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Abstract. Mobile measurements of PMparticulate mat-  substantially to particulate number concentrations (between
ter with an aerodynamic diameterl um) chemical com- 40 and 80% depending on meteorological conditions and
position using a quadrupole aerosol mass spectrometer anemissions, 60 % on average) as well as to the mass concen-
a multi-angle absorption photometer were performed usingrations of PM components measured on road in downtown
the PSI mobile laboratory during winter 2007/2008 and De-Zurich (between 30 and 90 %, on average 60 % for black car-
cember 2008 in the metropolitan area of Zurich, Switzer-bon and HOA, and between 90 and 100 % for WBOA, OOA,
land. Positive matrix factorization (PMF) applied to the or- and the measured inorganic components). The results em-
ganic fraction of PM yielded 3 factors: Hydrocarbon-like phasize, on a scientific level, the advantage of mobile mea-
organic aerosol (HOA) related to traffic emissions; organicsurements for distinguishing local from regional air pollution
aerosol from wood burning for domestic heating purposesresearch, and on a political level, the importance of regional
(WBOA); and oxygenated organic aerosol (OOA), assignedcollaboration for mitigating air pollution issues.

to secondary organic aerosol formed by oxidation of volatile
precursors. The chemical composition of Pias assessed
for an urban background site and various sites throughou§ |ntroduction

the city. The background site is dominated by secondary in-

organic and organic species (57 %), BC, HOA, and WBOA Atmospheric aerosols, liquid or solid particles suspended
account for 15%, 6%, and 12 %, respectively. As for thein the air, influence our climate (IPCC, 2007), affect re-
other sites, HOA is important along major roads (varying be-gional visibility (Watson, 2002), and impair human health
tween 7 and 14 % of PMfor different sites within the city, (Pope and Dockery, 2006). These effects make them the
average all sites 8 %), domestic wood burning makes up befocal point of numerous research activities. Laboratory ex-
tween 8-15 % of PMfor different sites within the city (av-  periments (e.g. “smog chamber studies”) and field measure-
erage all sites 10.5%). OOA makes up the largest fractiorment campaigns all over the world have led to vast ad-
of organic aerosol (44 % on average). A new method allowsvances in the understanding of their sources, their physical
for the separation and quantification of the local fraction of and chemical properties, and their evolution in the atmo-
PM; emitted or rapidly formed in the city, and the fraction of sphere. However, aerosol particles are still less understood
PM; originating from the urban background. The method isthan gas phase species due to their heterogeneous distribu-
based on simultaneous on-road mobile and stationary backion, short atmospheric lifetimes compared to longer-lived
ground measurements and the correction of small-scale meyases, and the analytical challenges faced when investigat-
teorological effects using the ratio of on-road sulfate to sta-ing small particles (Posfai and Buseck, 2010). This is espe-
tionary sulfate. Especially during thermal inversions over thecially true for the organic fraction of particulate matter (PM),
Swiss plateau, urban background concentrations Contributhically making up 20-90 % of the submicron aerosol mass

(Jimenez et al., 2009).
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Health effects of PM are especially important in highly variation of the parameters of interest can be of importance
populated areas. A growing portion of the world’s popu- for explaining particular atmospheric processes. Previous
lation lives in cities and megacities, being exposed to anstudies either featured the same type of instruments at various
increased risk of morbidity and pre-mature mortality due sites simultaneously (e.g. Mejia et al., 2008; Xie et al., 2008),
to poor air quality (Baldasano et al., 2003; Molina and or a set of various instruments mounted on a mobile platform.
Molina, 2004; Gurjar et al., 2010). Therefore, field cam- Many mobile measurements have been performed using air-
paigns in urban centers (e.g., Milan, Italy, Mexico City, Mex- craft (e.g. Schneider et al., 2006; Bahreini et al., 2003; De-
ico, Barcelona, Spain), addressing emissions from urban ancarlo et al., 2008), or, if ground-based, focused on vehicle
thropogenic activities as well as the evolution of the city’s exhaust (e.g. Canagaratna et al., 2004; Zavala et al., 2009;
pollution plume to surrounding areas, are an important andrhornhill et al., 2010). Only few studies covered ground-
widely applied part of aerosol research (e.g. Baltenspergebased spatially resolved particle characterization or source
et al., 2002; Zhang et al., 2004; Molina et al., 2010; Pan-apportionment (Bukowiecki et al., 2002, 2003; Weimer et
dolfi et al., 2011). The city of Zurich, Switzerland, with al., 2009).
~400 000 inhabitants, has been the focus of previous field The present study combines ground-based mobile AMS
studies, e.g. investigations on the contribution of road traf-measurements with PMF source apportionment. It was our
fic to ambient levels of fine particles (Gehrig et al., 2001), goal to explore the spatial variation of the chemical compo-
non-exhaust particles generated by road traffic (Bukowieckisition of PM, (particulate matter with an aerodynamic diam-
etal., 2010), the chemical composition of PM (Hueglin et al., eter D < 1 um) for winter time in the city of Zurich. A new
2005), sources of organic aerosol by means of factor analytmethod to distinguish the local fraction of RNtom the frac-
ical modeling of mass spectrometer data (Lanz et al., 2007)tion related to the urban background will be presented. This
or the fossil and non-fossil fraction of carbonaceous aerosotlifferentiation is of high importance for local policy makers
(Szidat et al., 2006). Especially high PM concentrations (upconcerned with air quality.
to 120 ug n3) can be observed during winter time due to
thermal inversions preventing dilution of emissions, and in-
creased emissions from wood burning for domestic heatingg Methods
purposes (Lanz et al., 2008).

The multitude and complexity of processes leading to high2.1  Zurich mobile measurement campaigns
aerosol mass and number concentrations on a local or re-
gional scale have made it difficult for policy makers to suc- For 10 days between 27 November 2007 and 16 Decem-
cessfully design and implement mitigation activities for PM, ber 2008 on-road mobile measurements were performed in
in which knowledge about sources is a prerequisite. This inthe city of Zurich, Switzerland (400 ma.s.l.), representing
turn requires information on particulate chemical composi-66 hours of data. Measurements of the Péiemical com-
tion. Developments in the field of aerosol mass spectrometryosition, size distribution and number concentration, trace
during the last decade have made real-time online measuregas concentrations (NQCO, CG), and meteorological and
ments of the chemical composition of PM possible (Cana-geographical parameters (temperature, relative humidity, so-
garatna et al., 2007; Baltensperger et al., 2010). In 2005lar radiation, altitude, longitude, latitude) were conducted.
a new technigue involving a series of multivariate linear re- Figure 1 gives an overview of the dates and times of mea-
gressions was published (Zhang et al., 2005), allowing forsurement and the number of loops driven along the chosen
deconvolution of the organic mass spectral data matrix mearoute. The route was chosen such that major traffic arteries,
sured by a quadrupole aerosol mass spectrometer (Q-AMSpesidential areas, suburbs, and surrounding hills were cov-
into a chemically reduced fraction called hydrocarbon-like ered. After each loop, stationary data were acquired at the
organic aerosol (HOA), assigned to primary emissions, andirban background site “Kaserne” for a few minutes. Zurich
an oxygenated organic aerosol (OOA) fraction, related toKaserne has been characterized in previous studies as “urban
secondary formation of PM from volatile organic precursors. background” for PMo, PM 5, and PM and additional air
Lanz et al. (2007) combined Q-AMS organic mass spectralquality parameters (Gehrig and Buchmann, 2003; Hueglin et
data with the factor analytical model positive matrix factor- al., 2005; Szidat et al., 2006; Bukowiecki et al., 2010; Lanz
ization (Paatero and Tapper, 1993, 1994), and were able tet al., 2008). It is a courtyard shielded from direct emissions
further separate organic source components, including a sulBy its surrounding walls. In addition, the roads in its vicin-
division of OOA into a low-volatility (OOA 1) and a semi- ity belong to residential areas with only minor traffic density.
volatile (OOA 1) fraction. The site is part of the Swiss National Air Pollution Monitor-

