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Abstract. The trends and variability of PN, PMy5 and and PM 5 concentrations were examined by quantile regres-
PMcoarseCOncentrations at seven urban and rural backgroundion in order to detect long term changes in the occurrence of
stations in five European countries for the period betweervery large PM concentrations. The meteorologically adjusted
1998 and 2010 were investigated. Collocated or nearby PMrends of the 90th quantile were significantly larger (as an ab-
measurements and meteorological observations were usesblute value) on average over all statior®(6 pg n3yr—1).

in order to construct Generalized Additive Models, which
model the effect of each meteorological variable on PM con-
centrations. In agreement with previous findings, the most ]

important meteorological variables affecting PM concentra-1  Introduction

tions were wind speed, wind direction, boundary layer depth,

precipitation, temperature and number of consecutive daygxirborne particles of aerodynamic diameters less than 10 pm
with synoptic weather patterns that favor high PM concen-(PMio) and less than 2.5um (PM) have well-established
trations. Temperature has a negative relationship to £M adverse impacts on human health (Nel, 2005). Epidemiolog-
concentrations for low temperatures and a positive relationical (Brunekreef and Forsberg, 2005; Chang et al., 2011) and
ship for high temperatures. The stationary point of this re-toxicological (Becker et al., 2003) evidence suggest that par-
lationship varies between 5 and G depending on the sta- ticles with aerodynamic diameter in the 2.5 um-10 ym size
tion. PMeoarseconcentrations increase for increasing temper-range (PMoarse have negative health effects too, although
atures almost throughout the temperature range. Wind spedf€y have been investigated less extensively. European leg-
has a monotonic relationship to BMlexcept for one station, islation so far has been focusing on RMand PMs parti-
which exhibits a stationary point. Considering BMse con- cles. Fine and coarse particles have different sources, are of-
centrations tend to increase or stabilize for large wind speeden poorly correlated and have different health effects. This
at most stations. It was also observed that at all stations exSuggests that separate regulation should be considered for
cept one, higher Pi concentrations occurred for eastwind PMcoarse in addition to existing regulation for PM and
direction, compared to west wind direction. Meteorologi- PM25 (World Health Organisation, 2004). The technical
cally adjusted PM time series were produced by removingMeans to reduce Piarseemissions are not as developed as
most of the PM variability due to meteorology. It was found for PMio and PMs. However, some possibilities such as
that PMyo and PM s concentrations decrease at most sta-improving road conditions or regulating vehicle brake emis-
tions. The average trends of the raw and meteorologicaIIySiO”S.(9-9- by using ceramic instead of metallic brake pads)
adjusted data are0.4 ug nr3yr—1 for PMig and PMs size ~ do exist.

fractions. PMoarschave much smaller trends and after aver-  To design and implement appropriate policies for the miti-
aging over all stations, no significant trend was detected afation of particulate matter air pollution, information on air-
the 95 % level of confidence. It is suggested that decreasingorne particulate matter (hereafter referred to as PM) trends
PMcoarsein addition to PM 5 can result in a faster decrease of and variability is needed. P}g has been measured on a reg-

PMyg in the future. The trends of the 90th quantile of RM ular basis in Europe since the beginning of the 1990s. This
has allowed for the investigation of Riltrends at certain

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



3190 I. Barmpadimos et al.: Parallel fine and coarse particulate matter measurements in Europe

4500 adjust PM concentrations and variability for the effect of
meteorology.

| 2 Data

z (M)

PM measurements were obtained from five rural sites, which
are part of the EMEP Co-operative Program for Monitoring
and Evaluation of the Long-Range Transmission of Air Pol-
lutants in Europe and from two additional urban/suburban
background European sites. See Table 1 for a list of the sites
0 and Fig. 1 for their location. All stations provide parallel
PMio and PM 5 measurements for approximately 10 years
(see Fig. 6 for the time span of the measurements).RM
Fig. 1. Locations of the sites used in this study. was calculated by subtracting BN from PM;g. Measure-
ments at all sites except Harwell and Bloomsbury are gravi-
metric according to the European standards EN-12341 for
European countries (Liu and Harrison, 2011; HoogerbruggePM;o and EN-14907 for PMls. Gravimetric PMg measure-
et al., 2010) as well as on a pan-European scale (Colette ghents at Payerne and Basel since 2001 are obtained every
al.,, 2011). Regular Pkt measurements, although a more fourth day and are complemented by high resolution parallel
recent development, are available from many European staseta monitor or TEOM-FDMS measurements to obtain daily
tions as well (Putaud et al., 2010). Decade-long parallelresolution (see Barmpadimos et al., 2011b, for details).
PMio and PMy s measurements at certain sites provide for  Most regular daily gravimetric measurements of 2\
the first time the opportunity to study the trends and the vari-Europe started in 2005 or 2006 and therefore there was only
ability of PMcoarse(Liu and Harrison, 2011). limited availability of stations providing decade-long parallel
Among the most important factors influencing the trendstime-series of PNp and PM 5. This and additional criteria
and the variability of all gaseous and aerosol species in the atzoncerning data quality, time resolution and spatial coverage
mosphere are meteorological conditions (Elminir, 2005; Ze-limited the number of suitable stations to 7. Hence this study
lenka, 1997; Rao et al., 1997). Therefore, proper quantificainvestigates PM trends at a number of different European re-
tion of these trends and variability requires the consideratiorgions rather than in Europe as a whole.
of meteorology. Various statistical modeling methodologies Measurements at Harwell and Bloomsbury were carried
have been applied to adjust the observed PM mass conceut using the TEOM method with heated (BD) inlets.
trations for the effect of meteorological variables. These in-PM;q data were multiplied by 1.3 as an approximate cor-
clude multi-linear regression (Hien et al., 2002), generalizedrection for losses of volatile material whereas for the M
additive models (Barmpadimos et al., 2011a) and neural netdata only the non-volatile (at 3€) fraction is reported. The
works (Hooyberghs et al., 2005). Periodic variations of con-PM;and PM 5 measurement methods are not considered to
centrations with time (e.g. weekly and seasonal cycles) havge equivalent to the European reference method. It is deemed
to be taken into account as well. This can be done by filteringhowever that the data are still suitable for trend analysis, un-
these periodic patterns before statistical modeling (Wise andier the assumption that there are no significant changes in
Comrie, 2005), by treating each season separatelyofie@  their volatile fraction in the long-term.
et al., 2005), or by including additional time variables into  The analysis of the effect of meteorology on PM con-
the modeling process (Barmpadimos et al., 2011a). centrations requires meteorological observations. The sur-
The European Union (and other regulators around theface observations were obtained from the weather station
world) does not only pose limits on PM concentrations in which was closest to the examined air quality station. The
terms of average values, but also in terms of number of exPayerne, Basel, Langenbruegge/Waldhof and Ilimitz sites
ceedances of a certain threshold (European Parliament arare collocated with meteorological stations whereas Harwell,
Council of the European Union, 2008). Consequently, it is Bloomsbury and Penausende have respective distances of 17,
important to monitor the time evolution of higher quantiles 2.5 and 48 km from the closest surface station with sufficient
of PM concentrations in addition to the mean or the median.available meteorological data. The meteorological stations
The aim of this study is to investigate the trends and theused are Benson RAF, London Weather Centre and Sala-
variability of PMyg, PM25 and PMoarseduring the 2000 manca. The meteorological variables that were used from
2010 decade at certain European stations. Statistical modhe surface stations are daily average wind speed, wind di-
eling by means of generalized additive models is used taection, temperature, relative humidity, atmospheric pres-
determine the relationship between PM and certain meteosure and daily total precipitation. A further important me-
rological variables. The resulting relationships are used taeorological variable for air quality applications is boundary
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Table 1. List of considered air quality sites. P and PM 5 values are averaged over all available data.

