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Abstract. This paper describes aerosol modelling in Europeof POA, which has not yet been taken into account in CAMx.
with a focus on Switzerland during summer and winter pe- Sensitivity tests with reduced NGnd NH; emissions sug-
riods. We modelled PMs (particles smaller than 2.5um in  gest that aerosol formation is more sensitive to ammonia
aerodynamic diameter) for one summer and two winter pe-emissions in winter in a large part of Europe. In Switzerland
riods in years 2006 and 2007 using the CAMXx air quality however, aerosol formation is predicted to be,N&&nsitive.
model. The meteorological fields were obtained from MM5 In summer, effects of NQand NH; emission reductions on
simulations. The modelled wind speeds during some low-aerosol concentrations are predicted to be lower mostly due
wind periods, however, had to be calibrated with measureto lower ammonium nitrate concentrations. In general, the
ments to use realistic input for the air quality model. The sensitivity to NH emissions is weaker in summer due to
detailed AMS (aerosol mass spectrometer) measurements atgher NH; emissions.

specific locations were used to evaluate the model results
In addition to the base case simulations, we carried out sen-

sitivity tests with modified aerosol precursor emissions, air

temperature and deposition. Aerosol concentrations in win-L  Introduction

ter 2006 were twice as high as those in winter 2007, however,

the chemical compositions were similar. CAMx could repro- Atmospheric aerosols are known to have adverse health ef-
duce the relative composition of aerosols very well both infects. They also play an important role in climate change
the winter and summer periods. Absolute concentrations oby modifying the radiative balance of the atmosphere (IPCC,
aerosol species were underestimated by about 20%. BotB007). PMg concentrations in Switzerland frequently ex-
measurements and model results suggest that organic aerosmed the national ambient air quality standards (20 and
(30-38%) and particulate nitrate (30—-36%) are the main50 ugnt3, annual and daily averages, respectively). Sev-
aerosol components in winter. In summer, organic aerosokral long-term PM measurements as well as data obtained
dominates the aerosol composition (55-57 %) and is mainlyfrom field campaigns show that the organic portion is highly
of secondary origin. The contribution of biogenic volatile abundant (Lanz et al., 2010; Hueglin et al., 2006). Organic
organic compound (BVOC) emissions to the formation of aerosol (OA) is composed of both directly emitted primary
secondary organic aerosol (SOA) was predicted to be vernfDA (POA) and secondarily formed SOA. OA has significant
large 95 %) in Switzerland. The main contributors to the effects on climate and human health, but its sources and evo-
modelled SOA concentrations were oxidation products oflution in the atmosphere are not yet fully understood. New
monoterpenes and sesquiterpenes as well as oligomerizatigstudies indicate that oxygenated organic aerosol (OOA) is
of oxidized compounds. The fraction of primary organic formed from OA and its precursor gases, which becomes
aerosol (POA) derived from measurements was lower tharincreasingly oxidized, less volatile, and more hygroscopic
the model predictions indicating the importance of volatility (Jimenez et al., 2009). Analysis of the submicron aerosol in
Switzerland revealed that only a small fraction of OA origi-
nates from freshly emitted fossil fuel combustion, and that

Correspondence td5. Aksoyoglu a high fraction is composed of OOA (Lanz et al., 2010).
BY (sebnem.aksoyoglu@psi.ch) This conclusion was based on analyses of the organic aerosol
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1000~ I T T R S ] 4000/ Table 1. SOA precursor reactions included in CAMx (Environ,
| 2008).
@ouBLN| '® HAMBURG] WARSAWAI® : 3300
@[BERLIN|
500 - @/LONDON] o —{ 3000 ) K%QS
Vo e D 1 Precursor Reaction CG Produtts (ppm~L min—1)
WENS tresre | 00 Anthropogenic
T L = - Toluenes TOLA+OH  0.044 CG1+0.085CG2 8.75E+03
= (o Xylenes XYLA+OH 0.027 CG1+0.118 CG2 3.71E+04
@poroeavx] | Domd % o 1 1500l BiOgeniC
VaARSEILLE] 1 Isoprene ISP+O none 5.32E+04
_soo- = 1 ool ISP+OH 0.015 CG3+0.12CG4  1.47E+05
r @ BarcETo) PO ISP+G; none 1.90E-02
= 1 | ISP+NQ;  none 9.96E+02
[ o ] % Terpenes TRP+O 0.065 CG5+0.29 CG6  4.12E+04
-1000 [pmdrale, . LS LRy 1 TRP+OH  0.065 CG5+0.29 CG6  7.76E+04
~1000 -500 0 500 1000 TRP+03 0.065 CG5+0.29 CG6 1.33E-01
x [km] TRP+NQ;  0.065 CG5+0.29 CG6  9.18E+03
Sesquiterpenes  SQT+OH 0.85 CG7 2.91E+05
Fig. 1. Terrain heights (m asl.) of the model domains with horizon- SQT+Qy 0.85CG7 1.71E+01

SQT+NGQ;  0.85CG7 2.81E+04

tal resolutions of 27 knx 27 km (domain 1), 9 knx 9 km (domain
2), 3kmx 3km (domain 3).