Infrastructure requirements of aerosol and gas-phase ining Network (NABEL).
strumentation put restrictions on ambient air quality mea- Mobile measurements were usually performed during
surements, which often lead to a fixed installation of instru-morning and evening periods, when traffic and domestic
ments at a designated place with sufficient power and protecheating emissions are at their maximum (Lanz et al., 2008;
tion. However, in addition to temporal evolution, the spatial Krecl et al., 2008), for about 3—4h each, and normally
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Date 27.11. 28.11. 29.11. 16.12. 08.01. 15.02.  19.02. 14.12. 15.12. 16.12.
2007 Sunday 2008
Driving time morning 10:00 - 11:30 08:30 - 12:00 08:30 - 12:30 09:30 - 13:00 09:30 - 13:00 08:00 - 11:30 09:30 - 12:30] 10:15-13:10 08:30 - 12:30 08:30 - 12:00
Driving time evening 16:30 - 20:00 17:00 - 20:00 17:00 - 20:30 17:30 - 20:00 16:30 - 20:00 16:00 - 18:30] 14:30 - 19:30 14:00 - 19:30 14:00 - 18:00
# loops morning 1 3 3 3 3 3 3 2 3 3
# loops evening 3 3 3 3 3 3 3 3 2
Avg T (°C) morning 3 1 0 0 3 0 2 1 2 1
Avg T (°C) evening 4 2 4 0 4 8 2 2 1
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Fig. 1. Overview of drives. Number of loops states how many times the measurement route in Fig. 6 was driven in the given time interval.
PM; includes AMS and MAAP measurementsfz39 and PAH mass concentrations were measured by Q-AMS. Boxes represent upper
and lower quartiles, horizontal lines correspond to the median, and whiskers denote 10 %- and 90 %-percentiles. The vertical line shows the
division of the dataset into part 1 and part 2. 16 December 2007 is the only Sunday measured, all other days are weekdays.

included 3 loops per half-day. The elevated areas (Buchegtpns), equipped with a diesel particulate filter which reduces
Square — Limmattal Station, 550 ma.s.l., abtliberg,  the danger of particulate self-contamination during measure-
800ma.s.l.) were covered once per half-day. The sectiooments. The van setup has been described in detail elsewhere
leading up tdJetliberg and the one from the main train sta- (Bukowiecki et al., 2002; Weimer et al., 2009), and only
tion to Selnau were only made in December 2008. modifications specific for this study will be presented here.
The main inlet in front, located at a height of 3.2m above
ground, consists of a 4-cm inner diameter stainless steel tube.
A heavy-duty blower provides a constant flow of 14™s

1 . - - - . . -
Measurements were performed with the PSI mobile Iabora-(50 kmIT) in the main inlet, eliminating the influence of

A . driving speed. The flow is monitored with an anemometer
tory. shqwn n F_'g‘ 2.’ an IVE_CO 35.814\/ Daily van_(length AM-4203 (Lutron, Taiwan). Despite the turbulent flow in
6m; width 2m; height 3m; maximum gross weight 3.5

2.2 Mobile laboratory
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s “.'“.\ nium (NH; ,further denoted as NH, nitrate (NG, in the
i ! et following denoted as N@), sulfate (S§~, denoted as S,
me \—,*‘ chloride (CI-, denoted as Chl), and organics. Polycyclic aro-

matic hydrocarbons (PAHs, formed during burning or pyrol-
e ysis of organic matter in incomplete combustion (Dzepina et

al., 2007) were included in total organic mass loadings unless

W‘ specified differently. Details of the instrument configuration
]| hm::,yw) ‘ ) — and functioning have been described in numerous publica-
trws) by == tions (Jimenez et al., 2003; Canagaratna et al., 2007). The
| o || instrument was operated in the mass spectrum (MS) mode
‘ only, with an averaging time of 6 s (50 % open/closed), scan-

ning anm/zrange from 1-300. No drier was used prior to
Q-AMS sampling, as is generally recommended in order to
Fig. 2. PSI mobile laboratory. Nanalyzer and CO analyzer were C0Ntrol RH and particulate phase water. This is an important
only included in the December 2008 measurements. parameter influencing the collection efficiency of the instru-
ment after the lens (Cross et al., 2009). However, the temper-
ature difference between outside and inside the mobile lab-
this part of the inlet (Reynolds numbBe~42 000) particle  oratory has a (varying) drying effect on the sample air, as it
losses (for particles with a diameter between 50 and 700 nmreduces relative humidity (RH) inside the van (e.g. for cam-
a size range where the aerodynamic lens transmission effpaign average values from 79 % RH &t outside to 33 %
ciency of the Q-AMS is larger than 50 %, Liu et al., 2007) RH at~15°C inside).
are negligible €0.23 % for diffusion or gravitational losses,  Additional aerosol instruments deployed in the mobile
<0.3% for turbulent diffusion losses), due to the high flow laboratory included a multi angle absorption photometer
velocity. Two smaller stainless tubes with an inner diameter(MAAP 5012, Thermo), yielding the black carbon (BC) mass
of 0.8 cm, reaching inside the main inlet tube (in the flow di- concentration with a time resolution of 1s. For the conver-
rection, one in front, 10 cm behind the main inlet entrance,sion of the measured light absorption coefficient (at wave-
the other one in the back, 250 cm behind main inlet entrancelength 1 =630 nm) to the black carbon mass concentration,
distribute the sample air to the two instrument racks (fronta mass specific absorption cross sectiggs of 6.6 m? g1
rack and back rack) inside the van. There is some reductiomvas used. The particle number concentration was measured
in flow velocity from the main inlet tube to the tubes reaching with a condensation particle counter (CPC 3010s, TSI) with
the racks (by factors of 2 and 4 for the front and back branch-a time resolution of 1 s. A dilution flow of 9 | mint was used
ing, respectively). Such anisokinetic sampling can lead to arfo extend the upper limit of the concentration range (0.0001
enrichment of larger particles. We did not observe such artito 10 000 particles c¥) by a factor of 10.
facts during tests with the main inlet flow switched on and CO, was the only gas phase species measured during
off, most likely due to the low size range of the particles all drives of the campaign. A LI-7000 GZHO analyzer
measured for this study (for the data taken before Decem{LICOR) measured infrared absorption by £€@nd HO.
ber 2008, the Q-AMS was equipped with a high-throughputFor the days of December 2008, a LMA-3 Luminox Mon-
lens which can potentially reduce the transmission of parti-itor (SCINTREX) was deployed, detecting the presence of
cles larger tham-400 nm, Hildebrandt et al., 2010). From NO2 via chemiluminescence (using a luminol solution). A
a common manifold for the front and for the back rack, re- chromium trioxide converter oxidized NO to N®y CrOs
spectively, copper (or Teflon, for the gas phase instrumentsyvith an average effectiveness of 82 %, allowing for the de-
tubing with 0.4 cm inner diameter led to the different instru- tection of NG.. CO was measured for the same period as
ments (lengths>100 cm for particle phase, 200-300 cm for NOy with a carbon monoxide analyzer (Aerolaser GmbH,
gas phase instruments). Residence time for the aerosol samiL.5002). All gas phase measurements were performed with
ple varied between 5 and 6, depending on the position of time resolution of 1 s.
the instrument. Due to the high main inlet flow velocity, the  Longitude, latitude, and altitude as well as driving speed
difference in residence time between the front and the backvere recorded by GPS (Garmin lIplus) with a time resolution

rack is negligible (0.02 s). of 2s. Temperature (thermilinear thermistor network, YSI
44203), pressure (device constructed by PSI), RH (HUMI-
2.3 Instrumentation CAP sensor, Vaisala HMP 31UT), and global radiation (pyra-

nometer, Kipp&Zonen “Solarimeter” CM10) were logged
The majority of data presented in this study was collectedyith a time resolution of 1 s.