Code Name Country Altitude  Type Sampling Mean RM Mean PM 5
(m) (HgnT3)  (ugnrd)
BAS Basel Switzerland 365 suburban background  gravimetric 22 17
BLO Bloomsbury UK 20 urban background TEOM 28 14
HAR  Harwell UK 137 rural background TEOM 19 11
ILL llimitz Austria 117 rural background gravimetric 25 20
LAN Langenbruegge/Waldhof Germany 74 rural background gravimetric 17 13
PAY  Payerne Switzerland 489 rural background gravimetric 20 17
PEN  Penausende Spain 985 rural background gravimetric 12 8

layer depth. This was calculated using data from the clos3 Methodology

est sounding station using the simple parcel method put for- o

ward by Seibert et al. (2000). In addition, the synoptic 3.1 Statistical model

weather conditions were taken into account by including the o ) ) _

Hess-Brezowsky European synoptic weather regime known e statistical modeling procedure described in the follow-

as GrosswetterlaggGWL) (Gerstengarbe et al., 1999) for ing is similar to the one used in Barmpadimos et al. (2011a).

each day. Generalized Additive Models (GAMs) (Wood, 2006; Hastie
PM concentrations during a certain day do not only depenoa”d Tibshirani, 1990) were used to construct relationships

on the weather conditions on the considered day but also oR€tWeen the logarithm of Pid and PMs and meteorologi-
the recent history of weather. To account for this effect, twocal variables. The computations were carried out using pack-

additional variables were constructed: the amount of precipi-29émgcv(Wood, 2011) of programming language R (R De-
tation of the previous day and the number of consecutive day¥elopment Core Team, 2012). Logarithmic transformation
with weather conditions enhancing PM. To derive the latter, WaS used because itimproved the characterlstlt_:s of the model
two histograms with the distribution of GWL variable were residuals. GAMs were developed for each size {pMdr
constructed for each station. One histogram included all dat&Mz.5), €ach season as well as for the complete yearly data
and the second only included the days where PM concentraf©F €ach station. This yielded a total of 70 GAMs. The rela-
tions belonged in the upper 20th sample quantile of the datalionships have the general formula

Then the relative difference between the two histograms wa _

estimated. For example, if the frequency of occurrence of jnPMx =a+s1(A1)+s52(A2)+...+b11B11+b12B12+ ...
certain GWL category was 0.1 in the total dataset and 0.15 +b21B21+b22B2o+ ... +¢ @)

in the days where concentrations belonged in the upper ZOtWhere

sample quantile of the data, then the relative difference would PM, : PMyo or Py s

be (0.15-0.1)/0.1=0.5=50%. Let GWIbe the subset of '
GWL for which this difference exceeded 100%. Table 1 of 51(A1)+52(A2) +.... Smooth non-parametric functions
the supplgmentary material shows the. selected Gmfor _of continuous covariates;

each station. The count of consecutive days during which b11B11+b12B1o+ ...+ b1 Bay+ baoBoo: By denotes cat-

one (k))fl Gr:N Ly v;/tas prfesen(; at their::_or]slif'\jrgc\i,vsl_i"[’e Lolfmshtheegorical variables. Index denotes the kind of categorical
variable hereafter referred to as “high- - A Turther variable, which in this study is either day of the week or

fact.or |m;lluenc_|ng I?M_cloncentratk||ons ISI time. PM colncenl— synoptic weather regime. Season is also included as a cat-
trations have in principle a weekly cycle, a seasonal cyCle,qicq| variable in the yearly models. Indgxdenotes the

and long-term changes. These three time dependencies wers tegory. For examplg, has 7 possible values for the day of
represented in the analysis as additional time variables. Varifhe week variableB; ; is equal to 1 when the day in question
ij

abllesdgyb?f the ;vee@ngliigsogNerz nfw_clu(cjzled aﬁ categgn- is classified under catego®;; and O otherwiseb;; is the
cal variables and variabltulian day(defined as the number aﬁorresponding coefficient.