1 Yield values are in ppm ppml. 2 Rate constants are shown for 298K and 1 atmo-

sphere in ppmt min—1.

mass spectra by positive matrix factorization (Lanz et al.,

20.07) and b.y multl-llne_)ar engine 2 (Lanz etal, 20(.)8)' Mod- Table 2. Properties of CG/SOA pairs in CAMx (Environ, 2008).
elling organic aerosol is among the most demanding aspects

of air quality simulations because the formation processes

and evolution are poorly understood. In spite of the recent gejeg Molecular Saturation Heat of
improvements in air quality models, organic aerosols can Weight Concentration  vaporization
be underestimated by a large amount (Hodzic et al., 2009). (gmolel) (ugmr3at298K) (kJ molel)

The recently-developed volatility basis-set approach (Don
ahue et al., 2006) improved the agreement between organic
aerosol model results and aerosol mass spectrometer (AMS)

CG1/SOAl 150 7.82 66.8
CG2/SOA2 150 227 66.8

measurements (Robinson et al., 2007; Dzepina et al., 2009;222;2822 128 O'Igg 25
Tsimpidi et al., 2010; Hodzic et al., 2010). The discrepancy cgs/soA5 180 3.92 755
between models and measurements has also been reduced byges/soas 180 55.8 755
taking into account other processes such as the formation of cg7/soa7 210 0 -
SOA via aqueous chemistry (Carlton et al., 2008), oligomer- SOPA 220 - -
ization (Morris et al., 2006), the addition of new precursors SOPB 220 - -

(Zhang et al., 2007; Carlton et al., 2010), the treatment of

SOA hygroscopicity (Pun, 2008), the treatment of SOA for-

mation under low-NQ conditions (Carlton et al., 2010).

Several PM measurements during January 2006 iy Modelling method

Switzerland found exceptionally high concentrations (Lanz

et al., 2008). Additional measurements were made at Pay2.1 Model setup

erne in June 2006 and in January 2007 within the frame of

EMEP (European Monitoring and Evaluation Programme).we used the CAMx (Comprehensive Air Quality Model with

These detailed aerosol measurements provide a good daiktensions) model, version 4.51 (Environ, 2008) to simulate

base to test models under different meteorological conditiongjr quality in January 2006, June 2006, and January 2007.

over the CompleX terrain of Switzerland. In this Study, W€ The meso-scale model MM5, version 3.7.4 (PSU/NCAR,

used the MM5/CAMx model system to simulate the air qual- 2004) was used to generate the meteorological fields for

ity in Europe in one summer (June 2006) and two winter pe-CAMx. Three nested model domains were used in a Lambert

riods (January 2006, January 2007), focussing on the particconic Conformal projection using 1-way nesting to cover a

ulate matter in Switzerland. large part of Europe, central Europe and Switzerland with
horizontal resolutions of 27 km 27 km, 9 kmx 9km, and
3kmx 3km, respectively (Fig. 1). The MM5 simulations
with 31 terrain-followingo -levels up to 100 hPa, were ini-
tialized by data from COSMQ7 analysis (COSMO, 2002).
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Fig. 2. Comparison of measured and modelled wind direction (deg), wind speeﬂl()maa'r temperature®C) and precipitation (mm) at
Payerne (NABEL station) in January—February 2006.

Four-dimensional data analysis (FDDA) using COSMO7 Separate scavenging models for gases and aerosols were im-
data was applied only for domains 1 and 2. The plane-plemented in CAMXx to calculate the wet deposition (Environ,
tary boundary layer (PBL) height was calculated using the2008). The CB05 gas-phase mechanism was used (Yarwood
Eta PBL option, with the Mellor-Yamada scheme (Janji et al., 2005). We performed the simulations for the same
1994). The CAMx simulations used a subset of 14 of theperiods as the detailed field campaigns where measurements
MMS5 o -layers, of which the lowest had a thickness of aboutwere conducted with an aerosol mass spectrometer (AMS) at
40 m at a surface pressure of 950 hPa. The model top waZurich in January 2006 (Lanz et al., 2008) and at Payerne in
set ato = 0.55 which corresponds to a geometric layer top June 2006 and January 2007 (EMEP campaigns) (Lanz et al.,
of about 7000 m above sea level. The initial and boundary2010).

concentrations for the first domain were obtained from the Simulated aerosol species with particle sizes smaller than
global model MOZART (Horowitz et al., 2003). The pho- 2.5um included sulphate, nitrate, ammonium, POA, SOA
tolysis rates were calculated using the TUV photolysis pre-and elemental carbon (EC). The condensable organic gases
processor (Madronich, 2002). The required ozone columnCG) are formed from the oxidation of the aromatic precur-
densities were extracted from TOMS data (NASA/GSFC, sors TOL (toluene) and XYL (xylene), as well as of the bio-
2005). Dry deposition of gases was based on the resistanagenic precursors isoprene, monoterpenes and sesquiterpenes
model of Wesely (1989). Surface deposition of particles oc-(see Table 1 for the SOA precursor reactions). Partitioning of
curs via diffusion, impaction and/or gravitational settling. condensable organic gases to secondary organic aerosols was

www.atmos-chem-phys.net/11/7355/2011/ Atmos. Chem. Phys., 11, 73552011
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Fig. 3. Comparison of vertical profiles of potential temperature (K) at 12:00 local time from soundings at Payerne (red) and from MM5
meteorological model (blue). Top left: 4 January (period 1), top right: 9 January (period 1), bottom left: 18 January (period Il1), bottom
right: 3 February (period 1V).