with the Q-AMS (Aerodyne Research Inc.), providing in-
formation on the non-refractory chemical components with
a vacuum aerodynamic diametgf pm, including ammo-
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2.4 Positive Matrix Factorization (PMF) possible high aerosol water content due to a lack of a spe-
o cific drying unit in the sample air (see Sect. 2.3) support the
2.4.1 PMF model: principle relatively high Q-AMS CE. Comparisons of various AMS

datasets from all over Europe within the EUCAARI/EMEP
Source components of the organic fraction measured by Qpyroject show that ammonium nitrate fractions:68.25 can
AMS were defined using PMF (Paatero and Tapper, 1993gready lead to a CE above 0.5 (Nemitz et al., 2011). Interest-
1994; Lanz et al., 2007; Ulbrich et al., 2009). PMF is a fac- jngly, Hildebrandt et al. (2010) found, based on the method
tor analytical tool whose usefulness in source apportionmen]g,y Kostenidou et al. (2007), exactly the same CE for this in-
of AMS ambient organic data has been proven in nUMerougiryment, when it was operated in Crete.
studies (e.g. Lanz et al., 2010). Based on Eq. (1), PMF as- a| data including gas phase species were averaged to
sumes thatjj, element in row (time) and columrny (M/2 1 min to match the averaging time chosen for the Q-AMS
of a measuredr x n organic data matrix, can be mod-  gata. The quadrupole mass spectrometer scans consecutively
eled as a linear combination of (number of factors) factor through mass-to-charge ratias/z’s) 1-300, spending a fi-
profiles fpj (element of thep x n matrix F) with respective  pjte time at eacim/z As described in Bahreini et al. (2003),
mass contributiongjy, element of then x p matrixG, plus  particle counting statistics hence impose additional limita-
an error termvjj, element of then x n residual matr€ (E tion on the signal-to-noise ratio. Assuming that at least 10
= X—GF). G andF are constrained to have non-negative particles are required to be detected at eattfor a relevant

values. representative average of the ambient chemical composition,
- _Z Foiten 1) and an aerosol number concentration~80 000 (rounded
= . &ipJpj T €ij median of all CPC measurements), it takes 0.3s (14s) to

measure 10 particles (10 “high-mass particles”, Jimenez et
The solution is a weighted iterative least squares fit minimiz-al., 2003) at a givem/zin MS mode. Hence 1 min aver-
ing O as in Eq. (2), where the known standard deviati@ﬁls aging time corresponds to a temporal resolution sufficiently
for the valuesyj; are used for determining the weights of the low to get a representative sample of the ambieni BNem-

residuaISeij. ical composition but still high enough in terms of spatial
) resolution (225 m with a campaign average driving speed of
m n 13.5kmird).
Q=ZZ(6ij /Uij) () AMS data uncertainties were calculated using the algo-
i=1j=1 rithm developed by Allan et al. (2003). Further modifica-

PMF does not require any a priori knowledge regardingtion steps of the elements;j of the uncertainties matrix
sources, but is based on the assumption that factor provere done according to the protocol detailed in Ulbrich et
files do not change over time. The model was solved with@l- (2009). m/zs directly proportional tom/z44 (m/Zs 16,

the PMF2.exe algorithm v.4.2. (Paatero and Tapper, 1994}7, 18, and 28) were not downweighted, since downweight-
and results were analyzed using the PMF evaluation tool"d Of those variables led to no feasible PMF solution (see

(PET 2.03A) (Ulbrich et al., 2009). Supplement information Sl, Fig. SI-1). As stated in Lanz
et al. (2007), meteorology plays a dominant role in aerosol
2.4.2 Preparatory data analysis for PMF mass concentrations during Swiss plateau winters, governing

the diurnal pattern of emissions, which makes it difficult for
Q-AMS data were analyzed using the standard algorithm dePMF to differentiate between the different factors. Increas-
veloped by Allan et al. (2004) (AMS Analysis Toolkit 1.41) ing the weight oin/z44 by a factor of 2.24 (the square root of
within Igor Pro 6 (Wavemetrics, Lake Oswego, OR). The the number of/z44-related ions, Ulbrich et al., 2009) rela-
fragmentation table for organics was modified according totive to normally calculated errors was just sufficient a priori
Aiken et al. (2008). The CE of the Q-AMS was determined information to yield an atmospherically relevant PMF solu-
to be 0.85, based on a comparison of the mass concentraion. Richard et al. (2011) observed the same for their dataset
tions of the sum of Q-AMS and MAAP data (non-refractory obtained from stationary measurements in Zurich Kaserne in
PM; plus BC) with a tapered element oscillating microbal- December 2008.
ance (TEOM) monitor (Thermo). This comparison was per- Due to the time gap between the measurements in win-
formed in the time period of 27 November 2007 to 10 Jan-ter 2007 and December 2008 and thus varying instru-
uary 2008. An Aerodyne high-resolution time-of-flight (HR- ment performance (with an especially bad resolution of the
ToF-AMS) was measuring at the background site during De-quadrupole mass spectrometer during December 2008 mea-
cember 2008. The CE of the HR-ToF-AMS was determinedsurements, compare Sect. 3.2), the organic dataset had to be
to be 1 (Richard et al., 2011). Q-AMS (CE=0.85) and split into two parts for the application of PMF (part 1. mea-
HR-ToF-AMS (CE =1) agreed very well (maximum differ- surements days November 2007—February 2008; part 2: De-
ence 10 % for all comparison periods). A high ammonium cember 2008). PMF2 was run in the robust mode (outliers
nitrate fraction (42 % of total PMmass on average) and |€ij /Uij| > 4 were dynamically reweighted during fitting to
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not pull the fit excessively). The model error (term in the concentrations up to 100 ppb (median) and 140 ppb (up-
uncertainties estimation proportional to the signal), which isper quartile) on 15 December, far above the mean value
intended to decrease the Q-value for points that do not fit thedf 30 ppb for December 2008—February 2009 measured at
model, was set to 0 (Ulbrich et al., 2009). Zurich Kaserne by NABEL. However, it must be taken into
account that measurements were performed on road and
hence there was a substantial influence by local tailpipe emis-

3 Results sions. The median of the CO concentration, a byproduct
of incomplete combustion, were within the range of the an-
3.1 Overview of measurements nual mean of 0.36 mgn? (~315 ppb) (BAFU and EMPA,

2009). Rather high wind speed (up to 4tson 14 Decem-
Figure 1 gives information on dates and times of measureper 2008 and a change in meteorological conditions (start of a
ments, the number of loops on the measurement route in thfontal passage) including breakup of the inversion in the late
corresponding time interval, the mean temperature, as welhfternoon of 16 December 2008 led to PNh/z39, PAHSs,
as an overview on the parameters measured and their varand number concentrations that were at the lower end of the
ability. The importance of meteorological conditions for the concentration range for part 2 compared to the other days.
day-to-day variation of the pO”Utant concentrations becomes Since mobile measurements are On'y point measurements
evident looking at concentration trends of all measured pajn time, the question of representativeness arises. Figure SI-
rameters, all of which follow a roughly similar temporal pat- 3 presents a frequency plot of RMdaily averages of the
tern. Zurich lies on the Swiss plateau, a densely populated reperiods 1 November 2007—28 February 2008 and 1 Decem-
gion wedged in between the Jura mountains in the north angher 2008-31 December 2008 at the urban background site
the Alps in the south. In winter, frequent thermal inversions Kaserne, with the values corresponding to the days of mobile
lead to an entrapment and hence accumulation of emissiongeasurements colored in black. The distribution of the mo-
and subsequently formed secondary components, resultingjle measurement days covers the full range ofjpMean
in a rather uniform distribution of pollution throughout the yajyes, indicating that the chosen days gave a reasonable

whole Swiss plateau region (Lanz et al., 2010). overview of the concentration range observed in these two
Figure SI-2 shows such a situation for 29 November 2007 yvinters.