of days since a defined date) was included as a numeric ¢ error term

variable. Several possibilities exist in terms of statistical modelling
of the response of a variable as a function of explana-
tory variables. One possibility is generalized linear models,
which have already been successfully used for datasets from
Switzerland (Ordiez et al., 2005). GAMs were preferred
over generalized linear models because they can estimate

a: intercept
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non-linear relationships between the target variable and the GAM runs were also performed for yearly RM,sedata in
explanatory variables (in this case PM concentrations andrder to estimate relationships between®ieand meteo-
meteorological variables). However, GAMs do involve the rological variables (Sect. 4.1). However, the RMsemodel
assumption that the relationship between PM and meteororuns had relatively low (about half) deviance explained com-
logical variables is additive (and after the logarithmic trans- pared to the Piyh and PM 5 runs (see Sect. 4.2). That is
formation multiplicative). Other statistical modeling meth- mostly because PMarsevalues are obtained indirectly by
ods such as neural networks are even more flexible, they resubtracting PMy and PM s measurements and therefore
quire fewer assumptions than GAMs and they tend to havehave larger uncertainty. For the trend analysis in Sect. 4.3
somewhat better predictive skill. However, the fact that adjusted PNyarsewere simply obtained as the difference be-
they do not provide functional relationships between the tartween adjusted PM minus adjusted Plyk.

get variable and the explanatory variables makes the inter-

pretation of the results rather difficult (Venables and Rip-3-2 Very large values

ley, 2002). In the present study we focus on the diagnosis . - .

and interpretation of PM trends rather than the prediction of | '€ €volution of very large values is investigated by quan-

PM concentrations and therefore GAMs were deemed moréIIe regression (|_<oen_ker_ an_d Basset_t, 1978). I'die a ran-
suitable. dom variable with distribution functiorF (y) = P (Y <y).

A stepwise forward variable selection algorithm was used) '€ 7t quantile of Y is defined asQ(r) = F- (1) =
to select the most important explanatory variables. After the!™ 171 £ () =7} The best-known example i (0.5),
addition of each variable, the Bayesian Information Crite-WhICh IS t'h'e median. As.sume an mdependent variable
rion (BIC) for the resulting model was calculated and the The condltlonal;-th quantll_e ofY givenX IS Qyx (7). Le_t
addition of variables stopped when BIC was minimized. The £¥1X (*) be a linear functl/o_n OfX" according to equation
variable selection is designed in such a way that over-fitting2 X () = X"A (x), whereX" is the model matrix ang (r)
is avoided and relatively high percentages of the observecﬁhe vector gontalplng the unknown model pqrameters. Pa-
variance are explained by the models. If Julian day was no{ameter estimates(r) can be obtained by solving
selected in the aforementioned process, it was added as a lagt & ,
explanatory variable. Julian day represents PM trends due tg(r) - a/;glrerlmZpt (yi _xiﬂ) )
any influence that does not include the considered meteoro- =1
logical variables. By including Julian day it is ensured that , ,
the considered GAMs have a random model error without = &/9/In (=1 > (i—xip)+r Y (n—xp) |.
any inter-annual structure. A more detailed account of the pe Yi=x;p<0 Yi—x;f>0
variable selection process can be found in Barmpadimos etvhere p, termed theloss functionis given by p; (y) =
al. (2011a). u(t—1(y <0)) and ! is theindicator function The idea
The smooth function of the Julian day variable of the con-behind the estimation of the linear parametg(s) is that
structed GAMs amounts to the PM trends after adjustmenone changes the values gfuntil the quantity in the square
for the effect of meteorology. Therefore, the meteorologi- brackets is minimized. The quantity in the squares brackets
cally adjusted trends were calculated using the relationship in turn, represents the “distance” of the points on a straight
line with parameterg from pointsy;. However, the distance
INPMy ag=a +s(Julian day) (2) s weighted according to the selection of quantiley quan-
titiest andtr — 1. In practice, the calculations are done using
principles of linear programming. Note that the problem is
formulated in a similar fashion to ordinary least squares, ex-
null deviance-residual deviance Cept that the square function in the sum of Eq. (4) has been
replaced by the loss function.
(3) Fitting to the PM time series a straight line by quantile
regression is in some ways similar to ordinary least squares
Deviance is a measure of discrepancy between the GAM$OLS) regression. By means of an OLS regression, a line
and the PM measurements. It can be interpreted in the santhat represents the mean value is fitted to the data, whereas
way as theaesidual sum of squardsr ordinary linear mod- by means of quantile regression a line that represents a cer-
eling, although it is calculated differently (Wood, 2006). tain quantile is fitted instead. We consider the 90-th sample
Small values of deviance imply better model performance.quantile of the data as an indicator of the magnitude of the
In Eqg. (3), null deviancerefers to the deviance of a model upper portion of PM ambient concentrations, excluding ex-
with just a constant term armésidual devianceefers to the  treme and relatively rare events and we examine the trend
deviance of the fitted model. For an ideal model, proportionof the 90-th quantile with time. Quantile regression compu-
deviance explained (hereafter simply referred td@gance tations were carried out using packageantreg(Koenker,
explained equals to unity. 2012) of R programming language.

The performance of the GAMs was evaluated usingpttoe
portion deviance explained his follows the definition

proportion deviance explained

null deviance
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Fig. 2. PMy 5 (left) and PMoarse(right) factors for temperature at all sites.
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Fig. 3. PMy 5 (left) and PMoarse(right) factors for wind speed at all sites.

4 Results convective boundary layer depth, wind speed, wind direction
and temperature and they appear in all seasons. The selected
4.1 Important explanatory variables variables did not vary considerably between different sites.

