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Abstract. Five years of PMg and PM 5 ambient air mea- pended particles with aerodynamic diameters smaller than
surements at a roadside, an urban, and a regional backgrourdd um. The metrics of PM and PM s are simple in that
site in Leipzig (Germany) were analyzed for violations of the they can be determined in air quality networks with reason-
legal PMyg limit value (EC, 1999. The annual mean P} able costs using on-line instrumentation such as the TEOM
concentrations at the three sites were well below the lega(tapered element oscillating microbalance), the beta gauge,
threshold of 40 ugm? (32.6, 22.0 and 21.7 ugTd, respec-  the OPC (optical particle counter), or the off-line reference
tively). At roadside, the daily maximum value of 50ugt  methods based on filter collection and gravimetry.
was exceeded on 232 days (13 % of all days) in 2005-2009, On the other hand, it is evident that especially /gMn-
which led to a violation of the EC directive in three out of compasses a wide range of particle types regarding size
five years. We analysed the meteorological factors and locafcoarse, fine, ultrafine), chemical composition (dust, combus-
source contributions that eventually led to the exceedanceon particles, marine primary particles, secondary organic
of the daily limit value. As noted in other urban environ- aerosol, secondary inorganic aerosol), and sources (natural,
ments before, most exceedance days were observed in theaffic, industry, domestic households, secondary processes).
cold season. Exceedance days were most probable under syfihis complex composition hampers the understanding of
optic situations characterised by stagnant winds, low temPMjp as a function of local sources, long-range transport
peratures and strong temperature inversions in winter timeand meteorology for a given site. In practice, exceedances
However, these extreme situations accounted for only lessf the legal limit values, particularly the daily limit value of
than half of the exeedance days. We also noticed a signif50 pg nm3 have frequently occurred at air quality monitor-
icant number of exceedance days that occurred in the colihg stations in many EC member states. Due to the scientific
season under south-westerly winds, and in the warm seasoevidence of health effects as a result of airborne particulate
in the presence of easterly winds. Our analysis suggests thamatter exposure, health effects scientists have called for a
local as well as regional sources of PM are equally responsimore serious consideration of efficient abatement measures
ble for exceedances days at the roadside site. The conclusig@nnesi-Maesano et aR007).
is that a combined effort of local, national and international The actual reasons for the Riyexceedances are manifold
reduction measures appears most likely to avoid systemation a European and worldwide level. In the UK, which may
exceedances of the daily limit value in the future. be taken as representative for Western Europe, the advec-
tion of continental air masses as well as regional secondary
aerosol formation seem to be responsible for the majority
of exceedancesCharron et al.2007. In the metropolitan
1 Introduction area of Berlin, Germany, 50 % of the Rymass concentra-
tion is estimated to originate from regional and long-range
Since 2005, legal limit values apply to environmental PartiCU'transport rather than local sourcésiischow et a)2007). In

late matter (PM) within the European CommuniB(, 1996 arid regions like Spain, wind-blown mineral dust — partially
1999. PM;g denotes the total mass concentration of sus-
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imported from Africa, partially from agricultural soils, may concentrations was estimated Bychanan et a{2002, and
have a major impacgscudero et al2007). Even as farnorth  Dutkiewicz et al.(2009 investigated the long-range trans-
as Germany, Saharan dust may enhance PM concentrationsdrt of sulphate. Similar to the procedure presented here,
ground level several times a ye&r(ckmann et a).2008. Abdalmogith and Harriso(2005 clustered back trajectories
Agricultural dust is sometimes assumed to be respon-and then assigned pollutant concentrations like; ¥ the
sible for the differences between measured and modelledlefined clusters. They found the highest sulfate, nitrate and
PMjg concentrations in urban areas, and significant amount®Mig mass concentrations and the lowest chloride mass con-
thereof can originate from long-range transpovhftard  centrations in continental air masses and reversely the lowest
et al, 2005 Birmili et al., 2008. Putaud et al(2010 con- ones in fast moving marine air masses. Higher particle mass
cluded for Europe that mineral aerosol is the main com-concentrations were also observed in winter and spring com-
ponent in the PM 5.1, aerosol fraction, but of minor im- pared to summer and faBeddows et al(2009 applied a
portance in PM5. Particular sources of P} in urban en-  completely mathematical cluster analysis without the use of
vironments are traffic, domestic heating and cooking, con-back trajectories for rural, urban and, kerbside atmospheric
struction sites, industries, power generation or wind-blownparticle size data to determine temporal and spatial trends
resuspended dust (e.@Querol et al. 2004. The traffic in-  of the particle size distribution8aker(2010 used a cluster
duced contribution includes abrasion (e.g., brake wear an@nalysis to analyze the long-range air transport and associ-
tyre wear) Ganders et gl2003 Weckwerth 2001, resus-  ated particle mass concentrations. The cluster method used
pension of road dustSternbeck et al.2002 Amato et al, here was already successfully applied for the interpretation of
2009, diesel soot particleskfttelson, 1998 Rose et al.  transboundary anthropogenic pollutidgngler et al. 2007,
2006 and nucleation mode particleKiftelson, 1998 from Birmili et al., 2010.
exhaust gas.
According to official inventories, the emissions of pri-
mary particles and precursors of secondary particles in Eu2 Experimental
rope have declined significantly over the past 20yr, partic-
ularly in Central and Eastern Europe as a result of political2.1 Observation sites
and economic changes since 1990. Until the year 2000, these
emission reductions have reflected themselves in clear corrdn this work, PM,g mass concentrations and exceedances of
sponding trends of PM, for example in GermanySpindler  the daily limit value of 50ugm® were analyzed for the
et al, 2004 UBA, 2009. Since the year 2000, however, the city of Leipzig, Germany, for the period between January
PM;jg concentrations in Germany seem to stagnate, and fea2005 and December 2009. The observation sites include a
ture some mere inter-annual fluctuationdB@, 2009. A roadside site (“Leipzig-Mitte”) and an urban background site
similar stagnation of Plyp since 2000 has also been reported (“Leipzig-West") operated by the Saxon State Office for En-
for other areas in Europe, such as the WHafrison et al. vironment, Agriculture and Geology. To assess the regional
2008, Switzerland Barmpadimos et gl.2011), Belgium, background of PM we employed data from IfT’s research sta-
Czech Republic, Italy and Norway. This is in notable con- tion Melpitz, around 50 km northeast of Leipzig.
trast to the continued reductions in PM emissions. Germany, Leipzig-Mitte is a roadside site in Leipzig, located near the
for example, reported a 20 % decrease injgMmissions inner-city ring road and in immediate vicinity to the central
between 2000 and 2010 (updated information frofBA train station (Figl). Among the three stations, Leipzig-Mitte
(2009). The stagnating ambient levels of Riare therefore  exhibits the highest concentrations of particulates and nitro-
not fully understood and merit detailed examination. A bettergen oxides. Immediately north of the site, three main roads
understanding on the sources and concentrations ghM  merge at an intersection with daily average traffic volumes
highly relevant, because the problem of exceedances in tharound 44 000 vehicles (48 000 on workdays) in 2008. The
daily limit value of PMyp seem to continue. measurement container borders at a tributary road connected
This work is concerned with the analysis of the meteoro-to the ring road by traffic lights. This sometimes leads to traf-
logical situations leading to exceedances of the daily limitfic jams at only few meters distance to the aerosol inlets of
value of PM (50 pg nm3) in the city of Leipzig, East Ger- the measurement site. Construction activities in the vicinity
many. The main tool is back trajectory cluster analysis. Inof the site have occasionally disturbed the measurements in
order to minimize subjectivity, &-means cluster algorithm 2007 and 2008. The influence of these constructions was esti-
was applied in this study. Trajectory coordinates were usednated to contribute around 10 pgAto the monthly average
as the clustering variables the first time Mpody and Gal-  of PMyo for December 2007 and January 2008, respectively
loway (1988. Also, Kemp (1993 and Mukai and Suzuki  (The City of Leipzig 2009.
(1996 have analysed aerosol data using air mass trajecto- Leipzig-West is located in the western suburbans of
ries. Ozone concentration data have been interpreted by trd-eipzig, and is classified as an urban background station. The
jectory clustering methods trankov et al(1998 or Cape  distance to Leipzig-Mitte is about 7 km. The residential area
et al. (2000. The long-range transport of aerosol particle consists of multi-storey apartment blocks that are heated by
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Fig. 1. Regional map of Leipzig, Germany, including the detailed surroundings of the LFULG monitoring site Leipzig-Mitte.