calculated using a semi-volatile equilibrium scheme calledchemistry algorithm (Chang et al., 1987). Cloud production
SOAP (Strader, 1999). Properties of CG/SOA pairs used irof SOA is not taken into account in CAMx. Partitioning of
CAMXx are given in Table 2. Oligomerization is taken into inorganic aerosol constituents between the gas and particu-
account in a rather simple way in CAMx. It was assumedlate phases was modelled with ISORROPIA (Nenes et al.,
that the SOA oligomerized to a non-volatile form with a life- 1998). The model results for each episode were evaluated
time of about 1 day (Kalberer et al., 2004). Oligomeriza- mainly at locations where detailed aerosol measurements
tion slowly forms organic aerosol oligomers called SOPA were available: Zurich (January 2006) and Payerne (June
(anthropogenic) and SOPB (biogenic), and it was shown2006 and January 2007). In addition to the base case sim-
to increase SOA yields (Morris et al., 2006). Pun and ulations, sensitivity tests were performed with modified pa-
Seigneur (2007) reported that oligomerization may be pH-rameters such as precursor emissions (two simulations with
dependent and therefore further work is needed to correctha 50 % emission reduction of either Nidr NOy), air tem-
simulate this process. Aqueous sulphate and nitrate formaperature £5°C) and deposition (on/off).

tion in cloud water were calculated using the RADM aqueous

Atmos. Chem. Phys., 11, 7356373 2011 www.atmos-chem-phys.net/11/7355/2011/
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Fig. 4. Difference of potential temperaturé\@) between Payerne (NABEL station, 489 ma.s.l.) and Chaumont (MeteoSwiss station,
1137 ma.s.l.) during January—February 2006 (data at 12:00 UTC); measurements in red, MM5 model results in black.

2.2 Emissions deciduous and coniferous forest fractions were split into sep-
arate tree species according to Simpson et al. (1999). In-
Gridded emissions from various sources refer to a specificside Switzerland, the global data were replaced by data of the
year. To harmonize data from different sources and refer-Arealstatistik” (100 m resolution) issued by the Federal Of-
ence years, emissions were converted to a common referendiee of Statistics (BFS, 1999) and by forest data (1 km resolu-
year, 2005. The annual emissions and time functions for Eution) taken from the “Landesforstinventar” (Mahrer and Vol-
rope were provided by the Freie Unive&itBerlin (FUB) lenweider, 1983). About 24 % of the Swiss area is covered by
(Stern, 2003; Builtjes et al., 2002). The spatial resolution wasforests of which 71 % are coniferous. Norway Spruce (picea
0.125 degx 0.25 deg. The region of Lombardy in northern abies) and fir (abies alba) are the most abundant species
Italy was treated differently using hourly emissions (CITY- (49% and 15% of the trees, respectively). Monoterpenes
DELTA, 2002). Emissions in Switzerland were also calcu- are the most important biogenic VOC species in Switzer-
lated separately. Annual road traffic emission data with aland, emitted mainly by Norway Spruce and fir trees. Iso-
spatial resolution of 250 m as well as the spatial distributionsprene in Switzerland, on the other hand, is emitted mostly
of total annual NMVOC emissions from industry and house- by oak trees, which constitute only 2 % of the Swiss forests.
holds with a resolution of 200 m were provided by INFRAS The method for the estimation of biogenic emissions is given
(Heldstab and Wuethrich, 2006; Keller and de Haan, 2004)in Andreani-Aksoyoglu and Keller (1995), which was up-
The total NMVOC emission was split into the CBO05 speciesdated using recent literature data. The emission rates of
following the rules of Passant (2002). Annual N®M; s sesquiterpenes were assumed to be 10 % (in moles) of those
and PMg emissions from residential activities, heating, in- of monoterpenes, based on data relevant for Swiss forests in
dustry, off-road traffic, rail transport and agriculture/forestry Steinbrecher et al. (2009).
on a 200 m resolution as well as ammonia emissions from
manure, waste treatment and road traffic on a 1km resolu2.3 Meteorology
tion were taken from Meteotest. Industrial and residential
emissions include substantial percentages of biomass burr2.3.1  Winter 2006
ing. In Switzerland, about 75 % of the residential RMmis-
sions, 10 % of the industrial and 23 % of the agricultural andBefore evaluating the results of chemistry-transport model
forestal emissions are released by biomass combustion. CUCGAMX, we analysed the meteorological variables because
rently, the annual PM emissions from road traffic are aboutthey are essential for the dispersion and vertical mixing of
3—4 times higher than those from domestic wood burningpollutants. We modelled the meteorological parameters be-
in our inventory. Primary particulate emissions were split tween 1 January and 10 February 2006. We classified the
as 40 % elemental carbon (EC) and 60 % OA (Szidat et al. meteorological conditions into 5 periods using the time se-
2006). ries of measurements at various meteorological stations in
Biogenic emissions for the CAMx domains were calcu- Switzerland (see Fig. 2 for Payerne). During the first period
lated using European and Swiss land use inventories an@ll-5 January), the measured air temperatures were mostly
MM5 meteorological data. For each European country theabove zero, wind speed was moderate and there was no

www.atmos-chem-phys.net/11/7355/2011/ Atmos. Chem. Phys., 11, 73552011
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Uetliberg (ENET station, 1043 ma.s.l.) in January 2006.
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Payerne (NABEL station) in January 2007.

