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Abstract: We modelled the air quality in Switzerland fomsmer and winter periods in 2006 using the MM5/CAMedel system. The
aerosol module in CAMx version 4.5 has 7 secondaggnic aerosol (SOA) classes, including pathwags fanthropogenic and biogenic
precursors; oligomerization of particles is taketoiaccount as well. Gaseous and particulate poifutoncentrations were compared with
detailed gas and aerosol measurements. Severiisgnstudies were performed with modified NO/OC, NH; and isoprene emissions.
The effects of reduced N@nd VOC emissions on ozone in summer were diffarethe north and in the south of Switzerland j¢ating
that the formation of ozone has different sensiisito its precursors. Comparison with our eadieidies suggested that ozone sensitivity
has changed since 1993: it has become morgliN@ed. Isoprene emissions were predicted tociffeone levels especially in the southern
part of Switzerland where isoprene is mostly emitieorganic aerosol formation is predicted to barensensitive to NOemissions than
NHs in the modelled region. Both model results and suezments suggest that organic aerosols dominat@dlosol composition in
summer. In winter, particulate nitrate becomes irgd too. Predicted secondary organic aerosolsAjS@ainly come from biogenic
precursors such as monoterpenes and sesquiterfreméster, the primary organic aerosol (POA) fiantwas found to be higher than SOA
at Zurich in both model predictions (56%) and measents (59%). In summer, however, POA was ovenestid and SOA underestimated
indicating the possible volatility of POA that wagt taken into account yet in the CAMx model.
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INTRODUCTION

PM10 concentrations in Switzerland frequently excée legal threshold values (20 pg gearly, 50 pg il daily average).
Several long-term PM measurements, as well asatataned from field campaigns, show that the orgauairtion is most
abundant (Lanet al, 2009). Organic aerosol (OA) is composed of batimary organic aerosol (POA) and oxidized organic
material such as secondary organic aerosol (SO#gsd particles affect climate forcing and humarthghut their sources
and evolution remain poorly characterized. New igtmidndicate that OA and its precursor gases evblyebecoming
increasingly oxidized, less volatile, and more loggopic, leading to the formation of oxygenatedaaig aerosol (OOA
(mostly interpreted as SOA)) (Jimeretzal, 2009). Analysis of submicron aerosols in Swit@ed revealed that only a small
fraction of organic aerosols originates from frgsainitted fossil fuel combustion and a high fraatis OOA (Lanzet al,
2007). Modelling organic aerosols is among the na@shanding aspects of air quality simulations bseahe formation
processes and evolution are poorly understoodpita ef the recent improvements in air quality medeganic aerosols can
be underestimated by several orders of magnitudeZidet al, 2009). The recently-developed volatility basisagproach
improved the agreement between organic aerosol Imedelts and AMS (aerosol mass spectrometer) meamsnts
(Robinsoret al, 2007; Tsimpidet al, 2010).

Several PM measurements during January 2006 inz&téhd (Lanzet al, 2008) found exceptionally high aerosol
concentrations. Additional measurements withinftame of the European EMEP programme were perforadthyerne in
June 2006. These detailed aerosol measurementsd@rav good opportunity to test the models undefewdint
meteorological conditions over the complex ter@iswitzerland. Accordingly, the MM5/CAMx model sgst was used to
simulate the air quality in Switzerland in wintdaguary) and summer (June) 2006. The study focusséuke importance of
biogenic emissions for secondary organic aerosphdtion and on the sensitivity of ozone formatienits precursor
emissions. These parameters were compared wise thbtained in our earlier studies to show theceftd the large
emission reductions in the last couple of decades.

