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Abstract. PMCAMx-2008, a three dimensional chemical jor urban areas and over Western Europe. Additionally, the
transport model (CTM), was applied in Europe to quantify NOy control strategy actually increases PMevels during

the changes in fine particle (RM) concentration in response the winter period, due to more oxidants becoming available
to different emission reductions as well as to temperature into react with S@ and VOCs. The increase of temperature
crease. A summer and a winter simulation period were used,esults in a decrease of BM in both periods over Central

to investigate the seasonal dependence of thefesponse  Europe, mainly due to a decrease of NND3 during sum-

to 50 % reductions of sulfur dioxide (S ammonia (NH), mer (18 %) and fresh POA during wintertime (35 %). Signif-
nitrogen oxides (N§), anthropogenic volatile organic com- icant increases of OA are predicted during the summer due
pounds (VOCs) and anthropogenic primary organic aerosomainly to the increase of biogenic VOC emissions. On the
(POA) emissions and also to temperature increases of 2.8ontrary, OA is predicted to decrease in the modeled win-
and 5 K. Reduction of Nklemissions seems to be the most ter period due to the dominance of fresh POA reduction and
effective control strategy for reducing BM, in both pe- the small biogenic SOA contribution to OA. The resulting in-
riods, resulting in a decrease of BMup to 5.1 pgm3 crease of oxidant levels from the temperature rise lead to an
and 1.8 ugm? (5.5% and 4 % on average) during summer increase of sulfate levels in both periods, mainly over North
and winter respectively, mainly due to reduction of ammo- Europe and the Atlantic Ocean. The substantial reduction of
nium nitrate (NHNO3) (20 % on average in both periods). PMz 5 components due to emissions reductions of their pre-
The reduction of S@ emissions decreases BWlin both cursors outlines the importance of emissions for improving
periods having a significant effect over the Balkans (up toair quality, while the sensitivity of Phs concentrations to

1.6 ug nm3) during the modeled summer period, mainly due temperature changes indicate that climate interactions need
to decrease of sulfate (34 % on average over the Balkans}o be considered when predicting future levels of PM, with
The anthropogenic POA control strategy reduces total OA bydifferent net effects in different parts of Europe.

15 % during the modeled winter period and 8 % in the sum-
mer period. The reduction of total OA is higher in urban areas

close to its emissions sources. A slight decrease of OA (8%

in the modeled summer period and 4 % in the modeled win-1  Introduction

ter period) is also predicted after a 50 % reduction of VOCs

emissions due to the decrease of anthropogenic SOA. The rédtmospheric particles have adverse effects on human health
duction of NG, emissions reduces PM (up to 3.4 ug m3) and have been implicated in various air quality problems
during the summer period, due to a decrease oiNBg, such as the formation of acid rain and acid fogs (Bur-