precipitation except at the beginning. The second period (6-mated the low-wind speeds especially in periods Il and IV. A
16 January) was characterized by low-wind speed and an excommon element between periods Il and IV was the preva-
tended fog layer over the Swiss Plateau (region between thience of temperature inversions. The comparison of verti-
Jura and the Alps), as well as lower temperatures. Then &al profiles of potential temperature predicted by MM5 with
warm front arrived, causing precipitation, higher wind speedthose from soundings at Payerne clearly shows that the tem-
and a rapid temperature increase in the third period (17-2erature inversions during the periods Il and IV could not
January). Mixed conditions prevailed during the fourth pe-be reproduced (see Fig. 3 for some examples). Tempera-
riod (23 January—4 February). In the last period (5-10 Februture inversions were further investigated by examining the
ary), temperatures and wind speed increased. The modaelifferences between the potential temperature) (at Pay-
reproduced the wind direction and precipitation quite well erne and Chaumont. These stations are relatively close to
most of the time. However, there was some difference (witheach other (about 25 km) and the elevation at Chaumont is
a maximum of+5°C) between the measured and modelled about 650 m higher than at Payerne. Th can be used
temperature in the lowest model layer. The effect of such aas a way to detect the presence of a temperature inversion.
difference in temperature on pollutant concentrations was inAs shown in Fig. 4, there was a sharp decrease in the mea-
vestigated with sensitivity tests and is discussed in Sect. 3.3suredA# at the beginning of period II. At the end of that
The meteorological model could reproduce wind fields rea-period A6 increased abruptly. We note that a similar sharp
sonably well for the days with strong winds, but overesti- decrease im\@ occurred also in period IV. This implies the

www.atmos-chem-phys.net/11/7355/2011/ Atmos. Chem. Phys., 11, 73552011
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2.3.2 Summer 2006

payerne payerne
15 mode\ed/rrecsured*?.() 15 'ncde\\ed‘/mensuredLW.A
Q @ The summer period in June 2006 was divided into 3 parts
% 5 ; é I ] (Fig. 6). Measurements and model predictions for meteoro-
4 P 3 A logical parameters matched reasonably well in the first period
2l ﬁl}&?&" 2 ;xé;,..'f'f‘ (1—11 June), which was mostly dry with increasing temper-
5 s 3 3 s, i‘,&f atures and moderate to strong winds. In the second period
%E W : §§3§* (12-16 June), low wind speeds and night temperatures were
x 5% x . . . .
% ) overestimated by the model. This implies that the model un-
0 0 L L . . . . . .
0 5 10 15 0 5 10 15 derestimates the radiative cooling during the night. Strong
measured wind speed {m/s) measured wind speed (m/) radiative cooling at night leads to strong stratification which
T :;W‘”@e; : - ‘ :;efk‘”giﬁog in turn is associated with high pollution levels. Inadequate
modelled/measured=1. modelled/measured=0. . . .
. . representation of this phenomenon in the model probably
£ £ contributes to an underestimation of pollutant levels after 12
£ £ p
g1 81 June. During the first period the night-time surface inversion
. - z was not very strong. In the second period however, there
- : ol was a surface inversion with a strong gradient that was not
3 - 3 i/ properly reproduced by the model. After 17 June (period
€ ; € A ), there were several days with rain and the model per-
o DETRAT 0 formance varied as a result of these varying meteorological
0 5 10 15 0 5 10 15 .
measured wind speed (m/s) meosured wind speed (m/s) conditions. In general, MM5 could reproduce most of the
duebendorf duebendorf parameters such as wind direction, precipitation and temper-
' g ed/meosured=2.1 15[ modelled/meosured=1.0 ature reasonably well at the surface except low-wind speeds.
Q Q
£ £ £ )
5 10f %« ks © 10 233 Wll’ltel’ 2007
3 X X 3
o s Bk &
%‘;ﬁ:’ :":“g,{ January 2007 was warmer and had different meteorological
% * e .
B o Redd 3 Sk 2 ;‘; ] conditions than January 2006 (Fig. 7). Temperatures were
s Tax % x ] L . . .
g A g e above zero except for a few days. During the first period
x x % ¥x -
N S (1-12 January), the wind speed was moderate to strong and
0 5 10 15 0 5 10 15 some precipitation occurred. The second period (13-17 Jan-

measured wind speed (m/s) measured wind speed (m/s)

uary) was dry and the wind speed was low. In the third period
Fig. 8. Comparison of modelled and measured wind speed at Payg18_25 January), the W'n(,j speed be(?ame higher and the tem-
erne (rural) in January 2006 (top), at Haerkingen (motorway) in P€rature startgd decreasing. The wind speed was low again
June 2006 (middle) and at Duebendorf (suburban) in January 20011 the last period (26-31 January). The model-measurement
(bottom), before (left) and after the adjustment (right). The term @greement becomes worse under low-wind conditions (in the
modelled/measured in each plot represents the slope of the correlecond and fourth period) as seen in the case of the previous
tion. year.

) _ 2.3.4 Modification of the wind fields
development of a temperature inversion. The contrast be-
tween low-wind (Il and 1V) and high-wind periods (I, Ilfand  \;eteorological variables such as wind speed and planetary
V) can be clearly seen in Fig. 4. During the times when they,q ngary layer height (PBL) are the crucial parameters for
meteorological model results do not follow the observations,i,a yertical mixing and dispersion of pollutants and thus

the vertical structure of the atmosphere is not simulated acCUg,age have a strong effect on surface concentrations. The
rately, which is consistent with the findings from the compar- i jation of the wind fields over complex terrain is known

ison of simulated and observed profiles of potential temperay pe challenging (Liu et al., 2007; Baertsch-Ritter et al.
ture (Fig. 3). We also compared the modelled wind speeds a5004). Inspite of using FDDA technigues to obtain more re-
higher altitudes with measurements on a television tower abjistic meteorological data, the modelled wind speeds stil
Uetliberg (1043ma.s.|.). Figure 5 shows that wind speeds aky, .y discrepancies compared to measurements, especially
higher vertical levels were also overestimated as in the casg, o, regions where wind speeds are low both in winter and
of surface layer. summer periods (see Figs. 2, 6, 7). Wind speed is crucial
for the photochemical modelling as high speeds dilute air
pollution plumes and reduce pollutant concentrations. The
average measured wind speeds at 12 surface meteorological