district heating. The station is installed on hospital premises, In Leipzig-West, PMg mass concentrations were mea-
with the vicinity being dominated by a green park. A minor sured with the standard TEOM instrument (Tapered Element
road passes by the station around 30 m west of the site. Oscillating Microbalance) at a time resolution of 30 min.
Melpitz is a research station located about 50 km northeastThis method is biased, because the standard operation tem-
of Leipzig. The site is surrounded by flat grass lands, agricul-perature of 50C causes a systematic underestimation of
tural pastures and woodlands within several tens kilometresthe real PMg values of up to 50 % due to the evaporation
The measurement site can be considered as representative foir volatile compounds such as ammonium nitra@dgrron
the Central European regional aerosehgler et al. 2007, et al, 2004 Spindler et al.2010. As a general correction
Spindler et al.2010. The overall distance to the North Sea scheme, the TEOM values at Leipzig-West were adjusted by
is about 400 km to the northwest and 1000 km to the westthe network operator by using a limited set of samples de-
Melpitz is part of the networks ACTRIS (Aerosols, clouds, termined by the reference method. The correction scheme
and trace gases research Infrastructure network), EMEP (Etnvolved a multiple regression analysis using ambient tem-
ropean Monitoring and Evaluation Programme) and GUAN perature and relative humidity as control variables. While

(German Ultrafine Aerosol NetworBirmili et al., 2009. the mean values obtained by that method for Leipzig-West
can be considered reliable, individual daily values may be
2.2 PM measurements afflicted with considerable uncertainty.

The 24 h mass concentrations of pMind PM 5 at Leipzig- 2.3 Auxiliary data
Mitte and Melpitz were determined by using Digitel High

Volume Samplers (Walter Riemer Messtechnik, Germany)| ocal meteorological measurements were conducted at all
(Gnauk et al.2009. PM;o mass in Leipzig-Mitte and Mel-  three observation sites. In addition, 72h back trajecto-
pitz as well as PMs in Melpitz were available daily, but ries were calculated using the NOAA-HYSPLIT4 (HY-
PM_ s in Leipzig-Mitte only every second day. For Leipzig- prid Single-Particle Lagrangian Integrated Trajectory) model
Mitte, glaSS-ﬁbre filters were used. Because the 24h ﬁl-(Dra)der and HeSSQOO‘D Radio Soundings from the meteo-
ter samples of Melpitz were additionally analyzed for daily rological observatory Lindenberg, operated by the German
chemical particle composition considering the main ions\weather Service (DWD), were used in the trajectory clus-
(sulfate, nitrate, ammonium, chloride, sodium, calcium, mag-ter analysis. Lindenberg is situated about 150 km northeast
nesium, potassium) and organic and elemental carbon, thef |eipzig and the profiles obtained there are assumed to be

use of quartz-fibre filters was mandatory. representative for Leipzig as well due to the flat terrain in
These quartz-fibre filters were preheated for 24 h at@05 petween.

to minimize blank values of OCSpindler et al.2010. The

conditioning time before weighing was 48 h (relative humid-

ity 50(£2) %, temperature 26(2) °C). The uncertainty for 3 pata processing methods

the gravimetrical mass determination is about 1 to 2§ m

and for the ion analysis less than 10 &e(€i8 et al, 2000 All PM data were processed as daily average values (sam-
Briiggemann et a12003. pling time 00:00-24:00 CET). Based on the daily Rivhass
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concentration, each measurement day was classified into ahe cluster results, particularly when using multi-annual time
exceedance or a non-exceedance day according to the EC dieries.

rective 1999/30/EC. The following Euclidian distances were computed to ex-
press the spatial separation between two back trajectories
3.1 Derivation of the roadside increment andj:

Lenschow et al(2001) showed for the metropolitan region

of Berlin that PMo concentration at a roadside (or traffic L; ; =
kerbside) can be described as a superposition of three source
type contributions: (a) the regional background, (b) the ur- ] . ) ]
ban background increment, which originates from sourcedi€re.k is the number of trajectory points, which was chosen

inside the same city, but not from immediately nearby, and@Sk = 72 to represent hourly back trajectory positions over
(c) the roadside increment which originates from vehicular3 days. The choice of back trajectory length of 72 h was sup-

traffic on the adjacent road or strekenschow et al(2007)  Ported by the life time of several secondary speciejcik
estimated these contributions by subtracting roadside, urbafnd €hang1997. o
background, and rural background concentrations, respec- / IS the dimension of the vector to be clustered, which in-

tively. In this paper, we mostly use the roadside incrementcludes the four variables of geographical latitude and lon-
A PMyg in the definition of gitude (¢, y; both in Cartesian coordinates), height above

ground ¢) and pseudo potential temperatué J. To create
Q) four variables of equitable magnitude, the weightare re-
quired and were chosenas=as =1° ~1, 43 =10"°m™1,

_ok-1
The reason for omitting the urban background concentrationgnﬂ‘;‘:aglz fhe.choice ofi~ andaa reauired prior test runs
were twofold. First, there is a close agreement between ur- Y, 3 a4 1eq P '

b and ol backyound et n e, s Lecouse TS o0 vartle vyt o o
shown in Sect4.1 This leads to the urban background be- grap P NP ' 9

ing around zero most of the time. Second, we face a reduceac.)r a range of cluster numbers between 3 and 14. The de-

measurement accuracy for Ryt the urban backgrund sta- viation of the average PM concentrations (and the other
tion due to the use of a standard TEOM, as explained ir]aerosol and meteorological data) between the clusters was
Sect.2.2 These reasons prohibit a sound’ interpretation c)fcalculated for each test run and used for the choice of the
the urban background increment within the measurement ac\{vglghmg parameters. A higher pre-defined F:Iuster number
curacy will split the data set in smaller sub-sets, which correspond
| more specifically to certain synoptic-scale weather situa-
tions. A lower cluster number will, in contrast, produce less

but larger sub-sets of data. Those larger sub-sets may be rep-

Back trajectories have been recognized as a valuable toc{psentative for 'afgef pfartg 9f the entire-observation perioq,

to investigate the large-scale origin of air pollutarsopl but.are less spec_m_c to individual synoptic-scale weather_sn—

1999. Back trajectory cluster analysis combines similar tra- uf’:\tlons.. The decision, how many clusters to use for the final

jectories into distinct groups (clusters). One major advantagéliScCussion of the Phb data reflected a compromise between

of the cluster method is that it can be automated. simplicity of display (lowr) and a more visible separation of
We applied a custom-made-means cluster algorithm the data clusters (high), and yielded in 9 clusters.

(programmed in LabVIEW, National Instruments, Ver-

sion 6.1), which was developed in analogy to the approacly Results

first reported byDorling et al.(1992. k-means cluster analy-

sis divides the data set into a predetermined nurhloditra- 4.1 Basic characteristics of PMg in Leipzig

jectory clusters. The groundwork of the cluster analysis were

back trajectories calculated using the HYSPLIT4 model. InFigure 2 presents the time series of Rjiconcentration at

addition, vertical profiles of pseudo potential temperatdge  the three observation sites (roadside, urban background, ru-

calculated from 12:00 UTC radiosonde ascents were usedal) throughout the entire observation period 2005-2009.

Profiles of pseudo potential temperature were incorporated he sites were characterised by long-term averages between

in the cluster variables because they characterize the degreé and 33 ugm3. See Tablel for a brief overview of the

of vertical atmospheric stratification, which is of vital im- PMjg and PM s mean values. These Rlylconcentrations

portance for pollutant dispersal near the ground. We successre consistent with other Central European lowland obser-

fully applied this cluster method beforEifgler et al. 2007, vation sites whose annual average values range between 20

Birmili et al., 2010, and confirmed that the inclusion of the and 30pugm? (Putaud et a).2010. It is worth to note

vertical temperature profile enhanced the meaningfulness athat in every year, there is at least one longer episode with

4
> aCai — xij)2 &)

APMig= F)Mlo,roadside— I:’Mlo,rurah

3.2 Back trajectory cluster analysis
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Fig. 2. Daily average PMg concentrations at the three measurement sites (roadside, urban background, rural background) during 2005-2009.
Colored lines indicate the average values over the entire period for each station; the black line displays the limit value o050 pg m

PMyo > 50 ug n13 at all sites (Fig2). These correspond to  ban background site is situated (Leipzig-West). Local traffic
pollution episodes that tend to affect wide spatial areas. sources appear to account for the major fraction of spatial
Not unexpectedly, the mass concentrations at roadsideariation in PMg, which is supported by PM transport sim-
were usually higher than or equal to those at the urban andlations on behalf of the municipal authoritieehg City of
rural background sites (Fi@). The difference between the Leipzig, 2009. As a conclusion, it does not matter greatly
averages of the urban and rural background concentrationfor this study whether the calculation of the roadside incre-
was, however, found to be negligible within the measuremenment uses the urban background or rural background levels
uncertainty. as a baseline.

This similarity of urban and rural background values sug- Figure3a compares roadside and rural background, M
gests that diffuse urban sources seem to play only a minovalues for the period 2005-2009, yielding a general posi-
role in Leipzig, at least in the residential area where the ur-tive correlation with a slope of 1.43. As indicated by the

www.atmos-chem-phys.net/12/10107/2012/ Atmos. Chem. Phys., 12, 10107223 2012
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Table 1. Average PMg and PM 5 particle mass concentrations Table 2. Number of exceedances per year of the daily limit value
over the five year period of this study), in pug n 3. The Table  for PMj0. The number of valid measurement days is added in brack-

