section 2.4). Table 2 presents the average concentrations
and their standard deviations for each compound during the
four different astronomical seasons (in order to include the 4
measurements campaigns of OVOCs and HCHO). More
detailed results, including complete statistics and detection
limits, are given in the auxiliary materials.1

[28] Another important result is that the calculated back-
ground reduced the diurnal cycle for compounds which are
transported to JFJ during daytime by thermal lifting
[Zellweger et al., 2002; Henne et al., 2004]. As displayed
in Figure 5 the method results in a substantial decrease in
CO concentrations in all seasons and an evident reduction in
late afternoon concentrations in summer. However, in spring
and summer NOy is still partially influenced by thermally
induced mountain venting. Particularly during spring an
increase between 1200 and 1800 CET is observed.
[29] In order to evaluate the error due to convection and

thermal lifting a monthly Night Relative Error (NRE) was
introduced,

NREi ¼
UEi � UENi

UEi

� �

� 100%; ð3Þ

where UEi is the UE concentration of compound i, and
UENi is the UE concentration of compound i considering
only night measurements (from 1500 to 0900 local time).
This approach is based on the idea that night or early
morning measurements can be used as background
concentration, as already shown for JFJ [Lugauer et al.,
1998; Nyeki et al., 1998; Baltensperger et al., 1997] and for
other high altitude sites [e.g., Zhou et al., 1996; Henne et
al., 2008b]. NRE should be considered only for primary
pollutants because a secondary produced compound could
show higher mixing ratios during daytime compared to
nighttime values because of photochemical production. If

Figure 4. Time series of O3, CO, and NOy observations at JFJ. All measurements are shown in black;
the estimated background concentrations are shown in red.

1Auxiliary materials are available at ftp://ftp.agu.org/apend/jd/
2007jd009751.
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we use the NRE of NOy as an indicator for thermal lifting
(as proposed by Zellweger et al. [2002]), we find a
maximum error of less than 20% during the spring and
summer period. Therefore, for spring and summer seasons
we should regard the determined background concentrations
as un upper limit for the background air.

3.2. Comparison With Measurements at Other Remote
Sites

[30] In this section, a brief comparison with selected other
measurements at northern hemispheric mountain stations
and airplane campaigns addressing ‘‘background’’ measure-
ments is provided. Generally, all background concentrations
derived by this method (particularly for anthropogenic
primary pollutants) fall within or below the range of values
derived from other measurements for northern hemispheric
‘‘background’’ conditions.
[31] CO and O3 background values for JFJ are in the

range of 93–111 ppb for CO and 55–58 ppb for O3. For
Mount Waliguan (WLG, 36.28�N, 100.90�E, 3816m a.s.l.,
China) [Wang et al., 2006] found mixing ratios of 103–
133 ppb for CO, and 61–58 ppb for O3 for spring and
summer, respectively. At Mount Bachelor (MBO, 44.00�N,
121.70�E, 2763m a.s.l., USA) Weiss-Penzias et al. [2006]
published CO and O3 mixing ratios of 179 ppb and 54 ppb

respectively, while for ‘‘wet’’ conditions concentrations
they were 40 ppb for O3 and 150 ppb for CO. Lewis et
al. [2007] showed an average CO and O3 mixing ratio of
110 ppb and 55 ppb, respectively, based on measurements
of a flight campaign above Azores islands (Atlantic Ocean)
during summer 2004.
[32] Benzene background concentrations during winter

and summer at JFJ are much lower than at Zeppelin,
Spitsbergen [Solberg et al., 2002], and at Pallas in northern
Finland [Hakola et al., 2006], and at the rural site Hohen-
peissenberg [Plass-Dülmer et al., 2006]. Also the concen-
trations of all the other hydrocarbons deduced from
measurements of JFJ concentrations were lower than at
Arctic stations (during both summer and winter), which
could be due to the longer lifetime of those compounds at
high latitudes. This is related to the existence of a merid-
ional gradient in the concentrations of many pollutants (e.g.,
CO [see Solberg et al., 2002]).
[33] The low concentrations of primary OVOCs deduced

by our approach (e.g., Methyl-tert-butyl-ether) [Legreid et
al., 2008] show that PBL influence was effectively re-
moved. Compounds which can be of primary and secondary
origin show a slightly more variable behavior. Alcohols
were the most abundant OVOCs measured during 2005.
Methanol, which is emitted both from anthropogenic and