causing although an increase of ozone concentration in mafaw et al., 2007), visibility reduction (Seinfeld and Pandis,
2006) and changes of the energy balance of the planet. Fine
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particulate matter less than 2.5um in size (BM ozone, late matter to changes of the major precursor emissions, have
and other pollutants are subjected to a complex series of confocused on different regions of North America (Russell et al.,
mon emissions, meteorological processes and photochemicaB86; Jiang et al., 1996; Meng et al., 1997; Tonnesen, 1998;
production pathways. Consequently changes in emissions dChock et al., 1999; Stein and Lamb, 2000, 2002; Blanchard
one pollutant can lead to changes in the concentrations oét al., 2001, 2007; Pun and Seigneur, 2001; Ngyen and Dab-
other pollutants. In addition, changes in meteorological con-dub, 2002; Mueller et al., 2004; Kleeman et al., 2005; Pun et
ditions such as temperature could also influence the conceral., 2008; Tsimpidi et al., 2008; Makar et al., 2009). Tsimpidi
tration and distribution of air pollutants through a variety of et al. (2007) applied a three-dimensional CTM, PMCAMX,
direct and indirect processes, including the modification ofover the Eastern US to evaluate the response of Piass
biogenic emissions (Constable et al., 1999), the change ofoncentrations to changes in $@d NH; emissions for a
chemical reaction rates, changes in mixing heights that affecscummer and a winter period. They found that N¢inission
vertical dispersion of pollutants, and modifications of synop-control during winter is an effective control strategy, while
tic flow patterns that govern pollutant transport. in the summer reductions in $Q@ield the largest reduction
Several studies have tried to quantify how the emissionsof PMys. Similar results for NH reductions were reported
changes of one pollutant can lead to changes in the concerby Pinder et al. (2007) who calculated that the ;\tdntrol
tration of others and to estimate these source-receptor relastrategy would be particularly cost effective in the winter.
tions in Europe (Simpson, 1995; Sutton et al., 2003; Sill- The role of climate change on the concentrations of ozone,
man et al., 2003; Erisman et al., 2003; Jonson et al., 2006particulate matter and other pollutants and the impact of var-
Vautard et al., 2006; Berglen et al., 2007; Konovalov et al.,ious climate change scenarios on air quality over Europe has
2008; Fagerli et al., 2008).dvblad et al. (2004) investi- been the subject of several studies (Tuovinen et al., 2002;
gated trends of the emissions of sulfur dioxide, nitrogen ox-Langner et al., 2005; Ordonez et al., 2005; Szopa et al., 2006;
ides and ammonia in Europe and the corresponding respondeorkel and Knoche, 2007; Giorgi and Meleux, 2007; Jacob
of the major inorganic fine particulate components over theand Winner, 2009). Forkel and Knoche (2006) used an on-
past 2 decades. They observed that between 1980 and 200@he regional coupled atmospheric—chemistry model in order
SO, emissions decreased approximately 70 % while sulfateto investigate possible effects of global climate change on the
concentrations decreased around 50 %. Emissions of nitrorear-surface concentrations of photochemical compounds in
gen oxides and ammonia also decreased 25 % and 20 % r&outhern Germany. They showed a 10 % increase on average
spectively with a non-linear response of ammonium nitrate.daily maximum ozone concentrations during summer mainly
De Meij et al. (2009a) applied a three-dimensional chemicaldue to an increase of temperature and biogenic emissions
transport model (CTM) over Northern Italy and estimated along with a decrease of cloud water and ice. A regional
the impact of 50% emission reductions of NCPM;s, CTM was used by Meleux et al. (2007) to investigate the
SOy, VOC and NH, for different source sectors, onzgO effects of climate change on summer ozone levels over the
and PM s concentrations. This study showed that the 50 %European region, under different IPCC emissions scenarios
reduction of NQ and PM 5 emissions coming from road (IPCC, 2007). Their study showed a substantial increase of
transport and non-industrial combustion plants is the mosbzone concentrations during summer in future climate condi-
effective control strategy for reducing P levels over Po  tions, mostly due to higher temperatures and reduced cloudi-
Valley, leading to an average decrease of 1-6 pgand 1-  ness and precipitation. They also addressed the importance of
4 ug 3 respectively. Jonson et al. (2001) studied the im-temperature-driven increase in biogenic emissions on ozone
pact on ozone and ozone precursors over Europe due to theroduction. In a global study by Heald et al. (2008), the au-
combination of global and regional changes in anthropogenidhors used a global atmosphere-land model to investigate the
emissions. Their results showed that the expected reductionsensitivity of secondary organic aerosol (SOA) concentration
in the emissions of ozone precursors in Europe from 1996 tdo changes in climate and emissions under the year 2100
2010 would lead to reductions of ozone, during summer, inlPCC A1B scenario. They predicted increases of SOA lev-
southern, central and eastern regions of Europe. However, iBls in the future climate, mainly due to increase of biogenic
Northern and Western Europe ozone levels were predicted t&OA, which were estimated to rise around 35 % in Europe.
increase. This increase was primarily attributed to reductiongn addition, Carvalho et al. (2010) used downscaled mete-
in European emissions in areas dominated by high K@ orology generated by a global circulation model (GCM) in
els. Thunis et al. (2007) conducted an intercomparison moda regional CTM to study the impact of climate change on
eling study at different scales, over several European cities itthe air quality over Europe and Portugal, using the IPCC A2
order to predict the response of @nd PM in several emis- scenario for the future. Their modeling system predicted that
sion scenarios for 2010. The authors focused on the importhe response of P to the future climate varies in space and
tance of fine scale modeling forzGand PM related to ur- time with increases of PM levels predicted mainly over the
ban centers. A similar study was carried out by van Loon etcontinental regions.
al. (2007) covering the whole European continent. Several The main objective of this study is to quantify how fine
studies, investigating the response of ozone and fine particuparticulate matter (Plk) responds to emissions changes of
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its precursors and how a change on temperature would influ- Three main approaches are available in PMCAMx-2008
ence its concentrations. For this purpose we apply a threefor the simulation of inorganic aerosol growth. In the “bulk
dimensional CTM (PMCAMx-2008) over Europe. Three- equilibrium” approach the bulk inorganic aerosol and gas
dimensional CTMs are well suited for this purpose becausehase are assumed to be always in equilibrium. At a given
they link emissions and meteorology to Poncentrations  time step the amount of each species transferred between the
through descriptions of the physics and chemistry of the at-gas and aerosol phases is determined by applying the aerosol
mosphere. The PMCAMXx-2008 model includes state-of-the-thermodynamic equilibrium model ISORROPIA (Nenes et
art organic and inorganic aerosol modules which make it wellal., 1998) and is then distributed over the aerosol size sec-
suited for the purpose of this study. In addition, the modeltions by using weighting factors for each size section based
uses newly developed emissions inventories from both anen their surface area (Pandis et al., 1993). The advantage
thropogenic and biogenic sources in order to better underef this approach is its speed, simplicity and stability. The
stand the effectiveness of each control strategy on$£M second approach (“hybrid” approach) assumes equilibrium
levels and to predict correctly the respective response. Théor the fine particles € 2.5 um) and solves the mass trans-
PMCAMXx-2008 performance has already been evaluateder differential equations for the coarse particles (Capaldo et
(Fountoukis et al., 2011) against high time resolution aerosohl., 2000). The most accurate but computationally demand-
mass spectrometer (AMS) ground measurements taken froring method is the “dynamic” approach where mass transfer
various sites in Europe as well as airborne measurements simulated explicitly for all particles (Pilinis et al., 2000).
from an aircraft field campaign over Europe (Morgan et al., In this work we use the bulk equilibrium approach. In this
2010) during the European Aerosol Cloud Climate and Air approach the coarse mode nitrate chemistry is included (e.g.
Quality Interactions (EUCAARI) intensive periods (Kulmala reaction of NaCl with HN@ forming NaNG), but assuming
etal., 2011). an average PM composition.