Atmos. Chem. Phys., 11, 7356373 2011 www.atmos-chem-phys.net/11/7355/2011/
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Fig. 9. Effect of reduced wind speed on CO in June 2006 (Payerne), and on PM in January 2006 (Zurich), June 2006 (Payerne), January
2007 (Payerne).

stations were 1.7 nm¢, 1.8 ms ', and 2.5 ms?! for January  of wind speeds before and after the modification is shown at
2006, June 2006 and January 2007, respectively whereas tfme stations for each simulation period (Fig. 8).

simulated wind speeds in the lowest layer of the smallest do-
main were 2.8 mst, 2.9ms?, and 3.5ms?. In a sensitiv-

ity test, reducing the wind speed by a factor of two in all do-
mains and layers improved the results of the low-wind speed

significantly. Therefore, the reduced wind speeds were use apidly due to chemical reactions. The CO concentrations

in further simulations for the Iow-wi_nd periods. The used were underestimated during the low-wind periods where
pro_cedure eT‘S“r‘?d mass conservation. We changed_only tflﬁere were significant differences between model predictions
horizontal wmd fields , v) for each vertical Ieyel. Since and measurements of wind speed. Reducing the wind speed
only these fleld§ are transferred to CAMX, \.NhICh then. cal- after 12 June improved the model performance for CO. The
culates the vertical compongm e}t the' layer interfaces n- comparison of the modelled PM concentrations g2Mwith
ternally, the mass conservation is fulfilled. The comMparisony . Apms measurements is also shown in Fig. 9. Modelled

An example for the effect of reduced wind speed on pollu-

tant concentrations in each episode is shown in Fig. 9. Car-
bon monoxide (CO) can be used as a proxy for the quality
f the meteorology since its concentration does not change
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Fig. 10. Modelled monthly average Pi$concentration in January  Fig. 11. Modelled monthly average PMconcentration in January
2006 in the European (27 km 27 km) (top) and Swiss domains 2007 in the European (27 km 27 km) (top) and Swiss domains
(3km x 3km) (bottom). (3km x 3km) (bottom).

PM concentrations increased by a factor of 2-3 when windSwiss Plateau (region between Jura mountains and Alps) and
speeds were reduced in low-wind periods and matched meahey exceed the national ambient air quality standards espe-
surements much better. All the simulations with CAMXx dis- cially in areas downwind of Zurich (modelled daily averages
cussed in the following sections were performed with modi- are as high as 65 pgm) and Basel. The short-term standard
fied wind speeds. for PMyo concentrations averaged over 24 h is 50 igm
in Switzerland. The long-term measurements suggest that
the PMp.s/PMyg ratio is about 0.75 (Gehrig and Buchmann,
2003). High concentrations are also predicted in the southern
part of the modelled domain.

The second winter episode in January 2007 was much

The modelled PMs refers to the sum of primary aerosol (EC Warmer than January 2006. As seen in Fig. 11, the distribu-
and POA) and secondary inorganic (particulate nitrate, sul{ion of predicted PMs particles in January 2007 is similar to
phate, ammonium) and organic aerosol (SOA). The predictedhe case in January 2006, however, concentrations are lower.
monthly average Phk concentrations in the European and N summer, the distribution of P34 particles in Europe
Swiss domains (27 km and 3km resolutions, respectively)s different from winter, as exemplified in Fig. 12. Although
are shown in Figs. 10-12 for all episodes. In Januaryhighestlevels can still be seen around the Ruhr area (mainly
2006, the modelled concentrations reach up to 70pgm Particulate nitrate and primary aerosols) and Krakow (mainly
around the Ruhr area (Germany) and Krakow (Poland) wher@rimary aerosols and particulate sulphate), large urban areas
there are substantial industrial emissions (Fig. 10). Pri-aré predicted to have much lower Bdiconcentrations in
mary aerosol dominates modelled Pyt Krakow whereas ~ Summer than in winter. The model predicted that a signifi-
aerosols are mainly secondary around the Ruhr area. EKant contribution to PMs in the European domain is due to
evated levels can be seen around the large urban areas &§A especially in the region from Berlin to the Adriatic sea
well. Monthly average PMs concentrations in the high- (Fig. 13).

resolution Swiss domain (3 k3 km) are highest over the

3 Results and discussion

3.1 Total aerosol
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Fig. 13. Modelled monthly average secondary organic aerosol
N (SOA) concentration in June 2006 in the European domain (27 km
x 27 km).

trations measured on 20-21 June 2006 correspond to a Sa-
haran dust event observed at that time. In January 2007,
PM levels were lower than those in the previous year, and
the model (average PM 14.6 pg nm3) reproduced the mea-
sured PMs concentrations (average 13.3 ug#n reason-

1AM Y (km)
PM2.5 concentration (microg/m3)

ably well.
& ol Model predictions in the European domain were also com-
L4 X (k) pared with measurements. Figures S1-S3 shows the mea-

sured and modelled PM concentrations at Harwell (UK)
Fig. 12. Modelled monthly average P concentration in June  for each of the studied episodes. In spite of the coarser res-
2006 in the European (27 km 27km) (top) and Swiss domains | ition of the European domain (27 k27 km) the model
(3km x 3km) (bottom). could reproduce Pk levels reasonably well most of the
time. The average values for model and measurements were