where air masses had been residing over Switzerland for
3 days before arriving at the receptor site. Consequently, th@.2 PMF results: organic source components
3 measurement days in November 2007 were characteristic
of a gradual accumulation of pollutants, e.g. BAHs, and  For both part 1 and part 2 of the organic data matrix mea-
CO,. The decrease in number concentration at the same timgured in Zurich by Q-AMS, three factors were found, at-
could be due to processing of air masses, leading to particl¢ributed to the following components: Hydrocarbon-like or-
growth through coagulation/condensation. ganic aerosol (HOA) representing the fraction of organics
The Sunday of 16 December 2007 showed low concen+elated to primary traffic emissions; wood burning organic
trations for all parameters due to fewer emissions (Sundayerosol (WBOA) from wood burning for domestic heating
ban of heavy-duty traffic). 8 January 2008 was the firstpurposes; and oxygenated organic aerosol (OOA), which
day after a rainy period, hence particle mass concentrarepresents secondary organic aerosol formed by oxidation
tions were low since there was only little time for process- and condensation of volatile organic precursors (Fig. 3). The
ing of the air masses and accumulation of pollutants. Onmass spectral profiles found independently for the two parts
15 February 2008n/z239 (a wood smoke marker with con- are well correlated: Using the full spectra for the correlation
tributions from K and (;‘;Hgr ions), and PAH concentrations yielded R2 values of 0.97, 0.97, and 0.93 for OOA, HOA,
were particularly low compared to total RMmost likely  and WBOA, respectively; and slopes of 1.04, 1.18, and 1.04
due to the fact that measurements were only performed durfor OOA, HOA, and WBOA, respectively. When correlating
ing the morning, and evening emissions from wood burningthe OOA spectra of part 1 and part 2 without the peaks re-
for domestic heating purposes are usually higher than mornkated tom/z44 (i.e., removingn/Zs 16, 17, 18, and 28), the
ing emissions. The highest AMconcentrations (median sameR? of 0.97 was found.
50 pug N3, equal to the Swiss 24h-legal limit for PMhat The HOA factors show high signals of the ion series
must not be exceeded more than once a year) were recorde®,H,,. 1™ (m/z29, 43, 57, 71,...) from saturated alkanes,
on 19 February 2008, a day during a period of stable temperand G,Hy,_1T (m/z 41, 55, 69,...) from alkenes plus cy-
ature inversion and subsequent accumulation of pollutants. cloalkanes. Diesel exhaust is typically dominated by re-
Stagnant air masses due to thermal inversion also led t@ondensed engine lubricating oil and consists mainly of
an accumulation of pollutants from 14-15 December 2008.n-alkanes, branched alkanes, cycloalkanes, and aromatics
NOy, in Switzerland mostly emitted from fossil fuel combus- (Canagaratna et al., 2004). Correlation of the HOA factors
tion from traffic (58 %), but also from households (7 %), in- found here with the standard HOA mass spectral profile from
dustry (25 %), and agriculture (10 %) (BAFU, 2009), showed Ng et al. (2011) yieldsk? values of 0.98 and 0.9 for part 1
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29 For part 2, m/z 29 was removed from the matrix be-
807 W Factor 3: WBOA fore running PMF due to exceptionally low resolution of
o, 7 . ,Rdab%d,k o the quadrupole mass spectrometer making the separation of
%407 neighboring peaks such asz28 andm/z29 difficult. m/z
2Z]| J ..| | I |||| ..I|||I|I ..T(.).nhlh.._7.3...I|I.||........I|.......A 29 was then reintegrated as a linear combination of fractions
010 o of the PMF solutions HOA, OOA, and WBOA, respectively,
T 008+ Factor 2: HOA of part 2: The measured time seriesmofz29 was fit using
g 0064 oo Ko Eq. (3), whereG1—G3 represent the time series of factors 1—
5 g:s:: ‘ 3 (OOA, HOA, and WBOA)) of the PMF solution, and the
£ ool ol R R | T T resultinga, b, andc the fractions ofm/z29 of each factore
0207 2 “ denotes an error term.
0.15
0104 reoan OO f(G1,G2,G3)=G1a+Gab+Gac+e ®3)
005+ | | ' | In addition, part 2 comprises fewer data with an overall lower
o.ooJf,!;f,,l,,,;;!".i!...,”ﬁ"‘“..!...‘.‘;7!7!777:7;:;:7:777;7:7:77:7i7:7:-,:.;lr::;yr:.;l signal-to-noise ratio (SNR) than part 1 (not shown), from
20 30 40 50 60 70 80 90 100

3 days of relatively stable meteorological conditions, mak-

Fig. 3. Normalized mass spectral signatures of factors 1 (OOA), 2/ng the differentiation of factors more_ (;llffICU|t. Especially
(HOA), 3 (WBOA) of the chosen PMF solution. Colored sticks and HOA and WBOA can potentially be difficult for PMF to be
black sticks denote results for part 1 and 2, respectiefvalues ~ Separated perfectly, as has been observed by e.g. Aiken et
quantify similarity of spectra from part 1 and 2. al. (2010) and DeCarlo et al. (2010). For WBOA, the solu-
tion chosen for part 2 has lower signalratZs 41, 43, 55,

and 57 than the part 1 solution. However, choosing an fpeak
with a higher fraction oim/z57 (fpeak< 0) would lead to

a solution with lower signal an/z60, a marker of biomass

and part 2, respectively, showing their high similarity. The
factors identified as OOA have their dominant signamét

44, which mostly represents (;Urom the thermal decom- burning emissions (see above). For fpeak = @nlz 60 in

position of organic acids (Alfarra, 2004). This is in accor- WBOA would be at a maximum, but for fpeak0.1 the con-
dance with previous findings suggesting that the fraction ofiiy, tion fromm/z44 in WBOA becomes zero (Fig. SI-11),

m/z44 in the organic spectra increases with photochemicaliq is not in accordance with wood burning emission stud-
aging (Ng et al., 2010). Comparisons with the standard OOA, ¢ (e.g. Heringa et al., 2011).
spectrum from Ng et al. (2011) show high similarig?( of The results found here are in good agreem@3tdf 0.99

0.96 and 0.83 for part 1 and part 2, r_espectivel_WZs 17, - (0.98), 0.99 (0.97), and 0.85 (0.66) for OOA, HOA, and
18, and 28 were removed f.rom the fit due to differences inyy,goa part 1 (part 2), respectively) with the factors found
the frag table used here (Aiken et al., 2008). The presence, giationary measurements at the urban background site
of significant signal am/z60 in the WBOA spectra helped ocarme in January 2006 by Lanz et al. (2008), who used a

identify their origin, sincen/z60 is attributed t0 €H40;, 2y pyrid receptor model solved by the multilinear engine (ME-
fragment of levoglucosan which in tum is a pyrolysis prod- 5y \yhich incorporates a priori known source composition.
uct of cellulose (Alfarra et al., 2007)R? of 0.83 and 0.63 The same three PMF factors (wité? of 0.98 (0.97), 0.87
were found for the correlations of the WBOA factors with (0.86), and 0.87 (0.79) for OOA, HOA, WBOA part’ 1 (part
the standard biomass burning (BBOA)_spectrum from Ng etz), respectively) were also found by Richard et al. (2011)
al. (2011) for part 1 and part 2, respectively. _ _for a unit mass resolution (UMR) organic dataset again from
Rotational ambiguity leads to non-unique solutions still 7,,ic, kaserne, measured by a high-resolution time-of-flight
fulfilling the non-negativity constraint (Paatero et al., 2002). AMS in December 2008.
The rotational freedom of t,h,e chosen solution can be ex- - aggitional quality assurance of PMF results was done by
plored through a user-specified rotational parameter fpealg,mnaring the time traces of factors 1 to 3 with measured
and was chosen to be0.1 for part 1, and O for part 2. aer mass fragments, inorganic components, and ancil-
DecCarlo et al. (2010) explored the solution space for the|ary data (Fig. SI-14-S1-20). Least squares estimates are

chosen fpeak running PMF with 50 random initial values ¢y sensitive to outliers (non-robust method), and especially
(SEED) at iteration start._For the present_ dataset, SEED valg,o'gc data, but also the PMF factor time series of part 2
ues between 0 and 50 yielded two solution groups. For the,,y gases time series exhibited many spikes. The before-

group not representing the present solution corresponding 4" mentioned low resolution of the Q-AMS during part 2
to SEED =0, WBOA and OOA were less clearly separatedyqaqrements led to rather noisy data. In addition, since the