METHODS

We used the CAMx (Comprehensive Air Quality Modethnéxtensions) air quality model, version 4.51 (v, 2006) to
simulate air quality in January and June 2006. ffileso-scale model MM5, version 3.7.4 (PSU/NCAR, 20@d3 used to
generate the meteorological fields for CAMkhree nested model domains were used in a Lamberic@@onformal
projection to cover a large part of Europe, cerfalope and Switzerland with horizontal resolutiofi®7 km x 27 km, 9
km x 9 km and 3 km x 3 km, respectively. The MM&gations, which used 31 terrain-followirmg-levels up to 100 hPa,
were initialized by COSMO7 analyses data. The playeboundary layer (PBL) height was calculated by Hia PBL
option, using the Mellor-Yamada scheme. The CAMnugations used a subset of 14 of the MiHayers, of which the
lowest had a thickness of about 40 m at a surfeesspre of 950 hPa. The model top was set@t55 which corresponds to
a geometric top layer at sea level of about 7000ma. initial and boundary concentrations for thistfdomain were adapted
from the output of global model MOZART (Horowitt al, 2003). The photolysis rates were calculated usiiegTUV
photolysis pre-processor (Madronich, 2002). Dryas$#gion of gases was based on the resistance nbé@@lesely, 1989).
The CBO05 gas-phase mechanism was used (Yarebal] 2005). The aerosol species with particle sizellemidgan 2.5um
included sulphate, nitrate, ammonium, POA, SOA afemental carbon. Partitioning of condensable doggases to
secondary organic aerosols was calculated usirggre-\wlatile equilibrium scheme called SOAP (Strad99). It was
assumed that the SOA oligomerized to a non-voldtilen with a lifetime of about 1 day (Kalberet al, 2004).
Oligomerization slowly forms organic aerosol oligens called SOPA (anthropogenic) and SOPB (biogerigueous
sulphate and nitrate formation in cloud water weakeulated using the RADM aqueous chemistry algorifChanget al,
1987). Partitioning of inorganic aerosol constitisehetween the gas and aerosol phases was modaélledlSORROPIA
(Neneset al, 1998).
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To harmonize emission data from different souraces eference years, emissions were converted tmrenon reference
year, 2005. The annual emissions and time functfonsEurope were provided by the Freie UniversB&rlin (FUB)
(Builtjes et al, 2002). Emissions in Switzerland were calculatepiasately. Annual road traffic emission data witbpatial
resolution of 250 m and also the spatial distritmsi of total annual NMVOC emissions from industaesl households were
both provided by INFRAS (Heldstab and Wuethrich, @00 Annual NQ, PM2.5 and PM10 emissions from residential
activities, heating, industry, off-road traffic,lrransport and agriculture/forestry on a 200 rsofetion as well as ammonia
emissions from manure, waste treatment and ro#ittveere taken from Meteotest. Biogenic emissioresencalculated for
the CAMx domains using the land use and meteoradbgiata. For each European country the deciduodscaniferous
forest fractions were split into different tree sigs according to (Simpsat al, 1999). Inside Switzerland, the global data
were replaced by data of the “Arealstatistik” (I@Gesolution) issued by the Federal Office of Stats (BFS, 1999) and by
forest data (1 km resolution) taken from the “Lesfdestinventar” (Mahrer and Vollenweider, 1983). oAb 24% of the
Swiss area is covered by forests of which 71% angferous. Norway Spruce (picea abies) and firgalzilba) are the most
abundant species (49% and 15% of the trees, résggit Monoterpenes are the most important biog@DC species in
Switzerland emitted mainly by the Norway spruce éinttees. Isoprene, on the other hand, is emitbedtly by oak trees,
which cover only 2% of the Swiss forests (mainlyhie south). The method for the estimation of bimgemissions is given
in Andreani-Aksoyg@lu and Keller (1995) which has been updated usewemt literature data. The emission rates of
sesquiterpenes were assumed to be about 10% efdiosonoterpenes as estimated by Steinbresthadr (2009).