) ) 13.2 and 13.9 ug e in January 2006, 12.3 and 13.5 in June
_ There were detailed AMS (PM measurements at Zurich - 5006, respectively. In January 2007, model results were sim-
in January 2006, and at Payerne in June 2006 as well as iflar to measurements during the first three weeks, however an
January 2007. In addition, there were daily PMmeasure-  gyerestimation occurred in the last week.
ments at Payerne in June 2006 and January 2007. More-
over, hourly PMo measurements were available in all three 3.2  Chemical composition
episodes. A comparison of model predictions for 2Mn
the high-resolution domain (3 ka3 km) with the available  The predicted chemical composition was compared with the
measurements in all episodes is shown in Fig. 14. Clearly théMS measurements. Although the model results consist of
particle concentrations were higher in January 2006 than irPM, 5 and the AMS measures particles smaller than 1 um,
the other episodes. In January 2006, model results and meahey can be compared with each other since the difference be-
surements were similar during the high-wind periods (I andtween PM and PM s measurements is usually rather small,
I), and the different measured size fractions yielded quiteas seen in Fig. 14. Both measurements and model results
similar results. In the low-wind periods (Il and 1V), on the suggest that in winter particulate nitrate and organic aerosol
other hand, model results were lower than measurements oare the main components of aerosols (Fig. 15). This is the
some days and there was a large difference between the meease for both winter episodes in 2006 and 2007 at Zurich and
sured PMg and PM concentrations in the second period in- Payerne, respectively. On the other hand, organic aerosol
dicating increased coarse mode levels. The average concedominates the particle composition in summer. The model
tration of modelled PM5s in January 2006 was 27.0ugth  reproduces the relative contribution of aerosol species very
which was close to the average measured Bbhcentration  well both in the winter and summer periods. The absolute
of 29.1 ugnt3. In June 2006, model results (average/RM  concentrations from the AMS measurements are about 20 %
8.1 ug nm3) matched both daily Pl (average 9.9 pg ) higher than model predictions in winter and summer 2006.
and hourly PM (AMS, average 8.2 ugnt) measurements  In winter 2007, measured and modelled concentrations were
(which were similar) rather well. The high RiMconcen-  similar except for modelled OA which was 17 % lower than
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Table 3. Statistical parameters for aerosol components at Zurich (urban background) and Payerne (rural) in three episodes. CE is the
collection efficiency (determined from sulfate filter measurements) used in AMS measurements. EC was measured by an aethalometer. The
bold numbers indicate the time when the model performance criteria are met€MFE% and—60 < MFB < + 60 %)*.

Aerosols January 2006 (Zurich) June 2006 (Payerne) January 2007 (Payerne)
(g m‘3) Model Obs. RMSE MFB MFE| Model Obs. RMSE MFB MFE| Model Obs. RMSE MFB MFE
CE=0.5 (%) (%) CE=1 (%) (%) CE=1 (%) (%)
NO3 9.56 11.47 726 -17 55 0.97 0.99 153 -91 140 6.89 5.66 3.00 36 58
SOy 3.11 6.06 476 —65 98 1.36 1.56 1.10 -28 63 1.82 1.43 1.87 3 74
NHg4 3.90 5.58 3.37 -38 60 0.79 1.07 0.83 —49 77 2.67 2.07 1.27 36 58
OA 9.83 13.45 570 -28 39 4.51 6.00 3.10 -35 50 5.31 6.37 4.10 2 59
EC 3.50 217 222 43 56 0.69 0.95 0.46 -19 36 1.13 1.02 050 20 41

N N
* i i 1 Cmod®)—Cobs(") ; 1 |Cmod(®) = Cops0|
Mean Fractional Bias, MFB= N 7721 (Cobs(’)JrCmOd(t))/Z x 100Mean Fractional Error, MFE N t:§:l (CODS(Z)+Cm0d(t))/2 x 100.

N: number of effective data in theiperiod without the spin-up day.
Cmod (1) andCgps (1): simulated and observed concentrations at timrespectively (USEPA, 1991; Boylan and Russell, 2006).
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Fig. 14. Comparison of PM (hourly), PM, 5 (daily) and PMg (hourly) measurements with P\ (hourly) model predictions at Zurich in
January 2006 (top), at Payerne in June 2006 (middle) and at Payerne in January 2007 (bottom).
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Fig. 15. Fractional composition of measured (left) and modelled (middle) aerosols as well as absolute concentrations (right) in January 2006
at Zurich (top), in June 2006 at Payerne (middle) and in January 2007 at Payerne (bottom).

Table 4. The POA and SOA fractions from model simulations an

from AMS measurements using factor analysis.

periods measurements

POA (%) SOA (%) | POA (%) SOA (%)
January 2006 (Zurich) 45 55 53 47
June 2006 (Payerne) 6 94 26 74
January 2007 (Payerng) 29 71 38 62

d formance criteria (MFE +75% and—60% < MFB < +

60 %) were met for all species only in January 2007. Per-
formance criteria are met in January 2006 at Zurich for all
species except sulfate. In June 2006, on the other hand, per-
formance criteria are not met for nitrate and ammonium. The
performance goals (when both MEE+50 % and—30 % <

MFB < +30% are met) are obtained for OA in Zurich and
for EC in Payerne in June.