The remainder of this paper is organized as follows. First, PMCAMx-2008 includes a state-of-the-art organic aerosol
there is a brief description of PMCAMXx-2008 and the details module which is based on the volatility basis set framework
of its application in the European domain. In the next sec-(Donahue et al., 2006; Stanier et al., 2008). The model sim-
tion, the temporal and spatial characteristics of the effective-ulates the partitioning of primary emissions assuming pri-
ness of NH, SO, NOy, anthropogenic VOCs and anthro- mary organic aerosol to be semivolatile. Nine surrogate POA
pogenic OA emissions reductions on the concentration of thespecies with effective saturation concentrations at 298 K
PM,5 components are discussed. The response of the indiranging from 102 to 1P ug mi-2 are used following the ap-
vidual OA components to these emissions scenarios is alsproach of Shrivastava et al. (2008). POA is simulated in the
analyzed. The effects of temperature change are quantified imodel in two types, “fresh” (unoxidized) POA and oxidized
the following section. Finally the effectiveness of each emis-POA (OPOA). For the intermediate VOC (IVOC) emissions
sions reduction scenario as well as the relative significanceve followed the approach of Tsimpidi et al. (2010) and Shri-
of the temperature change on PMlevels, for the different  vastava et al. (2008), in which the IVOC emissions are pro-

periods are discussed. portional to the emitted primary OA mass. Due to the diffi-
culty in measuring mass in this volatility range (it is emitted
2 The PMCAMx-2008 CTM and remains largely in the gas phase), emission inventories

do not include these compounds. Thus we add an additional
1.5 times the original POA mass emission rate to the inter-