While some variables, such as convective boundary layer

The contribution of each explanatory variable to the total depth, have a monotonic relationship with Pilsome oth-
modeled PM concentrations can be expressed as an additie@s have relationships with stationary points. Temperature
factor using Eg. (1). By exponentiation of this relationship, has a negative relationship with B in winter and a pos-
the additive factors on the right hand side of Eq. (1) becomeitive relationship in summer (Fig. 2, left). The winter re-
multiplicative factors (hereafter referred to as “PM factor”), lationship of PM s with temperature can be indirectly ex-
which contribute to an increase of PM if greater than 1 and aplained by the fact that space heating emissions are larger
decrease if less than 1. In the following, the relationship ofin that season. Space heating by wood burning has been
PM factors to PM will be discussed. shown to have a large influence in winter aerosol concen-

Table 2 shows the most frequently chosen explanatonytrations in Switzerland (Szidat et al., 2007; Sandradewi et
variables for each season. These results refer to thgsPM al., 2008). The Pharsefactors have a positive relationship
GAM runs. The results of the P)d GAM runs were sim-  with temperature. This could be attributed to the fact that
ilar both in terms of the selected explanatory variables anchigher temperatures are often associated with drier soil con-
in terms of the relationships between PM and each explanaditions, which in turn can lead to enhanced dust resuspension
tory variable. The most prominent explanatory variables are(Vardoulakis and Kassomenos, 2008). Moreover, primary

www.atmos-chem-phys.net/12/3189/2012/ Atmos. Chem. Phys., 12, 313393 2012
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Table 2. List of explanatory variables selected in GAMs for Py Explanatory variables that were chosen for at least five (out of seven)
stations are listed. Positive signs)(next to variable names indicate a positive relationship betweepnsPand the explanatory variable,
whereas negative signs-) represent the opposite. Use of both siging €) indicates relationships with turning points or variables whose
behavior depends on the station. More frequently chosen variables are displayed first.

Winter Spring Summer Autumn Year

CBL depth ) CBL depth () Wind speed {) CBL depth ) CBL depth ()

Wind direction ¢-/—)  Wind direction ¢/—) Julian day ¢/-) Wind speed {) Wind direction ¢/—)
Wind speed ) Wind speed {) Temperature-{) Temperature-{) Wind speed {)
Precipitation ¢) Julian day §¢-/-) CBL depth () Wind direction ¢/-) Season

High-PM GWL (+) Precipitation ) High-PM GWL (+) High-PM GWL (+) Temperature-{)
Pressure) Temperature-{) Wind direction ¢-/—)  Precipitation ) Julian day ¢/-)
Temperature-{) Previous-day precipitation~) Relative humidity ¢-/—) Precipitation ¢)

Previous-day precipitation~)

biological PMoarseemissions are likely enhanced at higher the site and wind speed. Therefore, the position of stationary
temperatures. A number of studies (Clot, 2001; Nieddu etpoints in the relationship between PM and wind speed varies
al., 1997; Stach et al., 2008) show that this is the case fofrom site to site. Figure 3 shows the BMand PMparsewind
pollen. Yttri et al. (2011) found that plant debris and fun- speed factors for all sites. The Bloomsbury and Harwell sites
gal spores were mostly found in the RMPM; range and  exhibit stationary points for PMarse cOncentrations when
that the concentrations were significantly higher in summerwind speed is 3.5 and 3.9 msrespectively. These values
than in winter, especially the fungal spores. They estimatedare in line with Harrison et al. (2001) who report that the sta-
at total of 40—60 % of the coarse organic matter originatingtionary point for the relationship between Rddseand wind
from these primary biological particles in summer. Tong andspeed is at approximately 3.8 msat an urban background
Lighthart (2000) found bacteria to be more abundant in sumsite in Birmingham, UK. The Bloomsbury and Harwell sites
mer and correlating with temperature and solar radiation inalso have higher average wind speeds (3.5 and 34'nre-
Oregon, USA. The negative relationship between the PM spectively) compared to all other sites whose average wind
factor and temperature was observed for the winter PM speeds range between 2.0 and 2.5t he PM 5 relation-
model runs at the continental sites of central Europe (Baselship for Bloomsbury has no stationary point whereas for Har-
Payerne, lllmitz and Langenbruegge). At the remaining sitesyvell the stationary point is at 5.7 m$. Jones at al. (2010)
temperature was either not selected as an explanatory varhave identified chloride ions from marine aerosol as the PM
able (Bloomsbury and Penausende), or it was selected butomponent with a positive relationship with wind speed at
it did not exhibit a negative relationship with BN (Har- Harwell. The absence of a stationary point or the require-
well). In contrast, the positive relationship between/2M ment of higher wind speed for one to occur for Pivis the

and temperature in summer can be attributed to fast producresult of the fact that most of the soil and marine aerosol
tion of secondary aerosols that happens with high solar raare in the PMoarsefraction. Querol et al. (2004) estimated
diation coincident with high temperatures (Barmpadimos etfrom measurements at EMEP sites in Spain that mineral dust
al., 2011a). As shown in Fig. 2 (left), the stationary point accounts for 8-21 % of the total P} mass. The sites at

of this relationship varies between 5 and®Thdepending on  Basel, Payerne and Penausende exhibit negative monotonic
the station. PN factors (not shown) are similar to the B relationships of PMparsewith wind speed.. The same rela-
factors. tionship for llimitz becomes approximately constant for large

A further explanatory variable that can exhibit stationary Wind speeds. At Langenbruegge/Waldhof an almost constant
points is wind speed. The relationship between PM and wind€lationship for all available wind speeds was found. How-
speed involves dilution, resuspension and production of mag&ver, the behavior of PMarseconcentrations for high wind
rine aerosol. The latter process is highly relevant for the Uk SPeed at this site could not be identified because the max-
sites (Harwell and Bloomsbury) (Jones et al., 2010). For lowimum wind speed was only 6.1m%& The position of the
wind speeds dilution is the dominant process and thus PNftationary point is probably affected by the emission mech-
concentrations have a negative relationship with wind speed@nism of PMoarsetoo. For example, traffic-induced turbu-
For high wind speeds resuspension of soil material and prolence enhances resuspension of gie Barmpadimos et
duction of marine aerosol becomes more important and thél- (2011b) report that ambient Rrseat an urban back-
PM vs. wind speed relationship is positive. This is particu- 9round location (Zurich, Switzerland) mostly originate from
larly true for PMsoarse PM resuspension depends on the soil traffic.
condition and wind speed (Gillette and Passi, 1988). In addi- Wind direction is one of the most important explanatory
tion, the effect of marine aerosol depends on the location ofvariables. Although its relationship to PM depends on the

Atmos. Chem. Phys., 12, 3188203 2012 www.atmos-chem-phys.net/12/3189/2012/
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Table 3. Deviance explained (%) and number of covariates aver-SWISS Platea_u and surrounded bY the Alps qn the East and
aged over all stations for each season. Numbers in parentheses jfur@ mountains on the West. It is hypothesized that long-

dicate the minimum and the maximum. range transport at that site is largely altered by topography.
A similar consideration could apply to the Basel site, which
Deviance  Number of has a local maximum for South-west wind direction for the
explained covariates PMz 5 component but not for the Pidhrsecomponent. The

PM factors for wind direction do not only depend on long-

Spring 50(28,57)  7.3(5.8) range transport but they can also be affected by local sources.