The highest organic aerosol concentrations were measured
in January 2006 during the low-wind period Il at Zurich
(Fig. 16). In general, the model could predict the low concen-
trations of organic aerosols reasonably well in the high-wind

the measurements. The model results were evaluated usinggeriods. In the winter low-wind periods (periods Il and IV in

the statistical parameters such as the mean fractional errafanuary 2006 and 2007), however, the predicted OA is lower
(MFE) and the mean fractional bias (MFB) recommendedthan the measured concentrations for several days. In win-
by Boylan and Russell (2006) for aerosols. The statisticalter 2006, about 53 % of the modelled organic aerosols are
evaluation of model results is shown in Table 3 for all the predicted to be POA at Zurich. At Payerne, the fraction of

episodes. The lowest Root Mean Square Error (RMSE) wa$OA is 38 % and 26 % in January 2007 and June 2006, re-
obtained for EC in all episodes. The acceptable model perspectively (Table 4). The modelled POA fractions are higher

www.atmos-chem-phys.net/11/7355/2011/
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Fig. 16. Comparison of modelled and measured organic aerosols as well as modelled POA and SOA in January 2006 at Zurich (top), in June
2006 at Payerne (middle) and in January 2007 at Payerne.

than those derived from measurements using factor analysured POA and SOA in winter support the hypothesis that
sis of the aerosol mass spectral data (FA-AMS) (Lanz et al. some part of SOA might originate from the aging of POA.
2008). Diurnal variations of POA and SOA predicted by the  The model results suggest that SOA originates mainly
model and derived from measurements are shown in Fig. 1from biogenic VOCs in Switzerland. This is in agree-
for all periods. Both measured and modelled POA have twoment with studies using*C in Zurich showing that bio-
peaks in the winter periods; one in the morning and the othegyenic sources are dominant in summer (Szidat et al., 2006).
in the evening, where measured POA is taken as the sum ofhe fractional compositions of modelled SOA for all the
hydrocarbon-like organic aerosol (HOA) and wood burning three episodes are shown in Fig. 18. In general, SOA in
organic aerosol (WBOA). Although morning peaks are sim-the model is formed basically from monoterpenes (blue),
ilar, the evening peak from the measurements appears muckesquiterpenes (green) and oligomerization of biogenic ox-
later than that of the model indicating a more important con-idation products (red). The contribution from anthropogenic
tribution from wood burning that is underrepresented in theprecursors to SOA was predicted to be less than 1%. In
model. The measured POA and SOA show similar diurnalthe winter periods, monoterpenes produce more SOA than
variations whereas the modelled SOA has no significant disesquiterpenes, while the opposite is true in summer. In
urnal variation in winter. In summer, model and measure-CAMx, sesquiterpene SOA is not allowed to partition back to
ments show similar diurnal variations, with higher POA in the gas phase at higher temperatures due to its lower volatil-
the morning and higher SOA in the morning and at night. ity, therefore it remains in the particulate phase. On the other
In general, the modelled SOA concentrations are lower tharhand, monoterpene SOA partitions to the gas phase at higher
the measurements while POA is overestimated, especially inemperatures, which leads to a lower fraction in summer. One
summer. The fact that POA is assumed to be non-volatileshould keep in mind that the sesquiterpene emissions used in
in CAMx can lead to too high POA and too low SOA, and this study have a very high uncertainty. The assumption of
better agreement can be found using the volatility basis sesesquiterpene emissions as 10 % of monoterpene emissions
developed by Donahue et al. (2006) as shown for Mexicomight be too high. With lower sesquiterpene emissions, the
City (Hodzic et al., 2010). Similar diurnal cycles of mea- underestimation of OA would be significantly larger. The

Atmos. Chem. Phys., 11, 7356373 2011 www.atmos-chem-phys.net/11/7355/2011/
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Jan08, Zurich The effect of deposition processes on the aerosol concen-
15 model SOA = trations was tested by switching off both dry and wet depo-
[T s 1 sition in the simulations for January 2006. Dry deposition
2 1of oo _ U B of oxidized gas-phase precursors of SOA is also included in
g TToooTT T ] CAMx. The total aerosol concentrations increased without
Bl == deposition (Fig. 19b). Deposition mainly affects inorganic
C o T ] aerosol components, especially particulate nitrate due to ef-
ol \ ficient removal of nitric acid, and the degree of change de-
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 . ..
hour of the day (UTC) pends on the meteorological conditions.
Jun06, Payerne There are very few studies in Europe about the sensitivity
12— . of aerosols to precursor emissions, mainly in UK and north-
fof- ~7 PMESO g ern Italy (Redington et al., 2009; Derwent et al., 2009; de
n B T PVEPOA E Meij et al., 2009). In this study, the sensitivity of inorganic
TeE-—~—7 T~______ R aerosol formation to NQand NH; emissions was investi-
£ 4:/——\“‘—‘,—‘//_/,__ gated in whole Europe by two simulations for both January
o 3 2006 and June 2006, where either N@ NH3z emissions
B et . - ——— were reduced by 50%. Figure 20 shows the differences in
12340 8T ot the ey (Ury T e E MM monthly average Pl concentrations between the two sim-
ulations for both winter and summer in both domains. The
12— o0, Foveqe . blue colour (negative values) shows regions where a 50 % re-
10f- == PuF_SOA = duction in NG results in a greater decrease of P4vthan
\ 8F ——- PMF_POA 3 a 50% reduction in Nk, while the red colour shows ar-
§ oF 3 eas that are more sensitive to a reduction insNH hese
T E—~e_ -7 TN T results suggest that aerosol formation in most of the Eu-