Table 2. Background Concentrations Measured at JFJ During 2005a

2005 Winter Spring Summer Autumn

O3 (ppb) 52 ± 8.7 49 ± 6.3 58 ± 8.6 54 ± 9.2 47 ± 5.7
CO (ppb) 109 ± 17.4 122 ± 12.6 110 ± 18.4 92 ± 10.6 105 ± 14.1
NO2 31 ± 37.8 24 ± 25.3 42 ± 43.3 50 ± 41.7 14 ± 24.3
NO 13 ± 14.0 12 ± 10.8 16 ± 15.4 15 ± 18.5 9 ± 12.0
NOy 571 ± 317.8 309 ± 104.0 740 ± 324.0 879 ± 348.0 489 ± 100.4
NOx 31 ± 44.4 15 ± 25.1 52 ± 53.1 56 ± 52.9 14 ± 28.4
i-Butane 27 ± 23.6 51 ± 18.7 15 ± 11.0 10 ± 4.6 34 ± 27.6
n-Butane 26 ± 26.0 65 ± 30.3 13 ± 12.6 13 ± 8.0 27 ± 17.7
i-Pentane 19 ± 10.6 25 ± 10.0 17 ± 8.5 19 ± 13.6 14 ± 8.2
n-Pentane 10 ± 8.4 13 ± 6.3 5 ± 3.3 6 ± 4.3 13 ± 12.4
HCHO 290 ± 126.2 143 ± 30.5 351 ± 174.4 353 ± 93.1 272 ± 62.1
PAN 127 ± 101.4 137 ± 54.1 165 ± 128.4 133 ± 77.4 74 ± 44.1
Benzene 20 ± 16.2 46 ± 14.6 12 ± 9.5 11 ± 5.7 19 ± 11.8
Toluene 11 ± 7.2 13 ± 6.5 8 ± 4.2 15 ± 9.7 11 ± 7.0
Methanol 510 ± 231.4 473 ± 56.4 562 ± 239.4 623 ± 249.8 343 ± 74.5
Butadiene 1 ± 0.7 0 ± 0.1 0 ± 0.6 1 ± 0.9 1 ± 0.8
Acetaldehyde � ± � � ± � � ± � 172 ± 55.3 106 ± 66.9
Ethanol 115 ± 82.5 102 ± 50.1 83 ± 50.4 77 ± 60.4 194 ± 83.9
Isoprene 4 ± 3.2 1 ± 1.2 6 ± 2.3 3 ± 4.5 3 ± 1.8
Acroleyn 7 ± 5.4 7 ± 2.3 14 ± 2.4 4 ± 1.8 2 ± 1.6
Propanal � ± � � ± � � ± � 23 ± 5.9 18 ± 7.5
Methylacetate 11 ± 4.6 10 ± 1.4 15 ± 5.8 10 ± 2.5 9 ± 1.4
Isopropanol � ± � 36 ± 9.8 22 ± 13.7 � ± � � ± �
Acetone 667 ± 171.3 527 ± 53.7 650 ± 200.9 746 ± 156.5 631 ± 122.3
Propanol � ± � 1 ± 0.6 3 ± 1.2 1 ± 0.6 � ± �
MTBE � ± � � ± � 4 ± 2.1 8 ± 10.5 9 ± 4.7
Methacrolein 2 ± 2.3 1 ± 0.3 2 ± 1.1 3 ± 3.6 1 ± 1.1
Ethylacetate 8 ± 3.6 8 ± 2.9 8 ± 3.1 11 ± 6.3 7 ± 2.3
Butanal � ± � � ± � � ± � 26 ± 22.7 24 ± 7.7
MVK 7 ± 5.4 5 ± 2.0 7 ± 4.1 10 ± 6.8 3 ± 2.9
MEK � ± � � ± � � ± � 23 ± 12.8 31 ± 12.1
MBO � ± � 8 ± 4.3 � ± � 7 ± 3.9 3 ± 0.9
Penatanal � ± � � ± � � ± � 11 ± 2.3 5 ± 1.7
Butyl-acetate 3 ± 1.5 1 ± 0.7 3 ± 1.0 2 ± 1.7 3 ± 1.6
Hexanal � ± � � ± � � ± � 10 ± 2.7 11 ± 2.9
Benzaldehyde 6 ± 3.0 2 ± 0.5 8 ± 2.1 4 ± 1.4 8 ± 2.9
CH4 (ppb) 1823 ± 17.1 1829 ± 16.6 1823 ± 16.4 1821 ± 21.6 1822 ± 14.3
N2O (ppb) 321 ± 0.8 320 ± 0.6 320 ± 0.5 320 ± 0.7 321 ± 0.6