includes the standard deviations of the megp)( ets.
location PMo PM; 5 Leipzig-Mitte Leipzig-West Melpitz
wo ooy T year roadside urban background  rural background
Leipzig-Mitte (roadside) 326 04 182 05 2005 70  (354) 9 (358) 8 (356)
Leipzig-West (urban backgrund) 22.0 0.3 2006 71 (348) 17 (350) 11 (350)
Melpitz (rural background) 217 03 174 03 2007 38  (356) 6 (359) 10 (359)
2008 28  (337) 5 (337) 6 (353)
2009 25 (363) 18 (362) 11 (355)
100+ . e
£ ¢ *®
Ed . Vet o et Figure 3b takes a look into the relationship between ru-
£ 89 TR APV SN *s ral background PNb and the roadside incrementPMg.
2 * %Y ”.‘, J\f’ s * For this purposeAPMjq data were averaged over the bins
g 60+ $ SR ol 3 e of rural PMyg indicated by x-axis whiskers. FiguBb indi-
%— - < * cates arithmetic mean values aPPM;o, with the standard
T o404 YR . - deviation of the mean as a whisker. The central result is
< ® s MR ] that APMyg is ruled by a superposition of an additive effect
€ Ay ¢ i around 9 ug m3, and a multiplicative effect (indicated by a
OE red arrow). The multiplicative effect implies thatPM;o de-
z 0 : : : : : : pends on the level of PM already present in the rural back-
0 10 20 30 40 50 60 70 ground. Concrete numbers suggest that between an average
(a) PM,, concentration, rural in ug/m’ of rural PMo of 19 and 40 Hg m3, APMzo am(_)unts from
27— 17 9.5t0 14.5ug ms, i.e. by around 2.5 ung? per increase in
L upper quartie ] 10 pg n3 increase in rural background.
21 . 4.2 Exceedances of the daily limit value
o r ] The availability of daily PMg values at the roadside station
ER % + T was 1788 out of 1826 possible days, i.e. 98%. These data
£ 1l # ] were measured by the reference filter method.

3 ol %@* + ] On 232 of these 1788 days, the daily limit value of
< 50 ug nm3 was exceeded. These 13 % of all days are called
61 \_/\/\- b “exceedance days” in the following. Tabkelists the num-
sl lower quartile ] ber of daily limit value exceedances per year and site.

At roadside, the Council Directive (no more than 35 ex-

T T o e A e e ceedances/year) was violated in 2005, 2006 and 2007. The

(b) PM,, concentration, rural in pg/m’ background stations featured consistently less than 35 ex-
ceedances per year, so we focus on the analysis of ex-

Fig. 3. Comparison between rural Rl roadside PMo and the  ceedance days at the roadside site hereatfter. Since the ur-

roadside incremenms PM1g, 2005—-2009. Irfa) the daily limit value ban and rural background average RMoncentrations were

of 50 ug n 3 is indicated by a horizontal line. A linear fit through very similar, we only used the rural site as a background mea-

the origin yields a slope of 1.433@ =0.62). In(b) data were aver- sure in the %ollowing

aged over bins of rural PhM indicated by x-axis whiskers. Y-axis Fi 4 trast d d d d
whiskers indicate the standard error of the mean. The range of a Igure-+ contrasts exceedance and non-excceedance days

multiplicative effect in the roadside incremenPMjg is indicated  through their distribution of P values. Figureda illus-
by a red arrow. trates the rather trivial split of roadside concentrations into

exceedance and non-exceedance days. A majority of ex-
ceedance days: & 207) shows concentrations between 50
line of unity, the roadside values exceed the rural back-and 80 ugm?, while higher values up to the maximum of
ground concentrations in the overwhelming number of cased30 ugnT3 were scarcely foundn(=25). This highlights
so that a meaningful roadside increment can be calculatedhat the problem of limit value exceedances is essentially
On individual days, the roadside increment could reach up tacaused by a modest surplus of up to 30 pgin PMyg at
60 pg 3. the roadside station.

Atmos. Chem. Phys., 12, 101020123 2012 www.atmos-chem-phys.net/12/10107/2012/
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Fig. 4. Relative frequency distributions &) PM1g mass concentration at roadsidb) PM;g mass concentration in the rural back-
ground, (c) the traffic contribution at roadside (RMlroadsidePMio,rural), and (d) the regional background contribution at roadside
(PM10,ruralPM10 roadsidd- The populations for exceedance and non-exceedance days were normalised separately. Vertical lines indicate
the median values of each population.

In Fig. 4b the rural background concentrations show a dif- 8 pg nT3), no less than the rural background concentrations
ferent split, with partly overlapping populations: On non- (mean values 40 vs. 19 pgm).
exceedance days, Rylwas 19 pg m3 on average. On ex- Figure4d displays the relative contribution of the regional
ceedance days, P amounted to 40 ug® on average, background to PNy at roadside (PN, rurafPM10,roadsidg-
which corresponds to 80 % of the daily limit value. On 46 Importantly, the histograms for exceedance days compared
days, the daily limit value was exceeded in the rural back-to non-exceedance do not differ remarkably. On exceedance
ground atmosphere already. Itis evident from Blg(though  days, 62 % of the Pl at roadside is assumed to originate
not surprising) that high P in the rural background atmo- from the regional background atmosphere, and 69 % on non-
sphere increase the likelihood of a limit value exceedance agéxceedance days. Importantly, the proportion between the
roadside. contributions of regional sources and local traffic does not
The contribution of traffic to Pp at roadside can depend on whether a limit value exceedance occurred or not.
be estimated by subtracting the corresponding rural back-
ground concentration, i.e. by calculating PdVbadside-rural 4.3 Seasonal effects
(A PMjp). Figure4c demonstrates that this roadside incre-
ment can be highly variable: Between 0 and 35ugm To better understand the RM exceedances, correlations
(mean: 8ugmq) on non-exceedance days, and betweenwith a variety of factors including season and local mete-
5 and 65ugm® (mean: 24 ugm?) on exceedance days. orological parameters were examined. FigGrehows the
The roadside increment is clearly enhanced on exceedanGgccurrence of the exceedance days as a function of the
days compared to non-exceedance days (mean values 24 \ponth of the year. Rather obviously, the exceedance days

www.atmos-chem-phys.net/12/10107/2012/ Atmos. Chem. Phys., 12, 10107223 2012
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concentrate on the cold season (October to April), with rather 2
few exceedances occurring during the summer months May%
September. There are two general explanations for this im—§
balance: First, enhanced PM emissions from heating and8
power generation. Such emissions have been shown to lead tg§
enhanced levels of P)J in certain hotspots as well as in the
rural backgroundHerrmann et a).2006. Second, tempera-
ture inversions that lead to pollution trapping near the ground sping  summer fall " winter
are more frequent during the cold season (&gtiafer et al, — PM.. roadside W ——PM__ roadside
2008 Birmili et al., 2010. -—PM:u rural v ral

In order to differentiate the influences of different particle
source types, total P) as well as the coarse particle sub- Fig. 6. Seasonal dependence of Pivand PMz 5.1¢; at roadside
fraction PMz25.10 are distinguished after season in Fig.  and in the rural background. The display distinguishes between
Note that the coarse fraction RPM; 10 was calculated as exceedance days (upper graph) and non-exceedance days (lower
PM1o— PMjs. graph). Horizontal lines indicate annual average values. The sea-

The main findings from Fig6 can be summarised as fol- sons were defined as winter (December—February), spring (March—
lows: May), summer (June—August), fall (September—November).