(Pearson’'k value of 0.77, compared to 0.44 for the present g4 \ere acquired while moving, short-time concentration

solution). For further detailed discussion of parameters Cho'peaks could partially be missed due to Q-AMS-specific par-

sen and mathematical criteria for the number of factors deyjcje counting statistics (compare Sect. 2.4.2). Hence, the re-
termined we refer to the Sl, Sect. 4. gression analysis of the corresponding time series proved to

www.atmos-chem-phys.net/11/7465/2011/ Atmos. Chem. Phys., 11, 74832011
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yield too low R? values to confirm a correlation even though a) o
they showed similar behavior when plotting the time traces .,

on top of each other. Consequently, data for these compai
isons were cleared of outliers (the upper 1st percentile of dat:
was removed) and smoothed using a moving average of !
data points. Figures SI-19 and SI-20 show the correlations
for the corrected and the uncorrected data, respectively. Ii
the following, R? values calculated using smoothed data are
in bold. For partl (part 2), the OOA time trend followed the
time series of organic mass fragment 44 @ORZ:O.QQ 0=
(0.80), HOA showed the same time trends as organic mas Sunday
fragment 57 (mostly gH¥, also GHsO"), R2=0.92(0.88), B 190
and the WBOA time series followed organic mass fragment
60 (G;H40F), R2=0.51 (0.42). Temporal trends of BC are
more similar to those of HOAR?=0.65 (0.67) for part 1
(part 2)) than WBOA £2=0.18 (0.19) for part 1 (part 2)).
This suggests that traffic emissions contribute more tq PM
BC than wood burning emissions. This is supported4y
measurements in winter 2002/2003 in Zurich by Szidat e
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al. (2009): Fossil fuel usage contributed 75 % and biomass | B | I B I [

burning 25 % to elemental carbon (EC). For CO andyNO $ 'S S g 's & '3

available only for part 2R? values with HOA of 0.42 and ;ﬁ f § § § § j’

0.73, respectively, were found, again confirming the rela- A " T 7T
Date

tion of HOA to traffic emissions. As observed by Lanz et
al. (2008), the OOA time series was correlated with/,NH _ N
(R2=0.73 (0.35) for part 1 (part 2)) and the sum of NO Fig. 4. Absolute(A) and relative(B) composition of PM, aver-

and SQ (R2:0 77 (0.39) for part 1 (part 2)) rather than age values per measurement day (complete drive including stops at
with NO= and S'Q individuall supporting the interpreta- background station) and average over whole dataset (“average all”).
. f 3 . | Y: . The dashed line shows the proportions of primary and secondary
tion of OOA as bglng mqsty secqndary. Ambient temper- components.

ature shows a slight anti-correlation with OOA for part 1

(27 November 2007—-8 January 2008: slopeG4,R%2=0.3,

see Fig. SI-16 and SI-18), indicating the importance of ther-. s . .
mal inversions (with low boundary layer temperatures) for ing washout from precipitation in the preceding days (this is

the build-up of secondary particle mass. similar for the 27 Novemb.er 2007 measurements).
Generally, the BC fraction made up22 % of total PM,
but this fraction increased substantially for days when pri-
3.3 PM; chemical composition mary emissions dominated RMomposition. OOA consti-
tuted the biggest organic fraction (on average 44 % of total

The chemical composition of PMmean per measurement organics), as has been found in other places (Jimenez et al.,
day) is shown as absolute (a) and relative (b) values in Fig. 42009), and WBOA and HOA were less important (32 % and
where the dotted black line separates the primary and sec24 %, respectively).

ondary components. Generally, the ratio of primary to sec- The meteorological conditions during the measurements
ondary components decreases when total concentrations imid not allow for a separation of OOA into a low-volatility
crease, due to stagnant conditions inhibiting the exchangand a semi-volatile fraction, OOA-I/LV-OOA and OOA-

of air masses and thus allowing for their aging and accu-I/SV-OOA, respectively, (Lanz et al., 2007; Hildebrandt et
mulation of secondary aerosol. Note the difference in rel-al., 2010) due to relatively small variations in daily temper-
ative composition of 16 December 2007 and 8 January 2008ature and diurnal patterns. However, the degree of oxygena-
2 days with similar total concentrations (14 and 17 ggm  tion of OOA can be estimated by plotting the normalized sig-
respectively) but different distribution of compounds. On nal atm/z44 (f44) vs. the normalized signal at/z43 (f43)

16 December 2007, a Sunday, traffic emissions were muclfrom PMF-OOA spectra (Ng et al., 2010). The PMF-OOA
lower compared to weekdays, due to the dominical ban offs4 and f43 values of various datasets acquired all over the
heavy-duty trucks, thus the fraction of primary compounds,world form a triangle (black dotted lines in Fig. 5). The OOA
especially HOA, was very low. In contrast, primary com- found here lies in the middle of this triangle, and can thus
ponents dominated on 8 January 2008, since there had bedie interpreted as moderately processed OOA with a degree
only little time to build up secondary aerosol mass follow- of oxygenation that does not correspond to highly aged air
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0.30 . o PMFresuls part 1 [omsremort less influenceq by emissions from the city. Re;idential areas
O PMFresults, part2  |gaye and lower traffic roads show similar concentrations through-
0.25 27112007 out the city area between 22 pg#(Triemli) and 32 ug m?
+ 28.11.2007 (Meierhof Square).
+ 29.11.2007 " .
0.20 + 16122007 In addition to the homogeneity of overall RMoncentra-
T oa 008 tion, the equally uniform spatial distribution of the chem-
3 0.15 | + 19.02:2008 ical composition again confirms the influence of meteorol-
14122008 ogy on air pollution levels as mentioned above. However,
0.10 + 16122008 a clear distinction can be made between the urban back-
. ground site “Zurich Kaserne” and the sites covered during
0.05 .. N mobile measurements. At the background station, 50 % of
o+ PM; are comprised of secondary inorganic compounds such
0.00 4 R as ammonium nitrate and ammonium sulfate, BC makes up
| | T T 1 15 %, and the organic fraction is dominated by OOA (49 %
0.00 0.05 0.10 0.15 020 of organics), followed by WBOA (34 %) and HOA (17 %).
fas Lanz et al. (2008) found in their analysis of Zurich Kaserne