aThe yearly and the seasonal averages with the standard deviation of the individual measurements are given. Units are ppt except when specified
otherwise.
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biogenic sources, and is secondarily produced in the atmo-
sphere mainly from CH4 oxidation [Schade and Goldstein,
2006], showed higher values than in the Arctic but similar
or lower values than reported from flight campaigns over
the Atlantic and the Pacific Ocean [Singh et al., 2000,
2004]. Ethanol at JFJ showed higher concentrations than in
the Arctic [Boudries et al., 2002] but was comparable to
concentrations at Trinidad Head (USA) [Millet et al., 2004]
and encountered during flight campaigns over the Pacific
Ocean [Singh et al., 2004]. About 50% of ethanol in the
background atmosphere over the Pacific was estimated to
originate from primary biogenic sources, while the rest was
explained equally by biomass burning, hydrocarbon oxida-
tion, and anthropogenic emissions [Singh et al., 2004].
Acetone was the most abundant carbonyl measured at JFJ.
It generally showed lower concentrations than at other
background sites like over the Pacific Ocean [Singh et al.,
2004] and in the Arctic [Boudries et al., 2002]. Acetone is a
globally abundant compound, which can act as a source of
HOx, peroxy, and alcoxy radicals in the free troposphere
[Arnold et al., 1997; Singh et al., 1994]. Jacob et al. [2002]
estimated the oxidation of anthropogenic iso-alkanes to be
the main source of acetone in the northern hemisphere in all
seasons except summer. Acetaldehyde was the second most
abundant aldehyde and its concentrations seem to be in the
range of measurements performed in the high Arctic
[Boudries et al., 2002] and over the Pacific Ocean [Singh
et al., 2004]. However, note that acetaldehyde has been
measured only in summer and autumn. Other aldehydes
were present in much lower quantities decreasing with the
length of their carbon chain.

[34] The HCHO background at JFJ was slightly higher
than values from campaigns over the oceans [e.g., Lowe and
Schmidt, 1983] but still lower than observed at coastal sites
like Mace Head or Cape Grim [Ayers et al., 1997; Cardenas
et al., 2000].
[35] Owing to its smaller thermal decomposition at lower

temperature, the background of PAN at JFJ is higher than at
MBL stations like Izana in the Atlantic Ocean [Schmitt and
Volz-Thomas, 1997] or at the Mauna Loa Observatory
[Ridley et al., 1998], but slightly lower than in campaign
measurements sampling background air off the west coast
of North America [Roberts et al., 2004]. Interestingly, PAN
concentrations in 2005 were significantly lower than those
reported by Zellweger et al. [2002] for free tropospheric
background during measurements at JFJ in 1997–1998.
This could be due to the different method used to define
‘‘background’’ samples or due to changed transport con-
ditions in recent years.