(a) For exceedance days, Rpshows a seasonality for
both, roadside and rural background values, with the

highest values occurring in winter and spring. This sea- ~ €xceedance days. The biggest roadside-to-rural ratios
sonality appears more pronounced in the rural back- can be obse_rved on exceedance days in summer. This
ground compared to roadside. On non-exceedance days, Means that in summer, when Rdfs generally lower,

this seasonality is much less visible. overproportional contributions from local traffic are re-

quired for PMg to exceed the 50 pgn? threshold.
(b) PM25.100 makes up a significant fraction of Ryl At

rqadside, the rele_ltive fraction varies between 42% in4.4 Chemical composition of rural background PMg
winter and 49% in summer. Pk, 10 Shows a sea-
sonality different from PMp, with maximum values in
summer. This can usually be explained by increased re
suspension rates in the dry summer months.

We used data on the chemical composition of bulk:&kb
examine the particle sources that might be responsible for
high PM concentrations. Long-term data on chemical parti-
(c) Exceedance days feature a consistently higher roadsidesle composition has been available for the rural site Melpitz
to-rural ratio for PMg as well as PNb 5.1¢; in compari- only.
son to non-exceedance days. This highlights that an im- Figure7 shows that the bulk of PM is made up by ammo-
pact of local traffic sources is instrumental in generating nium nitrate, sulfate, as well as elemental and organic carbon.
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100 ; . — T . T consistent with the multi annual aerosol study in Augsburg,
o0 |¥CeCdance days at roadside 1 southern Germanyg{rmili et al., 2010, which found a max-

1 imum of coarse particles in summer apparently originating
from coarse particle resuspension.

The crucial result is that exceedance days are associated
with an excess of EC, OC and ammonium sulphate, but with
a deficiency of unidentified material, ammonium nitrate and
sodium chloride. As EC, OC and ammonuim sulphate are
typical tracers of anthropogenic emissions over the continent,
] ] we conclude that diffuse anthropogenic emissions play their
20 . role in raising the rural background PM levels and ultimately
leading to PMg exceedances at roadside. The highest EC
and OC concentrations were found during winter exceedance
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4.5 Meteorological influence

Table3 contrasts exceedance and non-exceedance days with
the aid of the local meteorological parameters and trace gas
concentrations. Values in bold face indicate that the two
subsets are significantly different on the basis of a Mann-
Whitney-U-test Wilcoxon, 1945 Mann and Whitney1947)
with significance levelr = 0.95. The results for the various
1 PM parameters are added for completeness, although the fact
] that the PM parameters are enhanced on exceedance days is
rather intuitive, if not trivial.
Two main findings emerge from TalBewhich explain the
sping  summer fall " winter occurrence of exceedance days in the cold, and warm sea-
season sons, respectively: In the cold season, mostly evident in the

Fig. 7. Chemical mass fractions of rural background RNbr each winter data, exceedance days are characterised by a combi-

season an(h) exceedance days at roadside énxhon-exceedance Nation of (a) low temperature, (b) high air pressure, (c) low
days at roadside. The gap between the total amounts shown andind speed, (d) low amount of precipitation, (e) enhanced
100 % is material not accessible to the analytical procedures; this i€oncentrations of SNO and NQ, and (f) reduced concen-
interpreted as insoluble crustal material. trations of Q. On exceedance days, lower dew point temper-
atures and absolute humidities were found, but no significant
correlation could be found with relative humidity.
This is in broad agreement with most places in Western, Cen- These circumstances describe synoptic situations over
tral and Northern Europd(itaud et a].2010). Central Europe featuring high air pressure and slowly mov-
The summer data reveals two peculiarities: First, nitrate ising air masses. These situations have been described for the
largely absent in Plyp, which is very likely due to the parti- atmospheric aerosol tBirmili et al. (200J).
tioning into the gas phase at high temperatufdsghard and A surprising result is that the relative fraction of the road-
Fowler, 1998. Aerosol mass spectrometric measurements inside increment is not enhanced on those winter exceedance
Melpitz (Poulain et al.2011) confirmed that the gas phase days. The PMproadside increment usually amounts to about
partitioning of nitrate is mainly a temperature-driven effect 1/3 of the roadside concentration, and this fraction is prac-
and does occur not only on a seasonal cycle but also on &cally invariable throughout the seasons of fall, winter and
diurnal cycle. spring (Table3). This implies a coupling of the average re-
Second, the fraction of unidentified material is the highestgional background and roadside increment concentrations,
in summer, 40 % on event days and 50 % on non-event dayalthough the roadside increment itself can be highly variable
(Fig. 7). This material is associated with unsoluble crustalin time (cf. Figure3b). In other words this correlation im-
material that usually shows the highest emission rates duringlies that if the regional background concentration is high,
the dry summer period. The unidentified fraction is assumedhe roadside increment also tends to be higher by a similar
to contain mainly silicates and insoluble carbonates, accordproportion. This finding shows that the effects of local and
ing to previous work, such aSspinosa et al(2002. This distant sources cannot be truly separated in their effect on
assumption is supported by the slightly increased coarse pathe absolute roadside concentrations. Both contributions can
ticle mass concentration in summer (see Mp.It is also  therefore be regarded as equally responsible for exceedance

PM,, chemical composition in %

10 i
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Table 3. Characteristics of exceedance days (left numbers, also indicat@ddoynpared to non-exeedance days (right numbers). Bold face
indicates a significant difference in the Whitney-Mann-U test on the confidencedev@l95. The tests were made for the total data set and

all four seasons individually. Red face indicates significantly higher values, blue face significantly lower values. The temperature anomaly
was calculated as the daily mean temperature minus the climatological average temperature for that day of the year.