PMCAMx-2008 (Murphy and Pandis, 2009; Tsimpidi et al., mediaFe volatility orgapic gas emission rate following sev-
2010; Karydis et al., 2010) uses the framework of the CAMx €ral Prior studies (Robinson et al., 2007; Murphy and Pandis,
air quality model (ENVIRON, 2003) which simulates the 2009; Hodzic et'a!., 2010; Tsimpidi et al., 2010). The IVOQS
processes of horizontal and vertical advection, horizontal2" then be oxidized by OH _and may go 1o lower volatil-
and vertical dispersion, wet and dry deposition, and gas-'ty and co_ndense. SOA C(_)nS'St.S of orgamc_a_erosol of an-
phase chemistry. The gas-phase chemistry is described b&*/‘mp_‘?ge”'c .(aSOA) and biogenic (bSOA) origin. The SOA
the SAPRC99 mechanism (Carter, 2000; ENVIRON, 2003)volatll|ty bas_|s—set approach (]_ane et al., 2008a) useq in the
which includes 211 chemical reactions of 56 gases and 1§urrent version of the model includes four SOA species for

free radicals. For the aerosol processes, three detailed aeros%fllCh VOC with 4 volatility bins (1, 10, 100, 1000 ug#. In

modules are used: inorganic aerosol growth (Gaydos et al_addition, the model treats all anthropogenic organic species
rimary and secondary) as chemically reactive. Chemical

2003; Koo et al., 2003), aqueous phase chemistry (Fahey an@ ; X ;
Pandis, 2001) and SOA formation and growth (Koo et al., 9Ing through gas-phase OH reaction of OA vapors is mod-
2003: Murphy and Pandis, 2009). These modules employ led. The parameters that we used in this study were taken
sectional approach that dynamically models the size evolu{f®M Murphy and Pandis (2009).

tion of each aerosol constituent across 10 size sections vary- Fprthe s;rrpqlanon of wetk:j_epoi!tlﬁn;hT moldel usefzs ascav-
ing from 40 nm to 40 um. enging coefficient approach in which the local rate of concen-

tration change within or below a precipitating cloud is equal

2.1 Model description
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to the product of the concentration of a pollutant and the re-
spective scavenging coefficient. The scavenging coefficientis
determined differently for gas and aerosol species following
Seinfeld and Pandis (2006). For dry deposition, PMCAMXx

determines a deposition velocity for each land use type, for -'

A. G. Megaritis et al.: Changes of emissions and temperature in Europe

each given species, particle size, and grid cell, and then lin-
early combines them according to the fractional distribution
of land use. The deposition flux is used as the lower bound- |
ary condition in the vertical dispersion algorithm. For the gas %
phase species, the resistance model of Wesely (1989) is used. ;.-
The deposition velocity is calculated from three resistances |
in series: the aerodynamic resistange the quasi-laminar
resistance;, and the surface resistance The surface resis-
tance is further expressed as several more serial and parallel|....x
resistances that depend upon the physical and chemical prop-| % ¥
erties of the surface in question. Many of these resistances, s
such as the stomatal resistangerary also with temperature.
Over water, the surface resistance is parameterized following
Kumar et al. (1996) and Sehmel (1967). For aerosol parti-
cles the resistance approach of Slinn and Slinn (1980), as
implemented in UAM-AERO (Kumar et al., 1996), has been
adopted in PMCAMX.

.......

o

Fig. 1. Modeling domain of PMCAMx-2008 for Europe. The lo-
cation of the five regions used for the investigation of the spatial
dependence of the PM responses to emissions and temperature
changes are also shown=d North Europe, lI= UK and Western
PMCAMx-2008 was applied over Europe covering a Europe, Ill= Central Europe, I\= Balkans, V= Southwest Eu-
5400x 5832 kn? region with 36x 36 km grid resolution and  rope).