3.3. Seasonal Variation of Primary and Secondary
Compounds

[36] Figure 6 shows an overview of the seasonal variation
of monthly background concentrations of selected com-
pounds at JFJ.
[37] During winter longer lifetimes and higher emissions

of primary pollutants (due to domestic heating, cold start
engine conditions, etc.) explain the higher concentration of
primary compounds measured in the FT at JFJ. Several
studies showed higher concentrations of primary pollutants
in the remote PBL during winter [e.g., Solberg et al., 1996;
Lightman et al., 1990; Hakola et al., 2006]. In this season

Figure 5. Diurnal cycle of CO and NOy (the solid line represents the hourly mean, and the dash-dotted
lines represent the standard deviation; the squares show the diurnal cycle of background concentrations.)
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HCs can be transported over long distances. During spring-
time the degradation of these compounds becomes faster
because of higher OH radical concentrations. CO is a
primary and secondary pollutant and its concentration
decreases by a factor 1.4 between winter and summer. In
summer production from the degradation of HCs is an

additional important source of CO [Griffin et al., 2007].
Also CH4 shows a decrease during spring. This is similar to
measurements reported from Alaska where the minimum in
June was explained by photochemical destruction and the
subsequent summer increase due to higher wetland emis-
sions [see Dlugokencky et al., 1997].

Figure 6. Background mixing ratios of CO, O3, CH4, NOy, benzene, methanol, formaldehyde, and
peroxyacetylnitrate at JFJ. The upper and lower quartiles are represented by the box, the line is the
median, and the cross is the mean. The red diamonds show the background mixing ratios calculated using
only data from 0300 to 0900 local time. The numbers at the bottom represent the number of valid selected
measurements. NRE values are also given as the maximum for each period.
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[38] The concentrations of secondary OVOCs increase
from winter to summer with formaldehyde strongly increas-
ing from winter to summer (by a factor of 2.5). During
summer aldehyde concentrations generally show the stron-
gest correlation with O3, indicating the importance of
photochemical production. Pearson correlation coefficients
between O3 and acetaldehyde, propanal, and pentanal were
0.63, 0.68, and 0.61, respectively. Ketones, in contrast,
showed less increase (factor 1.4) and lower correlations
with O3 (R = 0.39, acetone). The increase of alcohols (factor
1.6) is mainly driven by the increase of methanol, which is
both a secondary and a primary compound.
[39] Background ozone shows low values in the cold

months and a spring maximum (see Table 2). Several factors
are believed to contribute to the spring maximum [Monks,
2000]: the general increase in photochemical production
during spring, enhanced springtime stratosphere-tropo-
sphere exchange, export of primary pollutants from the
polar front reservoir, an increased PBL-FT flux, seasonal
changes in NOx sources, in situ production of O3 in the FT
with a possible O3 buildup during winter due to favorable
condition for high net O3 production in this season. [Penkett
and Brice, 1986] attributed a maximum in PAN background
concentrations in May to large photochemical production in
combination with enhanced primary pollutant concentra-
tions as consequence of accumulation during winter. In
agreement with their results, PAN concentrations at JFJ
peaked in spring, but were relatively lower (170 pptv) in the

UE background, representing only 24% of the NOz (NOy �
NOx) leaving a large unexplained fraction of NOy. Zanis et
al. [2007] analyzed 6 years of measurements at JFJ and
concluded that important sources of NOx exist probably in
spring, which are not related to the export from the PBL.
The same authors highlighted the dominant role of photo-
chemistry in the observed buildup of tropospheric ozone in
the winter-spring transition period.

3.4. Clustering

[40] The ability to eliminate air masses influenced by
European pollution permits to analyze the influence of
different large-scale source regions to the receptor point
JFJ. The different source regions were identified through
different clusters of trajectories as described in section 2.6.
The number of clusters was chosen arbitrarily, nevertheless,
while increasing the number of clusters, no further signif-
icant divisions of clusters were observed. The mean water
vapor content in each cluster was consistent with the
vertical movement within each cluster, with lower relative
humidity (RH) encountered in sinking air masses and higher
RH in rising air masses. Furthermore, it is important to
notice that the air masses representing UE background at
JFJ generally occurred during anticyclonic conditions, while
most of the transport from the European PBL results from
the movement of fronts linked to low-pressure systems.
[41] The seasonal frequency of each cluster is shown in

Figure 7 and their spatial distribution is reported in Figure 8.