1
\
adi g

ropean domain in winter (Fig. 20, top left) is more sensi-

tive to NH3 emissions except in central Europe and north
123435878 8001121311518 1 78 18 20 21 2 25 & west of France where blue colour indicates a,N§@nsitiv-

ity. Using a moving air-parcel trajectory model, Derwent et

Fig. 17. Diurnal variation of monthly average measured (AMS, al. (2009) pr.edi.ct(.ad that ggrqso! formation in southern UK

PMF) and modelled POA and SOA in January 2006 at Zurich (top), Was ammonia-limited. This is in line with our results for that

June 2006 at Payerne (middle) and January 2007 at Payerne (bot€gion (Fig. 20, top left). As seen in Fig. 20 for the Swiss do-
tom). main (bottom left), aerosol formation in the Swiss Plateau is

limited by NO, emissions. On the other hand, the red colour
o _ o _ in the southern part of the model domain (southern Switzer-
emissions will be updated and a sensitivity study will be per-land, northern Italy) indicates a higher NHensitivity for

N
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formed in the future. aerosol formation. These results support our earlier stud-
o ies based on short-term simulations (Andreani-Aksoyoglu
3.3 Sensitivity tests et al., 2008). In summer, effects of N@nd NH; emis-

The deviation between measured and modelled tem eratursion reductions on aerosol concentrations are predicted to be
P Bwer mostly due to lower ammonium nitrate concentrations

in the Iowe;:t model layer was abotib°C (see F!g. 2).' T_he (Fig. 20, right). In general, the sensitivity to Nl¢missions
effect of this difference on aerosol concentrations is inves-: ; . .
: . . is weaker in summer due to higher Ndmissions. The land
tigated by changing the temperature in the model BZ 5 . Lo . .

N . . . area in Europe where aerosol formation is ,Ninited in
The variation in temperature affects mainly particulate ni-

. : winter is about 3% whereas it goes up to 55 % in summer.
trate concentrations. The results showed that particulate ni; 0 g P >

trate concentrations increased by up to 5 Grwhen the We also tested the sensitivity of aerosol formation to emis-
y up : sion reductions lower than 50 %. The changes due to 15 %

temperature was decreased BYC5(Fig. 19a). An increase - . . .

. mission reductions of either NGr NH3 in January and

in the temperature by the same amount, on the other han

) une 2006 in the European domain are shown in Figs. S4-S5.
caused a decrease of the nitrate levels by 2-37G 1BOA The results are similar to those in Fig. 20 whereas absolute

is also sensitive to. temperature (Pup and Seigneur, 2008 jalues are lower, as expected.
However, changes in SOA concentrations due to temperature
variations were very small (up to 0.2 ugm.
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Fig. 18. Fractional composition of modelled SOA at Zurich in January 2006 (left), at Payerne in June 2006 (middle) and in January 2007

(right). AROM: aromatic precursors, ISP: isoprene, TRP: monoterpenes, SQT: sesquiterpenes, POLA: polymerized anthropogenic SOA,
POLB: polymerized biogenic SOA.
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4 Conclusions higher than in the other periods. The acceptable model

performance criteria were met for all investigated com-
The aerosols in Switzerland were modelled with the regional ponents in January 2007.

air quality model CAMx for one summer and two winter pe-

riods in 2006 and 2007 under different meteorological con- — |n January 2006, the highest BMlconcentrations were
ditions. The following findings can be extracted from this predicted around the Ruhr area in Germany and Krakow
study: in Poland; secondary inorganic aerosol and primary

— Both measurements and model predictions suggest that a;]erosol were calcula}te? to be the main corréponents Inl
organic particulate matter and particulate nitrate are the ~ 10S€ areas, respectively. In summer, secondary aeroso
main aerosol components in winter. In summer, or- dominated the aerosol composition both in Europe and
ganic aerosol, which is mainly secondary, dominates the 1" SWwitzerland.

aerosol composition. o . . _
P — The contribution of the biogenic emissions to the SOA

— The relative contribution of aerosol components was formation in Switzerland was predicted to be very
modelled very well. The absolute concentrations of large and to originate mainly from monoterpenes and
aerosol components were in general reproduced rather  sesquiterpenes, as well as oligomerization of biogenic
well, except for the cold winter 2006 where the bias was oxidation products.
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— In all episodes, the predicted primary organic aerosol On the other hand, model results suggest that aerosol
(POA) fraction was higher than those derived from the formation over the Swiss Plateau is Nmited in both
AMS measurements (especially in summer), probably seasons.
because volatility of POA has not yet been taken into
account in the CAMx model. Comparison of modelled
and measured diurnal variations of POA and SOA indi-
cates an important contribution from wood burning that
is underrepresented in the model. The wood burning
emissions will be updated in the near future.

Supplementary material related to this

article is available online at:
http://www.atmos-chem-phys.net/11/7355/2011/
acp-11-7355-2011-supplement.pdf
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Nitrate concentrations were inversely correlated with qiging various data. The post-processing software provided
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cantly (mainly inorganic aerosols) when the deposition European Centre for Medium-Range Weather Forecasts (ECMWF)
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— Simulations with reduced NHand NG, emissions in-

dicated that inorganic aerosol formation is more sensi-Edited by: R. Harley
tive to NH3 emissions in a large part of Europe (97 %)

in winter. The effect of NH emission reductions on

aerosol mass is predicted to be lower in summer (45 %).
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