data 3-13% HOA, 52-57 % OOA, and 35-40 % WBOA for
Fig. 5. Fractions of organic mass fragments 444) and 43 (f43)in ~ winter 2006. The differences to the average organic com-
the Ngtriangle (Ng et_al., 2010), measured. Black circles show theposition measured throughout the city as described in the
fractions for the resu!tlng spectra from E’MF. The measurement d@brevious section can be explained by the different setup of
of 8 JanL_Jary 2008 (light green dots) with a low s_econdary contr- -y aasurements — the contribution of HOA is expected to be
bution (Fig. 4) shows a lower degree of oxygenation than the other .
data. larger on-road than for stationary measurements at the ur-
ban background site. Interestingly, the WBOA fraction was
very similar for both the urban background site (34 %) and
] on-road (32 %), implying that the WBOA source is either
masses. For comparison reasons, /a3 values for HOA  regional, or well mixed on the local scale due to its emis-
and WBOA are included as well. In addition, Fig. 5 shows gjg typically from chimneys and subsequent downmixing.
[fa4l fa3 values of the measured spectra (wh¢ig and fa3 Richard et al. (2011) found a much lower ratio WBOA/HOA
also have contributions from HOA and BBOA and thus do (17 %/22 %) for Zurich Kaserne, 1-18 December 2008, and
not fall fully into the triangle shape). Nevertheless it can be 5 higher OOA percentage (60%). During December 2008,
shown that the previously discussed day of 8 January 2008,omeless people were regularly lighting fires in the late after-
sticks out (light green), with loweys4 and slightly higher o0 close to the measurement station. We hypothesize that
Ja3 than the average campaign data, again consistent Withys ed to a local WBOA factor in the solution of Richard et
thls day being dominated by fresh emissions and less ageg (2011), explaining less of the variation of RMind ignor-
ar masses. ing the regional WBOA contribution due to its similar tem-
The inorganic fraction is dominated by nitrate, as is com-poral pattern with regional OOA, at least to some extent. To
mon in Swiss winters, when cold temperatures favor am-petter compare the data from Richard et al. (2011) to our re-
monium nitrate partitioning into the particle phase (ammo-gyts, the PMF2 algorithm was run on the last part of their
nium nitrate formation is unlikely to be limited by ammonia, gataset only (15-18 December 2008, the period of part 2 of
Andreani-Aksoyoglu et al., 2008). the mobile measurements), when the open fires were banned
from the site. The variation of the 3 factor contributions be-
came much more congruent with the results found for this
study: HOA 15 %, OOA 50 %, WBOA 32 % (plus 3% in the
residual).
Mobile measurements add an additional dimension of space For the other sites, carbonaceous material (BC, HOA,
to a dataset. Mapping the spatial variation of Pbbncen-  WBOA, and OOA) makes up the biggest fraction with up to
tration and composition as measured by AMS and MAAP 60 %, except for the elevated areas (without Uitikon) where
(including the results from the PMF analysis) in Zurich inorganic constituents such as ammonium nitrate and ammo-
yields a rather consistent picture, with small differences de-nium sulfate constitute more than half of Rivhass. BC is
pending on present local primary emission sources or althe most abundant component, contributing to up to 35%
titude (Fig. 6). On average, the highest mass concentraef PM; mass on major traffic arteries such as West Street
tions were measured on main traffic arteries within city lim- or Rosengarten Street. OOA is the organic compound with
its (e.g. Rosengarten Street with 47 pg Elevated areas the highest concentrations for almost all sites throughout the
such as Bngg (26 pg m3) experience enhanced dilution, or, city. Interestingly, for many sites WBOA concentrations ex-
asUetliberg, can lie outside the boundary layer and are thuseed HOA concentrations. The importance of wood burning

3.4 Spatial variation of chemical composition

www.atmos-chem-phys.net/11/7465/2011/ Atmos. Chem. Phys., 11, 74832011



C. Mohr et al.: Spatial variation of chemical composition and sources of submicron aerosol

7474
Pfingstweid St 30 Limmattal St 25 Meierhof Sq 32 Hongg 26 Waid 27~ Rosengarten St 47 Buchegg Sq 31 Hard St 37
L 8% 9% 1% 1594 6% " o0 130/8%1%14% 120/7%1 % 470, g0, 21007 1% g9, 6%0% -
10% 30% 199, s 12% N 6 5% y 5% 3% & 33% °
12% o 9% 9% 249 21% 5
229% 8% 8% 15% . 2% 7%
o ° 9 34% ° 34% 16% 9
32% 15% ° ° 7% 12% 109, % 119% 15%

13% 8%
Duttweilerbridge 26
9%1%

9% 29%

22% 7%

13% 10%

Werdinse)

0
- Kreis 10
'a“.‘e

1% 8%

=
%,
3

%0,

Irghelpark
S50 bt *

Main station 23

1%
o 21%
()

16% 12%

15%

15%

Eichbiihl St 27 Hardturmsg;o Urban back I p Central 24
'8y
9%, 27% o, 1% 15% 8% 28%
Orgibuck 15% 6%
o, 12% 15%
23% 8% s, 12% 10%
O’ 13%
14% 9% Kreis 9 A 22% 7% % ° 14%
Bullinger Sq 26 SN e Zahringer St 23
10%1% Sihif EL 119%1%
10%, 8% Albisrieden fiedikon 3 ‘m\o\ﬂ)y 25%
. a Lmdemd\ pe °
ikon . j 16% 10%
22% 8% < Zurich ° ( A
0 fa 14% o
13% 9% 8 ) [ ) / o °
. Vald ‘
Sihifeld St 30 ANt 80 | 3 Limmatquai 26
9%1% 9 1%
9% 9% St nm eterpark é 13% 20%
" b 10%
ch \ Enge =
o < | ™ = >
21% 8% Landikon % el 3 . 14%
13% 10% / 14% 11%
Triemli 22 Uitikon 22 Uetliberg 74 Ida Sq 28 West St 30 Erismannhof 25 Selnau 28 Bahnhof St 26
0
19 1961% 9%1% 8% 0% 1%1% 200 11%1% 1191%

12% 21%

% 519 11%! 1%119% 9 9

! 21% 0% 13% o 4% 10% 26% 8% 5% 100,

12% 6% 7% 16% 8% ¥
) 20% 6% 19%

22% 9%  24% 9% 259, 24% 2 0% 23%

17% 18% 14% 11% g, 10%

Q residential area D urban street @ main traffic artery /) elevatedarea g BC

9% 31%
17%
8%
10% 12%
NH4 m SO4 m Chl

9% 34%
15%
00

12% 10%

15%
HOA m WBOA m OOAm NO3

Fig. 6. Spatial variation of the PMchemical composition as measured by Q-AMS and MAAP, PMF results included, in the area of Zurich
city. Pie areas are relative to total average concentrations from all measurements, absolute concentrations are givér(iumgets in
italics behind site names). Sites are categorized according to residential areas, urban streets, main traffic arteries, and elevated areas.

emissions in Zurich has already been described by Lanz etraffic emissions contribute not only with primary emissions
al. (2008). Many houses in Zurich feature a fireplace orto organic PM measured in Zurich, but also via OOA on a
use exclusively wood for heating purposes, e.g. at the resiregional scale.

dential area “Erismannhof” where WBOA accounts for 14 %

of PM;. The fact that even on major traffic arteries, higher 3.5 Background versus local contributions

contributions from wood burning than from traffic emissions

are often measured, can be explained by wood burning emiss 5.1 Concept

sions being part of a regional air pollution problem. Switzer-

land is a country with many rural areas, where wood burmningrhe gistinction and quantification of the fraction of PM
for domestic heating purposes is abundant, and contributegmjtted or formed locally within the city limits, and the frac-
substantially to the overall PM concentrations in the Swiss;jgy of PM; from the background is of high importance,
plateau region dl_Jring these winter periods. !n addition, itespecially for policy makers implementing mitigation ac-
has to be taken into account that wood burning as well agjyities. The unique setup of the Zurich mobile measure-
traffic emissions .have a high pQFentiaI for the format.ion of ments campaign featuring an urban background site (Zurich
secondary organic aerosol (Chirico et al., 2010; Heringa ek aserne) in combination with mobile measurements makes
al., 2011), possibly doubling or even tripling the primarily ;s task possible. As stated earlier, Zurich Kaserne lies in
emitted organic aerosol mass. Thus, both wood burning anghe middle of downtown Zurich but is shielded from direct
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traffic emissions: Its PiMchemical composition is different wood burning can be up to a factor of 2 after 1 h). In addi-
from that measured on-road (see Fig. 6) and representativeon, SGQ concentrations in Switzerland are very low (mean
of the urban background pollution. Lenschow et al. (2001)value in January 2009: 8 ugm, BAFU and EMPA, 2009).
and Querol et al. (2004) showed that in a city area, theThere are no big point sources of $6n the Swiss plateau,
background PM concentration (“urban background”) is el- as there are no refineries and no,Sitting power plants.
evated compared to the regional background PM concentraMost important emitters are domestic heating appliances in
tion. However, Baltensperger et al. (2002) also showed thatvinter, local small industries, or also emissions from traffic
this enhancement is more pronounced for primary compowell distributed throughout the region.

nents (like BC) than for secondary components (like sul- The local concentratioff; of componentS,, measured at
fate). When the meteorological conditions favor the build- time ¢ at position p is then calculated using Eq. (4), making
up of secondary components and a uniform distribution ofthe following assumptions:

pollutants throughout the Swiss plateau (as was the case dur- ) ) o

ing our mobile measurements) a quite homogenous distribu- — Secondary formation and primary emissions o s@e

tion over rural and background sites may be found also for ~ Negligible during the course of one roundtripX(h).