RESULTS AND DISCUSSION

Meteorology

The meteorological conditions in January 2006 waeralysed and classified using time series of measemts at various
meteorological stations in Switzerland togethehwtM5 results (Andreani-Aksoytu et al, 2009). The temperatures were
above zero, wind speed was moderate and thereavyaenipitation during the first week. The nextipdrwas characterized
by low wind speed and an extended fog layer overStiiss Plateau, as well as lower temperaturesa @hearm front
arrived causing precipitation, higher wind speed amapid temperature increase. Mixed conditiomsgited for the rest of
the month. The meteorological model could reproduicel fields reasonably well for most of the dag@amparison of the
vertical profiles of potential temperature predictey MM5 with those from soundings at Payerne, h@reshowed that the
temperature inversions during the low-wind periodsld not be reproduced. The June 2006 summerdpess divided into
3 parts. Measurements and model predictions foeonelogical parameters and pollutant concentrativathed reasonably
well in the first period, which was mostly dry withcreasing temperatures and moderate to strondgswirater, when the
wind speed was lower, wind speeds and night tertyrea were overestimated. There was some preaéipitat the third
period.

Ozone

The predicted concentrations of ozone in June 2@8@ higher in the south than in the north. Thestgaries indicate good
agreement between modelled and measured peak epowentrations during the first period, which hadderate and
strong winds. In the low-wind period however, peaone levels were underestimated. In an earlietystwe found that
50% reductions in NQand VOC emissions in 1993 resulted in aNi@ited regime in most of the region except dowmavi
of Zurich and around Lake Geneva where ozone foomatas predicted to benefit substantially from V@@uctions as
seen in Figure 1 (Andreani-Aksaosla et al, 2001). There have been substantial emission tiedisdoth in Switzerland and
the surrounding countries since then, so we peddrsimilar sensitivity tests to see if there hasrnbany change in ozone
sensitivity to its precursor emissions during th&t [13 years. The results of the simulations witission reductions in June
2006 suggest that ozone sensitivity changed suitarr especially in the north around Zurich. Teéa&culations for 1993
suggested a VOC-limited regime downwind of Zurictdl @lso around Lake Geneva. Ozone formation inetleosas seems
not to be sensitive to VOC emissions in 2006, howelge to substantial emission reductions sincel §88s.
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Figure 1: Difference in peak ozone concentrati@pb) between two simulations with 50% Néhd VOC emissions. Blue colour indicates
NOy-sensitive, red colour VOC-sensitive regimes. 11993 (left) adapted from (Andreani-Aks@jo et al, 2001), June 2006 (right).

The time series of changes in ozone concentratioago 30% reduction of N@&nd VOC emissions in June 2006 are shown
in Figure 2 for three different locations. Payeisia rural site in the Swiss Plateau. Ozone conatons are affected only
by NGO, reductions at this site. The reductions in VOC eiuiss do not affect ozone levels significantly atizh. Ozone
concentrations increase at night when,N@issions are reduced indicating less titratiotn WO, which is typical for urban
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areas. This effect disappears on weekends (3-4,1107-18, 24-25 June 2006), reflecting the difierdQ/VOC ratios
then. Lugano is an urban site in the south of thes AAt this location, ozone concentrations are@éd by changes in both
VOC and NQ emissions and the sensitivity to these emissiangs with the meteorological conditions.

Isoprene is an important biogenic precursor fornezéormation. As noted earlier, isoprene emissionSwitzerland are
relatively low. Since uncertainties in biogenic V@@issions are high, we investigated the sensitafitgzone to isoprene
emissions in our model domain. Increasing isoprendssions substantially (20x) leads to an incre@senzone
concentrations of only about 5 ppb in the Swissdla because of very low isoprene emissions inrdgibn. However, it
causes an increase of up to 20 ppb in the soutihewhere isoprene is emitted by oak forests. Theceffin ozone is higher
on warmer days.
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Figure 2: Change in ozone concentrations (ppb}a3©% reductions in NCand VOC emissions in June 2006 in Payerne (ru£abich
(urban background, north) and Lugano (urban, south)