Summer 65 (61, 74) 7.1(4,9)

Autumn 57 (49,68)  7.3(6,9) For example, the local maxima observed for north-west and
Winter 60 (48,75) 7.6 (6, 9) north wind direction at the Basel and Ilimitz sites respec-
Year 58 (49,69) 10.0 (8, 11) tively are possibly attributed to the influence of the cities of

Basel and Vienna, which are located north of the measure-
ment stations.

site, some common patterns among different sites could b%‘_ Preflpltat::on has a ﬁon5|derag_le eIfe(t:;t] on 'T'\{[I conhc_entra;-
identified. Wind direction cannot substitute more compre- lons 100.  For example, according to the relationships o

hensive methodologies, such as trajectory models for the sp%‘e PM .facgors verfSt(st }I)reC|p|rat|on .d|_agposed by_:)he GAMs,
tial identification of pollution sources, especially at large dis- ays with 5mm of daily totg precipitation contribute to a
{iecrease of Pl concentrations by 15 % to 26 % depend-

tances from the site of interest. It is deemed however tha . . L

some preliminary conclusions can be drawn from Iong—termIng on the S_'te’ compared to days without precipitation. The
wind direction observations from meteorologically represen_corres_pondn'_lg values for Piyhrseare 1.1.% Fo 2.0 %. A. fur- .
tative locations. The P and PMoarsefactors for wind ther discussion on the ef_fect of precipitation is provided in
direction are shown in Fig. 4. The llimitz site shows consid- the supplementary matgrlgl. ) ) )
erably higher PMs (and PMoarsd concentrations for east anadgnng the remaining metleorologlgal vanaples, tr_]e|r
wind direction compared to west. This indicates that air relationship to PM is similar for different size fractions, dif-
masses coming from the west tend to be cleaner than aif€rent sites and different seasons. Variables “GWL" *wind
masses coming from the east, either because of their mafirection” and “relative humidity” are an exception as they
itime origin or because of lower levels of air pollution in depend strongly on the site. A further investigation of the
Western Europe compared to Eastern Europe (see also digelationships betwegn PM and various meteorological vari-
cussion for llimitz in Sect. 4.3). A similar wind direction re- ables can be found in Barmpadimos et al. (2011a).

sponse function was found at the Harwell, Bloomsbury and

Penausende sites and a similar distinction can be made bé-2 Model performance

tween maritime clean air masses from the west vs. continen-

tal polluted air masses from the east. The response funcfable 3 shows some important statistical quantities for the
tion for PMp 5 for the Payerne site does not allow discern- evaluation of the GAMs performance for the PMruns. The

ing a very clear pattern. The Payerne site is located in theaumber of covariates averaged over all stations was slightly
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Table 4. Deviance explained (%) and number of covariates aVer_significant trend is detected using the Mann-Kendall test for

aged over all seasonal and yearly values for each station. Number3iations whose confidence intervals in Fig. 5 do not overlap
in parentheses indicate the minimum and the maximum. with zero. In order to get an overview of the yearly variation

of PM2 5, the yearly median time series for all sites is shown
Deviance  Number of in Fig. 6. In addition, the slopes of the raw and adjusted time
exp'ained covariates SerIeS Of PMO, PMZS, PMcoarseand the PMoarséPMlo ratIO
are given in Table 5.

gf(‘)soer'nsbury 2; ((2‘; 22)) 2'2% ié)) In gengral, PMs concentrations havg a small decreas-
Harwell 53 (49,’61) 78 (6: 9) ing trend in the last decade. Mpst statlor;s halve a decreas-
limitz 50 (48,69) 8.2 (6, 10) ing trend and th_e average trend+9€.4 pug nr° yr—- for both
Langenbruegge/Waldhof 50 (28,59) 7.2 (5, 11) the raw and adjusted data. The rural background station at
Payerne 67 (57,74) 8.4(7,11) Harwell is an exception as concentrations there have no sig-
Penausende 53 (50,62) 6.0 (4,8) nificant trend. Despite the absence of a significant trend

at the Harwell site, the Bloomsbury urban site located in
London has a decreasing trendQ.3 ugnm3yr=1), which

above 7 for all seasons and 10.0 for the yearly dataset. Dendicates some reduction in the urban emissions oM

viance explained (Eq. 3) ranges between 50 and 65 % de@nd its precursors. The changes at Bloomsbury did not af-
pending on the season. GAM performance is somewhafect the Harwell site, which is located mostly upwind (about
poorer for spring and autumn, which indicates some diffi- 80 km west) of Bloomsbury. Note that at the end of the 1990

culty in modeling the effect of meteorology on PM during decade and the beginning of the 2000 decade Bloomsbury

transitional periods. Model performance in terms of devianced considerably greater RN concentrations than Harwell.

explained is considered to be adequate. GAMs developed by/OWever, PM.s concentrations at the two sites tend to con-

Pearce et al. (2011) to investigate the effect of meteorology/€9€ towards the end of the 2000 decade (Fig. 6). A further
on air quality in Melbourne, Australia, explained 21.1 % of Pair of stations from the same country is the suburban back-

the observed PM variability. In the study of Aldrin and ground site at Basel and the rural background site Payerne in

Haff (2005), GAMs were used for the same purpose for gSwitzerland, which also show some convergence (Table 5).

number of sites at Oslo, Norway. These models could ex_In addition, PM 5 concentrations at Payerne and Basel sites

plain between 48 and 80 % of the observed variability. have arelatively strong year-to-year variability, which is sim-
The GAM performance had relatively small variations be- !Iar at both sites (Fig. 6). There is therefore e\_ndence |nd|gat-
tween different stations (Table 4). The stations located in"d that regional background PM concentrations are an im-

Switzerland and Austria (Basel, Payerne and llimitz) haveportant factor affecting concentrations in urban areas. This

somewhat larger deviance explained and number of covarilS In agreement with findings of Gerasopoulos et al. (2006)

ates than the other stations. Deviance explained is somewh@"d Kalabokas et al. (2010) for the Eastern Mediterranean.