14 vertical layers covering approximately 20 km (Fig. 1). The
necessary inputs to the model include horizontal wind com-
ponents, vertical diffusivity, temperature, pressure, water vaemissions composition is provided elsewhere (Schaap et al.,
por, clouds and rainfall, all created using the meteorologi-2005; Visschedijk et al., 2007). Two different datasets are
cal model WRF (Weather Research and Forecasting) (Skacombined in order to produce the biogenic gridded emissions
marock et al., 2005). The performance of WRF for Europefor the model. Emissions from ecosystems are produced by
against observed meteorological variables has been the topiIEGAN (Model of Emissions of Gases and Aerosols from
of a number of recent studies (Jimenez-Guerrero et al., 2008\ature) (Guenther et al., 2006). MEGAN inputs include the
de Meij et al., 2009b; Im et al., 2010; Argueso et al., 2011; |eaf area index, the plant functional type and the emission
Garcia-Diez et al., 2012) showing good agreement in com-actors while the weather data needed for MEGAN are pro-
parison with observations. The concentrations of the majoiided from the WRF model. The sesquiterpene emissions
PM species used as boundary conditions of the domain imave been set to 30 % of the monoterpene emissions (Helmig
this study were taken from Fountoukis et al. (2011) and areet al., 2006). For sea salt emissions the marine aerosol emis-
based on measured background concentrations in sites closton model developed by O’Dowd et al. (2008) was used,
to the boundaries (e.g. Zhang et al., 2007; Seinfeld and Panwhich uses wind speed data from WRF and chlorophyll
dis, 2006). concentrations as inputs for the calculations. In addition, for
Updated anthropogenic and biogenic hourly emissionthe summer period we also included emissions data from
gridded fields were developed and evaluated for the Eurowildfires (Sofiev et al., 2008a, b). The Saharan dust emissions
pean domain for gases and primary particulate matter (Taare not modeled explicitly but are included as boundary con-
ble 1). Anthropogenic gas emissions include land as wellditions in the domain. The dust emissions from Europe are
as international shipping emissions and were developed bjhcluded in the corresponding inventories.
the TNO team during the EUCAARI project (Denier van der
Gon et al., 2010) as a continuation of the work in GEMS and2.3 Model evaluation
MACC. The major improvement was the development of the
Pan-European Carbonaceous Aerosol Inventory improving-ountoukis et al. (2011) evaluated PMCAMx-2008 against
the emissions estimates of anthropogenic particulate organibigh time resolution aerosol mass spectrometer (AMS)
and elemental carbon (Kulmala et al., 2011). A detailed de-ground measurements taken at four European measurement
scription of the emissions temporal variations and NMVOC stations (Cabauw, Finokalia, Mace Head and Melpitz), as

2.2 Modeling domain and inputs
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Table 1. Emission mass totals for gaseous andy,»Mpecies (in ktons montﬁl) for the European domain during the modelled summer and
the modelled winter period.

Species CO N SO NHz NMVOC NOj Sulfate NI—[lF EC OC Na cCI-

Summer Anthropogenic 3682 1461 1675 501 1291 - - - 47 68 - -
Biogenic 1207 46 3 11 1872 4 146 1 12 81 512 920

Winter Anthropogenic 5002 1531 1961 474 1334 - - - 62 112 - -
Biogenic 80 5 59 - 257 - 298 - - 12 1140 2050