parameter unit Allg =232) Springg=79) Summerf{=11) Fall@=59) Winter @ =283)
temperature °C 5.911.1 8.7/10.3 20.918.7 10.2/10.6 -1.92.9
temperature anomaly °C —0.50.6 0.9/0.3 3.6/0.3 1.1/0.7 —-3.51.2
dew point temperature °C 3.U7.7 4.46.2 16.913.6 8.1/8.1 -3.81.0
relative humidity % 82.379.4 74.4/75.5 77.4/72.2 86.984.4 87.2/87.3
absolute humidity &g 5.98 6.47.2 14.711.6 8.3/8.2 3.7/5.2
air pressure hPa 10171006 10091003 1010/1007 10171008 10151006
wind speed s 1525 1524 1.27/1.9 1.52.6 1.53.3
precipitation mmiday 0.21.3 0.21.3 1.8/1.8 0.1/1.2 0.70.9
SO, pg m—3 5.02.7 4.52.7 2.5/2.3 3.42.6 6.83.3
O3 pg 3 4861 72170 87/79 34/46 31/45
NO, pg 3 15.69.1 12.28 7.96.5 13.910.2 21.112.4
NO pg 3 2.71.4 1.81.3 1.1/1.2 2.91.4 3.51.6
PM19
roadside concentration HgTR 64128 63%/29 59%/126 59%/29 69%/28
urban background concentration  ug 42/19 42/20 29/19 37/19 46/19
rural background concentration pg™h 4019 40/20 29/19 3518 4419
roadside increment ung?’ 24/9 23/9 307 24/10 25/9
roadside increment % 3531 33/32 51/26 37/35 33/32
urban background increment % 3/0 4/0 0/1 3/1 3/0
regional background % 62/69 6370 49/73 59/64 64/67
PMz 5
roadside concentration pg™ 38/15 40/16 31/13 36/16 37/18
rural background concentration ug—?n 33/15 3117 22/13 2914 3916
PM2.5;10]
roadside concentration HgTR 23/13 22/13 26/12 23/13 26/12
rural background concentration  pgrh 6.4/4.2 8.043.9 6.65.4 6.54.5 5.03.1
roadside increment % 38/46 35/45 46/49 3947 41/42
regional background % 17/22 21/18 21/28 1924 1117

* trivial, because exceedance days are defined bygPVb60 pg nr3.

of the daily limit value. Reducing either of the two will help tions onthe occurrence of PMexceedances. Figugshows
to improve the statistics of P)d exceedances. the results for a cluster analysis with=9 clusters, display-

A clearly different mechanism applies to the relatively few ing the geographical origin of the air mass, the prevailing ver-
exceedance days in summer=£ 11): Here, the roadside in- tical stratification of the atmosphere as well as the absolute
crement amounts to an unusually high value of 51 % com-number of PMo exceedances and the seasonal distribution
pared to 26 % on non-exceedance days (T8pl&his high-  of the measurement days within each cluster. In Bithe
lights that exceedances in summer can only occur if there ilusters were arranged according to the descending absolute
an unusually high contribution by the local traffic sources. number of PMg exceedances.

There are no indications that the coarse particle mode would

contribute beyond its usual proportion to those summer ex5.1  Basic characteristics

ceedances. Those summer exceedance days seem rather acci-

dental events that feature, at |eaSt, warmer temperatures a.the cluster ana|ysis distinguishes between two major meteo-

lower wind speeds than the usual conditions in summer.  rological aspects: (a) air mass origin and vorticity of the flow,
and (b) vertical stratification at noon time, which is climato-
logically linked to season. Clusters 1-4 share the common

5 Back trajectory cluster analysis feature that their back trajectories originate from continental
areas, and tend to be anticyclonic (FR8g). More specifically,

Back trajectory cluster analysis was performed to specify thecluster 1 represents slowly moving air masses from southern

potential influence of synoptic-scale meteorological condi-Europe, cluster 2 air masses from Eastern Europe. Cluster 3

Atmos. Chem. Phys., 12, 101020123 2012 www.atmos-chem-phys.net/12/10107/2012/



C. Engler et al.: Analysis of PM;g exceedances at roadside in Leipzig, Germany 10117

-30 0 30
70 1 70
/ 35004
% 30004
604 L0 25004
€ 2000
£
=
ﬁ"‘ 2
< : 2 15004
50 ZL Ce = 50
1000
/\/\(: { 500
40 T x 40 O T T T T T
-30 0 30 0 5 10 15 20 25 30
virtual potential temperature in °C
3004 ° T T T pm T T T L 1004
8 2504 _ 4 804
[Z}
3 S
£ 2004 - £
5 [}
< 1504 >
[ @
© £404
& 1004 g
— (2]
E 504 @
=1
(=
x
0- T # ‘:’ 0<
7 8 9
cluster # cluster #

Fig. 8. Results of the back trajectory cluster analysis, 2005-2@0%9nean back trajectoriefy) mean pseudo-potential temperature profiles,
(c) frequency of the clusters in days (bars) including the number of limit value exceedanceqdytsensonal occurrence of each cluster
(green: spring, red: summer, brown: fall, blue: winter).

represents stagnant air masses and cluster 4 air masses fromCluster 3 stands out in that it shows the highestiPM
Scandinavia. All other clusters (5-9) originate over the Northvalues both in the background and at roadside (Bjgin
Atlantic and tend to pass much shorter times over the conticluster 3, PMg reaches an average rural background con-
nent. centration of 40 ug md. It is obviously a consequence that
The nine clusters can also be broken down into five clus-it also shows the highest probability of an exceedance to oc-
ters associated primarily with winter and autumn periods (1,cur (61%, cf. Table}). Cluster 3 is meteorologically charac-
3, 4, 6, 9) and four clusters representing primarily spring andterised by stagnant air, the largest fraction of winter periods
summer periods (2, 5, 7, 8) (Figd). This seasonality is also (85 %, Fig.8d) and the most intense temperature inversions
reflected in the vertical profiles of pseudo-potential temper-(Fig. 8b). These circumstances cover well the Central Euro-
ature, typically showing temperature inversions at noon timepean air mass types denoted by “cP” or “c&ifmili et al.,
in the cold season but neutral stratification (well-mixed con-2001).

ditions) for the warm season clusters (F8g). Despite the extremely high PM values, cluster 3 repre-
sents a weather situation that occurs only rarely (4% of the

5.2 PMlevels time), so it ranks only third in the list of absolute number of
exceedances.

The nine clusters are sorted in descending order of their ab- £4; each of the clusters 1-6, one or several meteorological
solute number of Py exceedances at Leipzig-Mitte. 72% ¢5010rs can be made responsible for the PM exceedances to
of the PM exceedances are accounted for by the first fourgec - residence time of more than three days over the conti-
clusters (1-4) alone. The common feature of these clusters iggn; (1_5) and/or stable vertical stratification (1, 3, 4, 6). The
that their three-day back trapctone; originate over Com'nen'probability of a PM exceedance to occur falls below 4 % only
tal areas, and tend to be anticyclonic (F8y. for the three last clusters (7—-9) that show both, the Atlantic
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10118 C. Engler et al.: Analysis of PMg exceedances at roadside in Leipzig, Germany