3yr—1
low for the sites Harwell and Penausende, which do not have N€ largest PMs changes£1.0 ugnm=yr=") are observed
collocated meteorological data. at the rural background site llimitz in Austria. According

to Spangl and Nagl (2010), high levels of PM are associ-
4.3 Trends of PM ated with high-pressure weather systems over eastern Eu-

rope in winter that on one hand lead to relatively stagnant
The linear PM trends were quantified using ordinary leastweather conditions and on the other hand to transport of
squares (OLS) regression of the PM daily concentrations verrelatively polluted continental air masses from Eastern Eu-
sus time. This was done for the raw PM data and for PM val-rope to Austria. Conversely, low-pressure weather systems
ues adjusted for meteorology (Eq. 2). The resulting slopesn Western and Northwestern Europe during winter facili-
expressed daily changes and they were multiplied by 363ate transport of relatively clean air masses from Western Eu-
to represent yearly changes. The confidence interval of theope and the Atlantic and are associated with frequent fronts,
slopes has been calculated using the t-statistic (Yan and Swyhich remove effectively airborne PM. The wind direction
2009). Figure 5 shows a summary of all the slopes for all staresponse function plotted in Fig. 4 supports this hypothesis,
tions using the full year Pl (left) and PMyoarse(right) data.  since wind directions between 198nd 300 are associated
Note that PM trends after adjustment for meteorology havewith considerably lower Pls concentrations that wind di-
narrower confidence intervals than the trends of the mearections between 340and 150. In the same report, both
sured data. Therefore, the adjusted data enable the detectidow PM1g concentrations observed in 2004, 2007, 2008 and
of small trends with shorter time series. The Mann-Kendall2009 and high Pl concentrations observed in 2003 and
test (Mann, 1945) was used as a robust method to test if th@006 are mostly attributed to weather conditions. TheBEM
slopes shown in Fig. 5 are significantly different from zero time series has similar features. Indeed, the meteorologi-
at the 95 % level of confidence. The results of the trend testally adjusted PMs trend is considerably reduced (in ab-
coincide with the results shown in Fig. 5 in the sense that asolute terms) te-0.6 pg nt3yr—1 and the meteorologically
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Table 5. Raw and meteorologically adjusted trends of MPMy 5, PMcoarseand the PMoarséPM1g ratio at all sites. The PM trends are
given in ugnm3yr—1 and the PMoarséPM g ratio trends are given in %y, Trends whose 95 % confidence intervals do not overlap with
zero are given in bold. A graphical depiction of the 95 % confidence interval of thesRid PM:oarsetrends is provided in Fig. 4. The last
row is the average over all different stations.

PMio PMz 5 PMcoarse PMcoarséPMqo
raw ad]. raw ad]. raw ad;. raw ad].
BAS -05 -0.6 -04 -05 —-0.08 0.03 0.4 0.5
BLO -0.2 -03 -03 -04 0.2 0.07 0.9 0.9
HAR 0.2 0.2 —0.04 0.1 0.1 0.1 0.2 0.1
ILL -13 -0.9 -1.0 -06 -0.2 -0.2 0.3 -0.1
LAN -0.1 0.04 -01 -01 —-0.06 0.07 0.01 0.7
PAY -04 -04 -04 -0.6 0.1 0.3 1.3 1.7
PEN -0.6 -0.5 -04 -04 -0.1 -01 0.9 0.7
aver. —-04 -04 -04 -04 —-0.01 0.02 0.6 0.6
PMZ.S PN'CU'dISB
E
ol B e g ---,---I.I.--E.I.-----.3.‘--.{ ....... 5
3 Tr 5] b 11
S IR ISR :
E I { p 1
- } blue: measurad v blue: measurad
- rec: adjusted - red: adjustsd
BAS BIlO -U;\Fl ILI_ L.ﬂI\N F'ﬂI\Y PéN A\}G ‘ BA.S B:O H;&R ILIL L.&I\ PzI\Y PEIN A\:’G

Fig. 5. Linear regression slopes and 95 % confidence intervals of the raw and meteorologically adjustedirdiseries (left) and for
PMcoarse(right) for all sites. The average over all sites is shown last along with error bars calculated by error propagation.

adjusted values for llimitz have less year-to-year variability summer yearly median values for Payerne. The year-to-year
(Fig. 6). The Hess-Brezowsky European synoptic weathewariability of the winter raw data is reduced heavily after the
regimes which are associated with high levels ofJ2Mnd meteorological adjustment. One of the largest adjustments
which were used for the construction of the “high-PM GWL” occurs in winter 2003, which had very high concentrations
variable mentioned in Sect. 2 are WW, NWA, NZ, HNZ, TB of PM in Switzerland. The summer of the same year had
and HNFZ (see Gerstengarbe et al. (1999) for an explanahigh levels of air pollution in large parts of Western Europe
tion of the weather regimes). Figure 7 shows how many daysand this is reflected in the Payerne and llimitz measurements.
one of these weather regimes occurred each year. Comparhe GAMs for Payerne and llimitz adjust substantially the
son of Fig. 7 and the lllmitz yearly medians in Fig. 6 shows summer data for 2003 as well.