PMjg or P> 5. Figure SI-21 presents the time series of igM
(NABEL data) measured at Zurich Kaserne, in Payerne (a ru-
ral station~100 km southwest of Zurich), andamikon (an-
other rural station~25 km northeast of Zurich) for the same
time intervals as the mobile measurement drives (panel a) — The concept is valid only for measurements within the
and their mean values (panel b, error bars defiaiae stan- boundary layer.

dard deviation). The urban background site shows very sim-
ilar PM1g concentrations (31 ugTﬁ) as the two rural sta-
tions Payerne (31 pugni) and Tanikon (33 pg m?) on the
Swiss plateau. Concerning BNl average values for 14— ) )
16 December 2008 (the days of mobile measurements) wergUPSCript b refers to background (urban background site

24.3ugm 3 in Payerne and 25.5 ugTh at Zurich Kaserne, ~ <aserme). . o .
Local contributions can be estimated by subtracting the ' Contrast to most other studies investigating urban emis-

background concentration of compone§it measured at sions and their downwind plume (e.g. DeCarlo et al., 2010),

Kaserne from the on-road concentration of compongnt our goal was not to assess emissions of the city and their
measured at the same time. Methodological and dynamicfate downwind, but to assess the differences between local

meteorological constraints impose further modifications of€Missions and urban background. The fraction of secondary

this simple approach. Stationary measurements were aMaygomponents formed d_unng one hour will be cc_)unted as l(_)'
performed at Zurich Kaserne with the mobile laboratory a ¢! Whereas the fraction formed on a longer timescale will
few minutes before and after a roundtripeLh. Data ac- P€ quantified as urban background. o .
quired during a Kaserne visit were averaged and these mean COnfirming assumption 3, dilution effects (i.e., intrusion

values were linearly interpolated for the times when measur®' aif masses from above the boundary layer with a dif-

ing on-road. The differences in concentration of componentsferent relative composition) in open spaces (as opposed to
between the background and on-road measurements can SZ€€t canyons) or elevated areas such as Meierhof Square

due to either local emissions, immediate formation of sec-2ndUetliberg can lead to concentrations $fat position p

ondary components or to small-scale dilution and concen-that are lower than at the background site. Thus, the calcu-

tration effects of open squares compared to street canyonl_é‘t?d I.ocal contribution becomes negative, showing also t.he
(inhomogeneities in the boundary layer). Numerous Studieglmltatlons of the method presented here. As an alterqatlve
show that street canyons can be characterized by poor ventfiPproach, Ic_>ca| concentrations were also calculated without
lation conditions, which in turn lead to high levels of air pol- the SQ scaling factor (see Fig. SI-22), e.g.

lution (Vardoulakis et al., 2003). To assess the latter, 3 SO Sit.p=Smr.p— S (5)
scaling was introduced. The formation of secondary sulfate ™’ w ’
is rather slow, the oxidation rate of gaseou39 OH be-  Here, theS, values were not averaged as above, but rather,
ing lower by a factor of~10 compared to N®(Sander et the interpolated median value of 2 subsequent Kaserne visits
al., 2003). The formation of OOA is also more rapid and ef- was used for theSy, time series. This method decreases the
fective than the sulfate formation. Chirico et al. (2010) and negative local contributions, but also overestimates the local
Heringa et al. (2011) have shown in their smog chamber excontributions by neglecting the meteorological effects and
periments that diesel or wood burning emissions start to formwas thus discarded. Qualitatively, both methods yield simi-
OOA on very short time scales (primary concentrations weréar results, with BC and HOA dominating the local contribu-
more than doubled within 1 h for a diesel vehicle without af- tions (see Fig. SI-22). Bukowiecki et al. (2002) estimated the
tertreatment, and the organic matter enhancement ratio fobpackground of CO and particle number concentrations using

— Differences in SQ between Kaserne and measurement
point p are purely due to small-scale meteorological
effects.

(4)
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a moving 5-min 5%-percentile. A similar approach (using A) o agc
a moving 20-min lower 5 %-percentile of each PEbmpo- @ 441 THOA |
[ |

. 13 HWBOA
nent as background estimate) was also tested for the preserg 12| =ooa

dataset, but did not yield meaningful results. Just taking the g 10+ "Nt
lowest concentration of individual PMcomponents assumes 1 e
that background and local aerosol compositions are the same

an implication contradicting the observations made here.

Local contributi

3.5.2 Local contribution of PM; components:
spatial variation
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Figure 7 shows the results for the estimation of local con- 120%7
tributions with the S@ normalization method for different
places throughout the city and the mean value for all data
in absolute (upper panel a) and relative values (lower panel
b). BC concentrations dominate the composition of the local
fraction of PM, measured in Zurich (1-12 pgm, making

up between~30 and 80%). HOA also exhibits high local
concentrations, adding another 0.5-2.5 jigfror ~10-30 % -80% 7
to the local PM fraction. It can thus be concluded that traffic =~ _,qs, |
is the most important local contributor to H,\measured on O residential area[l] urban street @ main traffic artery/ elevated area

road in Zurich. Concerning WBOA, substantial local con- o _ )
tributions can be seen at the residential area “Erismannhof’F'g' 7. Local contributions of I?M components for different sites
(1ng nT3 or 30 % of local PM) where wood is exclusively (absolute values _panéA), relative vaIE‘Jes panc{B)?’, averages for
used for heating purposes. Surprisingly, also Bahnhof Streegzgg\rl]h\?;uzag;ﬂ? cleglr;:;?cs:r?t\:ilgﬁti?r? 0?\;ﬁrgggall bar represents the
and Hard Street, both busy roads, show enhanced local con- '

tributions of WBOA (1-2 pg m3, or 15—-20 % of local P, )

respectively). Residential areas in the vicinity of these roads. - **
seem to contribute more to primary organic aerosol (WBOA) : 4oj- ﬁ — -

than the emissions from traffic (HOA). Overall, compared to 0

the high fractions of WBOA measured in Zurich, its local wof 27.11.2007 evening

80% -

= 40% 4

0% -
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40

Local contribution, %

contributions are rather small. N@s the secondary compo- 60
nent with the highest local contributions, especially in areas £ 27
dominated by traffic emissions (up to 1.5 pug¥nor 10 %,

_| 14.12.2008 morning

at Hard Street). This could either be due to the localkNH
emissions of catalyst cars, or due to rapid oxidation obNO
to HNO;3 followed by neutralization with excess NHboth [ [ — _ e —
leading to enhanced NfilO3 concentrations measured on Bc | Hoa | weoa | o0oA | cpc | Nox | co |
road. Overall, mostly primary emissions contribute to lo-

Cal PIVI]_, Wh”e Secondary aerosoL requ”"ng process|ng andF|g 8. Percentage of local contributions to total measured concen-
formation time, is generally part of the background air. For trations for different components (average of all dath standard

an explanation of negative values we refer to the previougi€Viation, top panel) and 2 measurement drives. Note that for NO
section and CO (top panel) only part 2 data were included in the average

. . (not measured for part 1). The percentage of background contribu-
A more general conclusion can be drawn from looking atyi,ns t total measured concentrations can be derived from this plot

the percentage of local contributions to measured concentrayy suptracting the value denoted by the bars from 10680 % for

tions for a defined component, or in other words the frac-Bc, HOA, and CPC, close to 100 % for WBOA and OGA90 %

tion of a specific aerosol component that is locally emittedfor NOy and CO.

or rapidly formed at a specific site. Figure 8 presents the

values of these local contributions, averaged over the sites

shown in Fig. 7 (the error bars dendtestandard deviation shown here because of large error bars due to very low load-
and show the day-to-day variability of the local contribution ings. In contrast, secondary components such as OOA are al-
fraction, see next paragraph). As stated earlier, primary commost entirely part of the background pollution. The number
ponents from traffic such as BC and HOA exhibit on averageconcentration (measured by the CPC) shows the same high
(top panel) high local contributions (around 40 %); a simi- fraction of local contribution (40 %) as BC and HOA, and
lar value (39 %) was obtained for particulate PAHs but is notcan thus also to a great extent be related to traffic emissions.