Table 4. Frequency, mean meteorological parameters and trace gas concentrations for each cluster. Bold face indicates clusters where «
particular parameter is significantly different from the overall population. Red face indicates significantly higher values, blue face significantly
lower values. The temperature anomaly was calculated as the daily mean temperature minus the climatological average temperature for the
day of the year. The season index is a number betwdeftorresponding to midwinter, 21 December) and +1 (midsummer, 21 June), giving

an impression of the seasonal distribution of a particular cluster.

parameter/cluster unit mean 1 2 3 4 5 6 7 8 9
air mass S E st. NE WSW WSWwW NW  WSW W
season index —-0.46 043 -0.69 -0.12 0.44 -046 0.13 0.29 -0.23
frequency % 7 13 4 12 17 9 16 14 8
exceedance days 232 46 42 40 39 27 18 11 6 3
probability of exceedance % 13 35 18 61 18 9 11 4 2 2
temperature °C 10.4 58 161 -2.1 5.1 15.9 7.3 8.3 14.2 8.8
temperature anomaly °C 0.5 0.6 19 -43 -18 15 23 =22 15 2.9
dew point temperature °C 7.1 42 10.7 —4 3.0 11.8 5.1 5.0 10.2 55
relative humidity % 80 90 70 87 86 76 86 79 77 80
absolute humidity kg 7.7 6.4 9.6 3.6 5.9 104 6.8 6.7 9.4 6.9
air pressure hPa 1007 1005 1010 1015 1012 1004 1006 1007 1005 1002
wind speed ms 2.4 2.0 1.7 1.8 2.1 1.7 2.8 25 2.9 4.3
precipitation mniday 1.2 1.0 038 0.1 0.6 1.6 15 0.9 1.9 15
SO, pg m3 3 36 32 80 35 2.6 3.0 21 2.4 2.1
O3 pg 3 59 31 80 31 46 73 41 59 67 60
NO, pg i3 10.0 15.6 7.8 18.9 11.2 9.2 13.7 7.8 7.9 8.4
NO pg 3 1.6 2.6 14 3.2 1.6 1.6 1.9 11 11 1.0
PM1o

roadside concentration HgT 32.6 457 38.8 56.7 37.3 32.8 315 26.2 23.4 22.9

urban background concentration pgfh  22.0 311 302 46.2 258 236 20.5 16.2 17.4 14.9
rural background concentration ug§1 21.7 31 27 405 245 22.1 20.0 15.1 171 14.0

roadside increment ug?ﬁ” 11.2 146 119 16.2 13.3 111 116 111 6.7 9.2
roadside increment % 29 32 22 18 31 28 35 38 26 35
urban background increment % 49 0.2 8.3 10 3.4 4.5 1.7 4 15 4
regional background % 66 68 70 72 66 67 63 58 73 61
PMy 5
roadside concentration ug‘rﬁ 18.2 28.1 216 33.1 23.7 20.3 16.7 11.0 12.6 10.6
rural background concentration ug§1 17.4 26,6 21.0 36.0 20.2 16.8 16.0 115 12.8 9.9
PM2.5.10]
roadside concentration HgT 13.6 151 16.6 10.0 13.6 154 12.6 127 104 12.6
rural background concentration ~ pgrth 4.6 4.6 6.1 4.5 4.4 5.3 4.1 3.8 4.5 4.1
roadside increment % 42 33 43 18 36 47 40 49 45 55
regional background % 21 15 22 12 18 23 19 23 26 27

as a source region (Fi@a), wind speeds above 2.5mis indicates statistically relevant differences, with tendency be-
and neutrally stable stratification (Figb). The clusters 7-9 ing indicated by colour.
account for 38 % of the observation time but only for 8% of Temperature seems an instrumental factor for cluster 3,
the PMg exceedances (Tab. which represents average temperatures2fl°C and a tem-
perature anomaly 0f4.3°C. Over the continent, such deep
5.3 Relationship to meteorology and gas phase species temperatures lead to the formation of the temperature inver-
sions depicted in Fig8h. At such temperatures, enhanced
Table 4 summarizes the properties of the nine clusters in-emissions from power generation and domestic heating are
cluding average values of meteorological parameters, tracéxpected. It is likely that these factors contribute to the ex-
gases and PM parameters. As in the previous section, Manrifeme PM concentrations of 40 ugrhin the rural back-
Whitney-U-tests were performed to check whether a clusteground.
deviates from the overall mean with respect to the meteoro- Three out of the first clusters (1, 3, 4) are also characterised
logical, trace gas and PM observations. Bold face in Tdble by an absolute humidity content below average (Tad)le
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159 ] during each cluster. The amount missing to 100% is inaccessible to

the chemical analyses performed and interpreted as insoluble crustal
material.

As another finding, the cold season clusters 1, 3 and 4
show a significant correlation with gas phase pollutants like
SO, and NG (Table 4). Especially S@ can be regarded
as an indicator for regional pollution emissions and remote
transport from distant source regions. Not surprisingly the
peak pollution concentrations were found in the winter time
cluster # cluster 3 described above.

. . 3
PM[sz;m] concentration in ug/m

Fig. 9. PM1gand PMy 5,10 concentration at roadside and regional 5.4 Chemical composition of background PM
background as well as standard deviation for each cluster. Horizon-

tal lines indicate overall averages for a particular parameter. The chemical composition of P)d at the rural background
site Melpitz strongly depends on the air mass origin (EQ).
Nitrate is scarce in clusters 2, 5, and 8, i.e. clusters associ-
This is likely due to the continental history of the air massesgiaqd with warm periods. As in Sea@.4, we explain this by
and generally leads to low amounts of precipitation, which iSthe thermodynamic partitioning of nitrate into the gas phase.
confirmed in the Table as well. _ Nitrate is most abundant in cluster 6 (almost 25% of the
The first five clusters (1-5) show wind speeds on or be-mgass), .. air slowly moving towards our region under study
low average (Tabld). This confirms that the poor dispersion from westerly wind directions. Sulphate is present in all clus-
conditions associated with these low wind speeds are a likelygrs byt most abundant in cluster 3, which has been identified
factor contributing to the PM exceedances. Air pressure is arjg stagnant inversion situation in wintertime above.
indicator insofar as the clusters 3 and 4 are associated with The clusters leading to most of the PM exceedances are
high pressure areas residing over, or just north of Central Eugnaracterised by an excess in carbonaceous species, OC and
rope (Table4).. . _ . EC. EC amounts to roughly 10 % in cluster 3. As EC and
Cluster 2 is a different case in that it shows a non-oc are predominantly emitted and/or generated over land,
negligible fraction of exceedances (18 %), but represent§ye take these values as further evidence for the role of

warm conditions with good vertical mixing (Figb). While  |3nd-pased emissions in generating a regional background of
its trajectory indicates source regions over Eastern Europgp,