that GAMs tend to correct upwards Bl concentrations in ) )
years with low occurrence (e.g. less than 45 times) of one Annual mean concentratu;ns "i‘t Penausende, Spain de-
of the aforementioned weather regimes whereas the opposifg€ase at a rate of0.4pgnr>yr—=. Although this slope

happens in years 2002, 2003 and 2006, where these weathsr not particularly large compared to the other stations, it
regimes occur frequently. represents a considerable decrease for a station with aver-

age PM s concentrations of 8 ugn? (Table 1). Dividing

As seen in Fig. 5, another site with considerable meteorothe slope by the grand average yields an annual decrease of
logical adjustment is Payerne. An examination of the trendsabout 5% or a decrease by 45 % over the 9 years of avail-
for each season at this site (not shown) shows that all seasorable data. Saharan dust episodes play an important role in
have a negligible meteorological adjustment except the winthe total amount and the variations of PM loads in Spain and
ter data whose raw slope is not significantly different from mineral dust has a moderate contribution of an estimated 8-
zero whereas the adjusted slope-i8.3 ug nmm3yr—1. This 21 % of the total PMs mass (Querol et al., 2004). These
is shown to be the case at a number of sites in Swiyzerlané&pisodes however have not been identified as a significant
(Barmpadimos et al., 2011a). Figure 8 shows the winter anccontribution to the annual P} concentrations at sites in
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Fig. 6. PM5 5 yearly median time series for all sites. Solid lines indicate raw data and dashed lines indicate meteorologically adjusted data.
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limitz. Fig. 8. Seasonal median PM; concentrations at Payerne for winter
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northern Iberia, where Penausende is also located (Fig. 1)
(Querol et al., 2008). Although the number of occurrences
of such episodes has seen a substantial increase in Penanificantly the observed trends. Therefore we conclude that
sende in the last decade (Querol et al., 2009), the £d6n- a decrease in anthropogenic emissions is more important as
centrations were decreasingérBz et al. (2008) also found a driving factor for the observed decrease than meteorology.
a fast decrease of Pjgand PM 5 at a regional background Penausende is an elevated background site and as such it is
site in northeastern Spain (Montseny). As pointed out in theaffected considerably by long-range transport. Thus, the ob-
same study, the observed decrease is the result of a number sérved decrease possibly reflects a decrease in background
factors, which however are difficult to identify and it is sug- PM,5 concentrations in Spain in general and possibly in
gested that both meteorology and anthropogenic emissionsther nearby European and North-African countries. Like
are possible major influences. In the present study the mePenausende, all continental European sites used in this study
teorological adjustment for Penausende does not change sighow a decreasing trend (Fig. 5).

Atmos. Chem. Phys., 12, 3188203 2012 www.atmos-chem-phys.net/12/3189/2012/



I. Barmpadimos et al.: Parallel fine and coarse particulate matter measurements in Europe 3199

S o
<t ™
|
o R a
o
= - o |
e N
5 & :
2 g 2
r\ll -+ D - ~
o -
" . 8 o
< il
- limitz lmiz
g . Fenausende o Penausends
T T T T T T T T T T T T
2000 2002 2004 2006 2008 2010 2000 2002 2004 2006 2008 2010
year year

Fig. 9. Yearly average Sﬁ)‘ concentrations (left) and ﬁO/PM% ratios (right) for llimitz, Payerne and Penausende.

Langenbruegge/Waldhof has, in absolute terms, a considtively low (Karl et al., 2009) but this does not rule out locally
erably lower PM 5 trend than all other continental European large influences in the proximity of forests. Things are fur-
sites (0.1 pg nm3yr—1). Given that 65 % of the area at the ther complicated by the fact that biogenic secondary organic
site is covered by coniferous forest and 30 % is covered byaerosols do not only depend on emissions of biogenic volatile
farmland, the observed trend can be the result of changes inrganic compounds but also by anthropogenic emissions of
anthropogenic and/or biogenic emissions. Biological emis-NOy, SO, NHs, reactive non-methane carbon and primary
sions of primary aerosol and emissions of biogenic volatilecarbonaceous particulate matter, which react with biogenic
organic compounds (which act as secondary organic aeros@missions to give biogenic secondary organic aerosol (Carl-
precursors) are large during summer and small or negligiblgon et al., 2010).
during winter (Karl et al., 2009; Winiwarter et al., 2009).  Further insight into the causes of the observed PM trends
Considering the winter raw and meteorologically adjustedcan be gained by examining trends of certain PM fractions.
trends at the site, when the influence of primary biologicalLong term speciated measurements of PM are still uncom-
and biogenic secondary aerosol on the total measured PiWhon. Regarding the sites used in this study, decade-long
mass is minimal, no significant trend is identified. Therefore,time series of sulfate are available for lllmitz, Payerne and
no considerable reduction of background aerosol of anthroPenausende (Fig. 9). The average sulfate contribution to
pogenic origin seems to have taken place in the area during@Mz s is 16 %, 15 % and 24 % for lllmitz, Payerne and Pe-
the winter season. The small decreasing trend in the yearlpausende respectively. The average sulfate concentrations at
data is mainly the result of a decrease of #Mn summer  the same sites are 3.1pgf 2.2 ugnt3 and 1.8 ugme.
(—0.2 pg nr3yr—1, although it is unclear to what extent this The qu‘/PMz_5 ratio has no considerable changes at any
decrease is of anthropogenic or natural origin. If there is anysite. The S concentrations at Payerne and llimitz show a
natural contribution to the Pi% summer trend this would gyl decrease 6£0.02 ug nr3yr—1. This can be attributed
be secondary organic aerosol, which is in thezBMize 15 5 small decrease in the European sulfur emissions (1-
range. That is because the trend of the adjustedoRi8 295 yr-1) in the 2000 decade (Monks et al., 2009). Gianini
in summer is slightly increasing (0.1pgrtyr™). Thisis et qj, (2012) also report a decrease of sulfate concentrations
also the case for all other seasons except spring, which hagy the 1998/1999-2008/2009 period at Payerne. Yearly av-
no significant trend. The uncertainty in quantifying the role grage ambient Sij concentrations have considerable year-
of natural emissions arises from the fact that the contribu~q.year variability and the overall trend appears to be mainly
tion of primary biological and biogenic secondary aerosol tothe result of a relatively large decline in years 2006 and
the local PM concentrations is unknown. The contribution o0g7. At Penausende %O concentrations have less vari-
of primary biological aerosol to ambient Rilon a Euro-  apility and exhibit a consistent decline in the last decade
pean level is an estimated 2-3% (Winiwarter et al., 2009)(_0.05ugn3yr-1). From the above one can conclude
but this value is expected to be considerably larger at foresihat sulfate concentrations have contributed to the observed

secondary organic aerosol in Northern Germany is also relagg g |arger extent at Penausende.
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Fig. 10. Daily PMa 5 time series for lllmitz (left) and Penausende (right). The OLS, 50th quantile and 90th quantile regression lines have
been added.