Local contril {
N
S
|
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Fig. 9. Time series of measured components and their calculated background concentrationgAPshels an example drive with
high local contributions (big difference between background and measured concentrations)Bpamekxample drive with low local
contributions. Grey bars denote periods when measuring at the background station Kaserne.

Interestingly, WBOA, also a primary component, has only Figure 8 also compares the magnitude of the local rela-
very little local contribution in Zurich {2 % on average), tive contribution for two different days (and scenarios). The
and is mostly part of the background (see also Richard et al.middle panel shows the day of 27 November 2007, where
2011). Overall, more than half of primary RNWheasured in  the ratio of local contributions to measured concentrations
Zurich during winter cannot be directly related to local emis- was particularly high, even for the secondary organic frac-
sions. For secondary inorganic components the local portiotion (OOA). In contrast, the lowest panel presents the situ-
is even below 6 %. This fraction is part of the Swiss plateauation for 14 December 2008 where the local contributions
wide background air pollution trapped by thermal inversions.are almost non-existent except for the primary, traffic related
Nevertheless, it has to be taken into account that the time inecompounds BC and HOA. Since neither of the two days was
tervals considered for the calculation of the background cona Sunday, a weekday effect can be ruled out for this exam-
centration were short (see Sect. 3.5:21 h) and thus sec- ple. In Fig. 9, the time series of BC, HOA, WBOA, and
ondary aerosol formation time was limited; and that Zurich OOA background and measured concentration are displayed.
contributes a large portion, which cannot be quantified, toThe day with low local PM fractions (right panel) exhibits
the background pollution as well (compare Sect. 3.5.1.). Fohigher background concentrations (bold lines) than the day
the gas phase species (not shown), the local contributionsiith high local contributions (left panel), but also has gener-
amount to 20 and 10 % for NCand CO, respectively. These ally lower total concentrations of components (thin lines), re-
values are lower than the local fractions of the traffic-relatedsulting in low local contribution levels. The lower measured
particulate emissions, but above the WBOA and OOA contri-concentrations of 14 December 2008 can be explained by
butions. For CQ, the method did not produce valid results, higher wind speed than on 27 November 2007 (3 fheom-
most likely due to the high background level. The alternativepared to 1.3 m3s!) causing dispersion of primary emissions
background estimation without 3@caling yielded a similar  and by significantly less traffic since rush hour was mostly
pattern, but with 5-10 % higher local contributions, in accor- over when the measurements started. The influence of mete-
dance to the statements made in Sect. 3.5.1. orological parameters such as temperature and wind speed on
the magnitude of local contributions was explored in Fig. 10.

www.atmos-chem-phys.net/11/7465/2011/ Atmos. Chem. Phys., 11, 74832011



7478 C. Mohr et al.: Spatial variation of chemical composition and sources of submicron aerosol

s
—_— — =3
o - f(x) = 0.3 + 0.05"x 27.11.2007 evening 1.0 _ . 300 :
g 0'8 — RZ - 036 ° ., 0.8 — f(g) =0.6 - 0.1*x 200 5
E 06— o .- 0.6 — R' =025 100 2
® o O .--"""g e  [Ttrtw-e..__. ]
g 04— o _.__,.----8;" ° 0.4 — o TG e e __o_ o
@ 02— "7 @ g-a—14.12.2008 morning 0.2 — ¢ o o
o ®
0.0 T | T T 1 00— T T T T
. 10— 0 2 4 6 8 1010 15 2.0 2.5 3.0
g 0.8 - 0.8 -
f(x) = 0.3 + 0.02* =0.4 - 0.02*
S 0.6 ) X 0.6 — | 0=04-002x
k=] R7=004 ___ .. R°=0.005 e
g 04— 4 _ Se..-g-8---cncT 0.4 —9----- ®- -.. ..... @@ --nccccnceaa P -0
S 0.2 0.2 — ° °
0.0 T | T T 1 00— T T T T
@ - 0 2 4 6 8 -1.0 1.5 2.0 2.5 3.0
g 0.8 — 0.8 —
£ - fx) = 0.02 + 0.01*x . _ .
8 042001 .° 0.4 f()z()-—-0.01 +0.03*
< 4 °® J o R®=0.01 °
L ot . M e _______.. ..-.--9 ___.
Q 00— =-e e e W ° 0.0 - ---- p-- %9 P
; | [ ] ° | [ )
-0.4 T i T I ] 04— T T T I
0 2 4 6 8 1.0 1.5 2.0 2.5 3.0
Ambient temperature, ° C Wind speed, ms'1

Fig. 10. Ratios of local contributions to measured concentrations of different components as a function of ambient temperature (left) and
wind speed (right). Data points are average values per measurement drive. Wind speed data are colored according to wind direction.

No conclusive pattern could be observed for the ratio of lo-ter 2007/2008 and December 2008 in the metropolitan area
cal/measured concentrations (mean values per drive, primargf Zurich, Switzerland. PMF applied to the organic fraction
components only) versus temperature, wind speed, or winaf PM; yielded 3 different factors assigned to the follow-
direction measured at Kaserne (NABEL data), nor versusing sources: Traffic emissions (HOA), emissions from wood
temperature differences between Kaserneldettiberg (not  burning for domestic heating purposes (WBOA), and an oxy-
shown). The weak, slightly positive correlation with temper- genated fraction (OOA), related to secondary formation of
ature and very weak, slightly negative correlation with wind organic aerosol from volatile precursors. On average, OOA
speed of local percentages still points to the link betweenmade up the biggest organic fraction, followed by WBOA
background concentration levels as seen in Fig. 9 and thermalnd HOA. Concerning primary emissions, traffic emissions
inversions: As stated earlier, during such conditions, temperwere responsible for high loadings of organic aerosol along
atures are low and stagnant air masses (with low wind speedsajor roads and contributed substantially to BC mass load-
prevailing) allow for processing of primary PMind a build-  ings, however, domestic wood burning was in general more
up of secondary aerosol, thus increasing the background corimportant than traffic in Zurich during these winter cam-
centrations measured in Zurich and across the Swiss plategaaigns. The inorganic fraction was dominated by nitrate, as
and lowering the ratio local/measured. Hence, the higher theéhe formation of particulate ammonium nitrate is favored by
temperature, or the less pronounced the thermal inversionpw temperatures.
the higher the ratio of the local/measured concentration. Meteorology also plays a major role for the overall total

concentration and chemical composition of Pht well as

the spatial distribution of its constituents. Swiss winters of-
4 Conclusions ten see thermal inversions over the Swiss plateau between the

Jura mountains and the Alps, with emissions being trapped,
On-road mobile measurements of PMhemical composi- processed, and accumulating. This leads to a quite uniform
tion were performed with a Q-AMS and additional instru- distribution of the chemical components in PNhrough-
mentation deployed in the PSI mobile laboratory during win- out the region, with small variations throughout the city of
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