Figure 7. Seasonal frequency for each of the eight clusters (for abbreviations of clusters, see text).

Figure 8. Spatial distribution of the eight background trajectories clusters. The colors represent the number of hourly
trajectory points residing inside a horizontal (1� latitude �1� longitude), or vertical cell (1� longitude � 100 hPa), thus
indicating the probability of the origin of a certain cluster. Only the clustered 15-6 days prior to arrival at JFJ are colored.
The black line and the dashed line represent the average and the standard deviation of the final 5-0 days transport before
reaching the station. For abbreviations of clusters see text.
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Figure 8
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An overview of O3 and CO concentrations for the different
clusters is given in Figure 9. In the following the most
striking features of dynamics and chemistry for each cluster
are discussed, while more complete statistics for the clusters
during the different seasons are given in the auxiliary
material. In the following a ‘‘significant difference’’ means
a 95% confidence limit calculated with a student t-test of the
observed cluster against the mean of all the others (i.e.,
cluster 1 versus the mean of clusters 2 to 8). Particular care
was taken to check if the characteristics of a cluster are
consistent throughout all the seasons.
[42] Cluster 1 is storm track north (STN). This ensemble

is characterized by a fast meridional transport, associated
with low-pressure systems moving along the typical mid-
latitude storm track centered on the 45� parallel at an
average level of 410 hPa. This air could encounter strong
mixing along the path and arrive at JFJ mainly following an
anticyclonic descending flow with relatively high pressure
(660 hPa) and 50% RH at the receptor site. Although not
directly linked to transport from the North American con-
tinent these trajectories could be linked with very long
transport, even from the Asian continent. This cluster was
more frequent in winter and autumn as expected for this
flow type. Regarding CO, this cluster shows higher mixing
ratios in all months (significant in autumn; see Figure 9)
compared to all other clusters. Regarding O3, only slightly
higher mixing ratios in summer and autumn are observed,
whereas for spring significantly higher concentration of
67 ppb compared to an average of 59 ppb occurred. Cluster
1 shows generally lower NOy concentrations (significant in
spring with 0.59 ppb against 0.74 ppb), except for summer.
PAN concentrations are higher than average, except for
autumn (significant in spring with 0.49 ppb). This leads to a
remarkably high yearly PAN/NOy ratio of 0.83, probably

due to the fact that the air masses move down from higher
(colder) altitudes where PAN does not decompose.
[43] Cluster 2 is storm track south (STS). This ensemble

is similar to the first but represents air masses on average
originating further from the south (41�N) and from lower
altitudes (600 hPa), with 50% RH at the receptor site. The
STS cluster shows higher CO, in all the months (significant
in summer and autumn). O3 concentrations are higher in all
seasons (significant in winter), whereas NOy concentrations
are lower in all seasons (significant in autumn).
[44] Cluster 3 is anticyclonic Blocking (AB). This cluster

exhibits low RH at the arrival (49%) but is associated with
slightly lower pressure (657 hPa) and more northerly
transport (with an average of 51�N). In contrast to the storm
track clusters, the air parcels move slower and cross the
Atlantic ocean within two weeks. This is caused by a stable
high-pressure system NW of Europe with air flowing
around it before reaching JFJ. Contact with the North
American boundary layer cannot be excluded but was not
resolved in our 15 days backward trajectories. The AB
cluster shows higher CO mixing ratios in all seasons except
autumn (significant in winter and spring with a maximum of
125 ppb in spring against an average of 110 ppb). This
finding is interesting because it could indicate transport
from polar regions toward Europe, since air masses travel
around a high-pressure system with northerly wind in the
mid polar troposphere (above the polar circle). In this region
higher concentrations are normally observed in winter and
spring [e.g., Hakola et al., 2006; Law and Stohl, 2007]. This
is also supported by the significantly lower temperature
recorded at the site during these events (e.g., �8.5�C
against an average of �2.8�C for spring). These consider-
ations also apply to other primary HCs and OVOCs. O3