Table 6. Raw and meteorologically adjusted PM trends of the 90th a!so h‘_is Conslderable agrlcul_turgl Iocgl and reg'o"‘a' em|§-

quantile in pgn3yr—1. Numbers in bold font indicate trends SIONS, I addition to forest emissions discussed in the previ-

whose 95 % confidence interval does not include zero. Numbers ifPUs paragraph.

italic font indicate trends that are significantly different than the cor- ~ The slopes of the PMarseraw and adjusted data are shown

responding OLS trends in Table 5 at the 95 % level of confidence. on the right panel of Fig. 5. These slopes are rather small and
the average over all stations is zero. The failure to reduce

PMyg PM, 5 PMcoarse PMcoarselS attributed to the fact that, unlike Riyland PN 5,
PMcoarseiS not explicitly regulated in any European country.

raw  adj raw  adj. raw  adj The fact that PM5 concentrations decrease while Rfse
BAS -08 -0.8 -04 -07 -02 -01 concentrations do not, implies that the RMsefraction of
BLO -02 -0.6 -04 -05 00 -01 PMyg increases. Indeed, as shown in Table 5, most sites ex-
HAR 00 0.2 -01 0.1 01 02 hibit a small but significant increase of the BisdPM1g
L~ -23 -16  -19 -14 02 -04 fraction. At the Payerne site, the observed meteorologi-
:;2’;' :8:; :g:é :8:}1 :85 _%"12 06.()4 cally adjusted increase of 1.7 %j}r is considerably !arger
PEN —14 —11 09 -07 05 —02 than the average of 0.6 %Vt. Given the rural location of

aver. —08 —06 _06 -06 _o1 0.0 this site, it is hypot_hesized that_thg increase_ of .BMeand _
PMcoarsdPM1g fraction at that site is due to increased agri-
cultural PMyarse €missions in the area. These emissions

i b dwi q bare deemed to be rather local because the other swiss site,
Differences between summer and winter PM trends are o Basel, does not show any considerable increasing trend in

served not only at Langenbruegge/Walqho'f'but at most sitesthe PMoarsefraction. Table 5 also shows the Rttrends.
These dlffer_ences however become insignificant after meteog;ca PMoarsetrends are rather small, the largest part of
rological adjus_tment except the_ Langenbruegge/Waldhof aanMlo trends is attributed to the PM trends.

the Payerne sites, where the differences persist after the me-

teorological adjustment. The respective trends at Langens.4 Variability of PM

bruegge/Waldhof are-0.1 pg nt 3 yr—1 (non-significant) and

—0.2ug m3yr—1 for winter and summer while at Payerne The variability of PM and in particular, the long-term
are —0.3ugm3yr-1 and —0.5ugm3yr—! for the same changes of very large values is examined by calculating the
seasons. The site at Basel, which is a suburban backgrourglope of 90th quantile regression line. The 90th quantile
station also located in Switzerland has no significant differ-slopes for all size fractions and stations are summarized in
ence between the winter and summer adjusted trends. Payrable 6. The slopes of the raw 90th quantile data are neg-
erne is mostly surrounded by farmland. It can therefore beative and larger in absolute terms than their OLS regression
hypothesized that the larger summer changes in Payerne ammunterparts for all stations except Harwell (see Tables 5 and
the result of larger summer decrease in agricultural activitiess). Nevertheless, the differences do not seem to be signif-
and/or natural biogenic emissions. Langenbruegge/Waldhoicant as their 95 % confidence intervals largely overlap (not
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shown). Penausende is an exception because the 90th quaiaster than the decrease in the average. Further research is
tile raw slope is significantly lower than the OLS slope. required to identify what changes in the emissions or pos-
Considering the slopes of the 90th quantile of theo,RM  sibly unaccounted for meteorological processes lead to the

adjusted data, they are significantly lower than the OLSreduced variability.

PMgy 5 slopes at lllmitz and Penausende. This is not found Although PMyg concentrations decrease in the 2000

to be the case for PMarse The daily data with the OLS, decade, the rate of reduction is slower compared to the 1990

the 50th quantile and the 90th quantile regression lines arelecade (Barmpadimos et al., 2011a) and it does not corre-

shown in Fig. 10. The meteorological adjustment decreasespond to the decrease in the emissions in Europe (Harrison

the absolute value of the 90th quantile slopes for llimitz andet al., 2008). A number of possible explanations have been

Penausende (Table 6), which indicates that changes in localuggested for this (Harrison et al., 2008). The evidence put

weather and transport patterns are responsible to some extefarward in this study supports the conclusion that meteoro-

for the observed changes of very large concentrations. Howlogical conditions have not changed in favor of higher levels

ever, the confidence intervals of the 90th quantile slopes aref PM, with the exception of Payerne for BMI (Fig. 5). It

rather large and the difference between the raw and adjustedas also shown that PAM and PMoarseplay different roles

values is not statistically significant. Therefore, the degree tan the development of P trends: PM 5 decreases at most

which long range transport, local meteorology and regionalEuropean sites, whereas Rdsedoes not. This also im-

emissions contributed to these changes is difficult to quantifyplies that the PNyarsefraction in PMyg increases, the rate of
increase being 0.6 % per year on average over all stations.
Therefore, in order to keep reducing effectively R\h the

5 Conclusions future, air pollution abatement strategies should not only tar-
get PMp 5 but also PMoarse

The trends and variability of PN, PM25 and PMgarseat

seven European sites were investigated. Statistical modelingupplementary material related to this

by means of Generalized Additive Models was used to esqgrticle is available online at:

timate the effect of several meteorological variables to PMhttp://www.atmos-chem-phys.net/12/3189/2012/

concentrations and estimate PM concentrations adjusted fajcp-12-3189-2012-supplement.pdf

the effect of meteorology. The estimated relationships be-

tween PM and meteorology were reasonable and consistent
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