Aerosols

Modelled PM2.5 refers to the sum of primary aero@émental carbon (EC) and primary organic aer¢dB@A)) and

secondary inorganic (particulate nitrate, sulphatemonium), as well as secondary organic aerosOAJSThe model

predictions for PM2.5 were compared with the addaaerosol mass spectrometer (AMS) measuremetistinwinter and
summer episodes. Model results and measuremenéssirailar during the high-wind periods whereas nhadsults were

lower than measurements during the low-wind peri@tgh measurements and model results suggesthinahain aerosol
components in winter are particulate ammonium t&teand organic aerosols. On the other hand, orgeerizsol dominates
the particle composition in summer. The absoluteceatrations of measurements and model predicdomsimilar in high-

wind periods, but they differ by about a factotwb in low-wind periods.

The sensitivity of inorganic aerosol formation t®@Nand NH emissions was tested by reducing each of thesesems by
50%. The results suggest that aerosol formation mase sensitive to NOemissions. The highest organic aerosol
concentrations were measured in January 2006 dtimmdow-wind period at Zurich (Figure 3, period. lin winter, both
model predictions and data from factor analysi&\diS data (FA-AMS) suggest a higher fraction of GAprrimary (POA)
(model 56%, FA-AMS 59%). In summer, the secondeagtfon is higher (model 69%, FA-AMS 94%). SOA/P@Actions
were predicted well for the winter episode, butevemwer compared to FA-AMS data in summer. Thisaatés the possible
effect of POA volatility, which is not yet takentinaccount in the model. The model results sughestSOA comes mainly
from biogenic VOCs. The fractional compositions afdalled SOA for both episodes are shown in Figurtn4general,
SOA was formed from monoterpenes, sesquiterperieslagomerization of particles. In winter periodse fraction of SOA
from monoterpenes is higher; in summer sesquitepéad to more SOA formation. In CAMx, SOA fromagterpenes is
not allowed to partition back to the gas phasdgttdr temperatures, while monoterpene SOA doegiparto the gas phase
at higher temperatures, leading to lower fractiornfie summer.
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Figure 3: Comparison of modelled and measured agamosols as well as modelled POA and SOA inchudanuary 2006 (tojand in
Payerne, June 2006 (bottom).
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Figure 4: Fractional composition of ihelled SOA in Zurich in January 2006 (left) andPialyerne in June 2006 (right). AROM: aromi
precursors, ISP: isoprene, TRP: monoterpenes, S€tuiterpenes, POLA: polymerized anthropogenic ST B: polymerized bigenic
SOA

CONCLUSIONS

The air quality in Switzerland was modelled witte ttregional air quality model CAMx for summer anchter periods ir
2006 under different meteorological conditions aederal sensitivity tests were performed. Changésoijporene emissior
seem to affecbzone formation only in the southern part of Switred because ctheir very low emissions in the oth
regions. Comparison of model results with our eadiedies suggests that the sensitivity of ozommdtion to precursc
emissions might have changed sirtlke 1990s. Ozone sensitivity in urban areas especathynd Zurich seems to ha
shifted from a VOC-sensitive towardsnore NQ-sensitive regime due to large emission reductiorike last two decade

Both measurements and model predict suggested that the organic fraction of the aemlatevas the most abund; in
winter particulate nitrate contributed significantd the aerosol composition as well. Sensitivigsts with reduced N; and
NO, emissions indicate that inorganic aell formation is mainly limited by NQemissions. In summer, organic aero,
which were mainly SOAdominated the aerosol composition. The contributibrthe biogenic emissions to the S(
formation in the region was predicted to be vergéaandto stemmainly from monoterpenes and sesquiterpenes asag
oligomerization of SOA particles.PredictedPOA and SOA fractions in Zurich in January 2006 ev€6% and 44%
respectively, which agreed well withe FA-AMS data (59% and 41%, respectively). In sumrhewever, POA was higher
and SOA lower compared to the BMS data at the Payerne rural shecause thBOA volatility is not taken into account
in the CAMx model. Modelling of organic aerosols will bertluer investigated irthe future using the volility basis
approach.
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