mixing ratios are higher in spring, summer, and winter

Figure 9. Overview of O3 and CO concentrations for the different clusters. The solid circles represent
the 2005 average concentrations for O3 and CO for each cluster together with their 25th to 75th
percentiles. The colored triangles (O3) and squares (CO) show the concentrations for each cluster for the
different seasons.
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(significant in spring and autumn). Cluster AB shows
generally higher NOy mixing ratios except in spring (sig-
nificant in winter, with 0.37 ppb against 0.31 ppb, and
autumn, 0.58 ppb against 0.49 ppb). PAN was close to the
average during the winter but significantly higher in spring
(0.22 ppb against 0.17 ppb on average), although the PAN/
NOy ratio was only 0.33. For summer no data are available
but in autumn PAN had the highest mixing ratios among all
the clusters (0.11 ppb against 0.07 ppb on average). Never-
theless, another reason for the enhancement of these com-
pounds could be the generally slow transport over Europe
accompanied by vertical exchange between FT and PBL.
[45] Cluster 4 is long-range Transport A (LRT-A). Typical

conditions related to Warm Conveyor Belts (WCB) were
characteristic of this cluster: High RH (66%), an elevated
average number of hours spent in the North American PBL
during winter and autumn (15 hours in both seasons), fast
transport across the Atlantic Ocean (between the last contact
with North American PBL and JFJ, respectively of 5.8 and
6.1 days for winter and autumn), and an average tempera-
ture gradient of the air mass of �2.2�C d�1. The average
latitude is 47�N and the average pressure level is 603 hPa.
This cluster showed slightly higher concentrations of CO
except in winter (significant only in autumn). In contrast, O3

mixing ratios were lower in all seasons (significant for
winter and spring with 54 ppb against 55 ppb). NOy

concentrations were generally lower than average (signifi-
cantly in spring) as well as PAN except for winter.
[46] Cluster 5 is Free Tropospheric (FT). This cluster was

represented by an average pressure level of 400 hPa, an
average latitude of 43�N, and RH of 52% at the receptor
site. The air masses travel below the tropopause at an
altitude of 5–9 km a.s.l. before descending toward JFJ.
CO mixing ratios in the FT cluster were significantly lower
(100 ppb against an annual mean of 109 ppb) throughout all
the seasons except for winter. This can be explained by the
extended lifetime of CO in winter leading to a better mixing
throughout the whole troposphere. Also primary com-
pounds showed lower concentrations. The O3 mixing ratio
was not significantly different from the seasonal averages
(except for summer with 59 against 55 ppb). Interestingly
this cluster always shows higher mixing ratio of NOy

(significant only in spring and summer). This high level
of NOy was neither accompanied by significantly higher
PAN mixing ratios (in spring they are even significantly
lower with 0.13 ppb compared to an average of 0.17 ppb)
nor elevated NOx mixing ratios, therefore leaving a large
fraction of NOy unexplained. Other major NOy constituents
can be HNO3 and nitrate, which were not measured during
this study.
[47] Cluster 6 is long-range Transport B (LRT-B). This

case, like the LRT-A cluster, showed a considerable resi-
dence time in the North American PBL (20 hours on
average), but only in spring. The travel time toward JFJ
was longer (8.9 days) and consequently the temperature
gradient between the last North American contact and JFJ
was only �1.2�C d�1. RH is lower (54%), the average
traveling latitude was farther south (40�N), and the average
pressure level was lower as well (700 hPa), when compared
to the LRT-A cluster. LRT-B cluster, on contrary, experi-
enced CO mixing ratios insignificantly higher or around
average. No significant differences were found for O3 as

well. This cluster presents (not significant) lower NOy

mixing in winter and spring and higher mixing ratios in
spring and autumn (significant in autumn), with generally
higher PAN mixing ratios (significant in autumn).
[48] Cluster 7 is Marine Boundary Layer (MBL). This