(Fig. 82), we also see some excess in coarse PM both at choride is only available in traces, but shows a clear re-
roadside and in the rural background (Féli). It can be  |ationship to high wind speeds and maritime source regions
thought that the rather warm and sunny conditions (as iN<(clusters 7 and 9; Figl0). As the relative amounts of chlo-
dicated by the ozone level of 80 ugt) lead to the resus- rige in PMy, are inversely related to the number of PM ex-

pension of coarse PM over dried-out surfaces. As indicate¢eedances, we conclude that sea salt plays no role for such
by the coarse PM data in Figb this resuspension seems to gxceedances in Leipzig.

occur both, regionally and locally.
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Most variation, however, is included in the amount of deposition in air masses that have travelled long over con-
PM inaccessible to chemical analysis. This unidentified masginents. Inversion situations and a low mixing layer height
fraction amounts to almost 50% in some clusters. It is in-have, for example, been related to high concentrations of
triguing that this fraction is the highest in the warm seasongases and particulates in other Europeldnkkonen et al.
clusters 2, 5, and 8. This leads to the consistent picture tha?005 or German cities§ctafer et al, 2006.
crustal material, which is assumed to be the major constituent Measurements in the United Kindgom have shown that the
in the unidentified fraction, is more abundant in the warm andadvection of air masses from continental Europe and the re-
dry season. gional formation of secondary aerosol were responsible for

For cluster 2, the chemically unidentified fraction amountsthe majority of exceedance day@harron et al.2007). These
to 17.5 ug nr3. Meanwhile, the coarse PM mass concentra-authors also found an increased regional background contri-
tion (in the size range 2.5-10 um) amounts to 16.6 gd.m bution for exceedance days.

The similarity of these values suggest a leading role of the Nitrate was identified as the leading chemical compound

diffuse resuspension source for the budget ofilpPM cluster  in PMzgo during limit value exceedance¥ifi and Harrison

2. A roadside increment of coarse PM of 10.5 pigfrhigh- 2008. These authors also found contributions of up to 40 %

lights the relevance of resuspension due to local traffic forat kerbside. In this study, in comparison, more modest con-

the PMyg exceedances in Leipzig. tributions of about 20 % were found for exceedance days, but
nevertheless this secondary source was a main contributor to

PM10 mass concentration as well.

In Spain, a comparable number of exceedance days was
found by Escudero et al(2007), but the reasons were sel-
dom identified in continental air masses. In southern Europe,

k- dustoriginating from resuspension over arid surfaces as well
as remote transport of Saharan dust apparently play a crucial
ters (Fig.9). The relative contribution of local traffic-related role in the generation of PM exceedances. Nevertheless, anti-

sources was the highest for low background concentrationstY¢lonic conditions in wintertime seem to cause an accumu-
nevertheless, the regional contribution was between 58 an{tion of regional pollution even over the Iberian peninsula.
73% of the local PMo mass concentration. This is in good !N addition, Viana et al. (2007, identified significant

agreement with the results lyenschow et al(200]) in the ~ €Pisodes of Pib poliution in western Europe with air
city of Berlin, who found 50% of urban PM originating ~ Masses of European origin. They concluded the origin of

from the regional background. They reported the traffic ast"® €xceedances being anthropogenic, but may be long-range

the most important group of sources causing high £6n- _transport and not only local pollution. As a mgtte_:r of fact, tra_-
centrations at kerbside, with up to 15 % of Rvnass con- jectongs from e_astern E_urope f_requently comc_lde with anti-
centration resulting from resuspended soil. These contribu€Y¢lonic scenarios, leading to air mass stagnation.
tions show that horizontal advection of a regionally polluted .
air mass is usually not sufficient to cause an exceedance ddy3 Future perspectives
at the traffic site.

However, the source contributions from regional, urban

background and traffic related sources were surprisingly sim ) At . o
ilar for all clusters, independent of the weather situation. ThisHOWeVer, this continuing trend of decreasing emissions has

is why we suppose, that both regionally and locally closeNOt yet been observed in the air quality networks. It therefore
to ground emitted particles are accumulated in the boundémains to be answered whether the emissions known to the

ary layer in case of favorable meteorological conditions, but@ir quality authorities correspond to the real emissions.
the source contributions remain nevertheless similar. This 11 year 2011 saw the introduction of a “low-emission-
would result in different absolute concentrations but the samg©n€” in the city of Leipzig. This can be seen as a local
relative contributions. To investigate this more detailed, the9overnmental effort to reduce Rlin the city. The low-

chemical composition has to be considered as well, which i€Mission-zone implies that only vehicles adhering to en-
displayed in Fig10for the regional background site. hanced emission standards (Euro 4 and better) are permitted

to enter the city. It is expected that this measure will reduce
6.2 Analogies in Europe the local contributions to PM, including the toxicologically

relevant substances relevant to diesel soot.
Former studies have shown that the residence of air masses However, since the majority of traffic-related Rdemis-
over continents leads to the accumulation of troposphericsions are associated with abrasion and resuspenidiami{
aerosol. One reason is the presence of natural and anthr@on et al. 2008, it is unclear whether the P} reductions
pogenic sources over land. Another is the loss of moisture inwill be sufficient to prevent future violations of the legal
air masses over land, which leads to a lesser degree of wdimit value. Dijkema et al.(2008 reported a more effective

6 Discussion
6.1 Local vs. regional contributions

Comparing the PIy levels at roadside and in the rural bac
ground yields a positive trend across the nine trajectory clus

In Germany, the national emissions for Pdvare expected
to further decrease (updated information frafBA (2009).
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