very interesting cluster shows air masses originating in the
Atlantic Ocean Marine Boundary Layer which then
ascended during tropical cyclonic activity before reaching
JFJ within an anticyclonic flow (Extratropical Transition).
This can also be seen by the very low average traveling
latitude (30�N), the high RH (average of 67%) and the very
high average temperature. These were the warmest air
masses experienced during background conditions (with
an average temperature along the trajectory of 1�C) and
remain the warmest air masses once they arrive at JFJ
despite a fast cooling gradient (�3.6�C d�1 during the
previous 5 days). The MBL cluster showed higher relative
frequency during the warmer seasons. Particularly during
summer this could be a pattern for LRT when tropical
cyclones are active (with a very fast transport of 5 days).
However, only few cases with contact with the North
American PBL were observed. The MBL cluster experi-
enced low CO mixing ratios (annual mean of 98 ppb) in all
seasons (not significant only in spring). MBL air masses
frequently showed low NOx concentrations characteristic of
a photochemical O3 destruction regime [Monks et al., 1998].
It should be noted that this cluster together with marine
boundary layer air could be influenced by clean southern
hemispheric air masses [Novelli et al., 2003]. O3 mixing
ratios were significantly lower for the MBL cluster (during
all the seasons with a minimum in autumn with 40 ppb),
with photochemical destruction of O3 in the MBL due to
high water concentrations, strong irradiation at lower lat-
itudes and low NOx being the most likely cause. Such
conditions will also decrease the lifetime of other com-
pounds subject to OH oxidation. The NOy mixing ratio was
lower than average (significant only in summer and autumn
with 0.68 and 0.44 ppb) together with low mixing ratios of
PAN and NOx. All primary HCs showed lower than average
concentrations.
[49] Cluster 8 is High PV (HPV). These air masses were

characterized by an elevated residence time in the strato-
sphere (PV > 2 for an average of 122 hours) with average
last stratospheric contact 6 days before arrival at JFJ. The
average temperature along these trajectories was the coldest
among the clusters (�40�C), and the average pressure level
was 550 hPa. The air masses descended to JFJ as indicated
by the very high temperature gradient (6.2�C d�1 during the
previous 5 days) which, however, is not followed by a
correspondingly strong decrease in RH (50%). This sug-
gests mixing with tropospheric air. Stratospheric influence
(PV > 2) was not exclusively observed in the HPV cluster,
but also occurred in the STN, STS, and LRT-A clusters,
especially during winter. The HPV cluster experienced
higher concentration of O3 for all seasons except autumn
(significant in winter and spring), the maximum difference
from the average was reached in spring (66 ppb against
59 ppb). NOy concentrations were close to the average, and
PAN was slightly, but not significantly, higher than average,
particularly in spring. Nevertheless, this cluster represents
highly mixed air masses. CO was always higher than the
average and significantly higher in summer and autumn
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together with NOx and many OVOCs. Indeed several
authors [e.g., Brioude et al., 2006; Stohl et al., 2007]
reported turbulent scale mixing during STT events which
is not resolved by individual Lagrangian trajectories.
[50] Figure 10 summarizes some of the main features of

the analysis (for clarity clusters STN, STS, AB, LRT-A,
LRT-B are grouped in a more general LRT cluster): the air
masses characterized by LRT tend to have largest concen-
trations of CO and benzene with rather linear relationships,
particularly in winter, when lifetimes are longest and the
concentration gradients between PBL and FT are expected
to be largest. No linear relationship between the photo-
oxidant concentrations of PAN and O3 was obvious, but the
largest O3 and PAN background concentrations were found
during spring with a tendency of a positive correlation in
LRT air masses.
[51] Most of the secondary OVOCs did not show signif-

icant differences between the clusters. This is partially
because of their shorter lifetime and partially because they
were measured only during campaigns and were therefore
not statistically well represented in all clusters.
[52] From a general point of view clusters STN, STS, AB,

LRT-A, LRT-B, reflect a stronger anthropogenic influence
as common tendency (not always statistically significant).
In the literature higher mixing ratios in background air have
been observed on the west coast of North America [e.g.,
Parrish et al., 1998; Weiss-Penzias et al., 2006]. Stohl et al.
[2007] showed that it is possible to directly detect Asian
Pollution Plumes over Europe and showed also how these
air masses could be mixed also with North American
polluted air and/or with stratospheric air. Only two clusters

exhibited lower than average CO concentrations: FT and
MBL. Together they represent 30% of the background
conditions. The air masses represented by these clusters
traveled slower and this allowed a longer photochemical
degradation. In addition, the more southerly advection path
played a role in determining the efficiency of the photo-
chemical destruction.
[53] In agreement with the results presented here, Lewis et

al. [2007], analyzing airplane measurements above the
Azores Islands in the Atlantic Ocean, concluded that most
of the air masses are influenced by LRT. In a recent model
study, Sudo and Akimoto [2007] reported that midlatitude
O3 transport from polluted source regions accounts for more
than 50% of O3 even at remote locations. Particularly O3

formed in the FT after large injections of Asian precursors
was simulated to cause a large contribution to the upper
tropospheric ozone abundances in the northern hemisphere.
[54] Interestingly O3 in spring was significantly higher for

all the clusters compared to the other seasons (see Figure 9).
Smaller intracluster variability exists for winter when VOCs
and other short-lived compounds accumulate in the FT. This
indicates a common springtime photochemical O3 produc-
tion for all transport patterns. Therefore, the influence of
variable transport on the O3 spring maximum seems to be of
minor importance.

4. Conclusions

[55] In this study we present a method to derive back-
ground mixing ratios of trace gases at the high mountain site
JFJ (3580 m asl) and separate these from measurements

Figure 10. Scatterplots of CO and benzene, PAN, and O3, including different seasons (for abbreviations
of clusters, see text).
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influenced by the European PBL. These air masses were
subjected to particular transport and travel through different
regions where they could be loaded with non-European
emissions. Therefore, they are expected to have a particular
chemical signature. However this chemical signature is
often disguised by mixing with European PBL and the
expected signatures, like LRT or STT events, can be lost.
[56] Background conditions at JFJ were identified by a

new method based on backward trajectories and statistics.
With this method the European PBL influence was mini-
mized allowing the analysis of FT air masses. This method
allowed for the analysis of background concentrations of the
trace gases measured at JFJ during 2005 (HCs, OVOCs,
NOx, NOy, O3, CO, CH4, N2O, and PAN). The method
proved to work well, although in spring and summer a
maximal error up to 20% in the retrieved background
concentrations was found. Nevertheless, detected back-
ground concentrations were comparable or lower than at
other northern midlatitude remote sites. The seasonal var-
iations of background concentrations add new information
to the chemistry of the FT: Primary compounds showed to
be greatly influenced by LRT during winter, while second-
ary compounds increased until summer. These also showed
a higher correlation with ozone underlining their common
photochemical origin.
[57] A relationship exists between a particular flow re-

gime toward a receptor site and the observed chemical
composition at the site. This relation was analyzed using
trajectory clustering and was found to be less evident in
winter because of the general longer lifetime of the com-
pounds. Most of the clusters were influenced by transport
from remote emission sources (like North America or Asia).
In order to observe low concentrations of O3 precursors at
JFJ air masses had to be transported slowly enough to allow
photochemical degradation of these substances between the
emission point and JFJ. The two clusters satisfying this
condition were one slowly traveling in the mid free tropo-
sphere (FT cluster), and one originating and spending most
of the time in the Atlantic Ocean marine boundary layer
(MBL cluster). An interesting transport pattern toward JFJ
representing anticyclonic blocking conditions was repre-
sented by the AB cluster. In this cluster the air traveling
at northern latitude (in region of lower photochemical
activity and colder temperatures) exhibited higher concen-
trations of primary compounds, particularly during spring.
[58] It is interesting to note that all clusters showed a O3

spring maximum. This could indicate that the O3 spring
maximum is connected to a large-scale phenomenon and not
to specific source regions. This study brought new valuable
information to the knowledge of free tropospheric chemis-
try, and evidence for the importance of long-range transport.
The application of this technique to long time series might
also improve the detection of long-term trends in back-
ground atmospheric composition.
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