well as airborne measurements from an aircraft field cam-is associated with sea salt, which shifts nitrate and ammo-
paign over Europe, during May 2008. On a domain-averagenium to the coarse mode (Dall’'Osto et al., 2010). Karydis et
basis, organic aerosol was predicted to account for 32 %al. (2010), found a similar behavior for nitrate, in the high
of total PMy mass at ground level, followed by sulfate dust concentration area of Mexico City where the bulk equi-
(30 %), ammonium (13 %), nitrate (7 %), and elemental car-librium approach of PMCAMx-2008 was unable to capture
bon (4%). The comparison of the model predictions with this effect. Similarly to our results, they underpredicted con-
hourly average ground measurements was encouraging. Theentrations of nitrate and ammonium in the coarse mode and
monthly average concentrations for PNDA, nitrate, sul-  overpredicted them in the fine mode. The prediction skill
fate and ammonium, measured in the four stations were 3.3netrics of PMCAMXx-2008 against AMS hourly ground mea-
1.7, 2.8 and 1.5ugn? respectively compared to the pre- surements during the EUCAARI summer campaign are sum-
dicted average values of 3, 2.8, 2.9 and 1.7 pgnThe marized in Table S1 in the Supplement. The respective skill
model reproduced more than 87 % of the hourly averagednetrics of the comparison during the EUCAARI winter cam-
data within a factor of 2 for PMOA. The mean bias for OA  paign are summarized in Table S3 (see Supplement).
was—0.4 ug nT2 while the corresponding normalized mean  The model predictions showed that PSulfate concentra-
bias (NMB) and normalized mean error (NME) were 11 % tions in the Mediterranean region are much higher than the
(small underprediction) and 30 % respectively. Compared toPM; OA during the late spring period, while organic matter
the daily averaged measurement values, the model performed predicted to be the dominant Ridpecies over a large part
well for OA reproducing more than 94 % of the hourly data of continental Europe. Oxidized POA and OA from interme-
within a factor of 2. In addition, the model performed well in diate volatility organic compounds (IVOCs) were predicted
reproducing the high degree of oxidation as well as the averto be the dominant OA components, contributing around
age diurnal profile of the organic concentrations observed irb0 % to total OA, while biogenic SOA comprised on average
the Eastern Mediterranean region while it tended to predictalmost one third of the total predicted OA over the domain.
relatively flat average diurnal profiles for RMDA in many In addition, the model predicted low levels of fresh POA in
areas, both rural and urban in agreement with observations.most areas of the domain, with an exception for urban and
For PM; sulfate the model performance was also encour-suburban areas located mainly in central and Northern Eu-
aging reproducing more than 70 % of the hourly data pointsrope. Compared to a positive matrix factorization analysis
and more than 82 % of the daily averaged data within a fac-of the organic aerosol AMS data at Finokalia (Hildebrandt
tor of 2. Although, the model predictions for sulfate were et al., 2010a), PMCAMx-2008 correctly predicted negligi-
subject to significant scatter (NME47 %, mean erroe 1.3 ble hydrocarbon-like organic aerosol (HOA) concentrations
ug 3, fractional erroe=0.4). The NMB in Cabauw, Fi- (~0.02ugnt3) as a result of no strong local sources and
nokalia and Melpitz was 29 % for PMnitrate and to 2%  rapid conversion of POA to OPOA. On average, both AMS
for PM1; ammonium and the corresponding mean biases werand PMCAMXx-2008 give high oxygenated organic aerosol
0.4 and 0.03 ug ? respectively. Potential explanations for concentrations (more than 98 % of total OA in this area). A
the tendency of the model to overpredict ammonium ni- more detailed comparison between the PMCAMx-2008 pre-
trate in these areas include overestimation of the ammoniaicted concentrations of OA components and the PMF analy-
emissions, uncertainties in the AMS measurements and a$is of AMS data from various European sites, during different
course incomplete understanding of the corresponding properiods, is in progress and will be presented in a forthcoming
duction and removal processes. The model predicted signifipaper.
cantly higher concentrations for both nitrate and ammonium The capability of PMCAMx-2008 to reproduce the verti-
in Mace Head, compared to the measurements. These errocal distribution of sub-micron aerosol chemical composition
could be partly attributed to the use of the bulk equilibrium was evaluated by comparing the model predictions with the
approach for the simulation of the inorganic aerosol growthairborne AMS data from 15 flights. The model performance
and the fact that a significant amount of nitrate over this areaagainst the high time resolution airborne measurements of
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OA and sulfate at multiple altitudes and locations was as
good as its performance against the ground level hourly mea-
surements. The measured average concentrations far PM
OA, nitrate, sulfate and ammonium were 2.6, 1.6, 1.6 and
1.2 ug 2 respectively compared to the predicted average
values of 2.2, 1.4, 1.6 and 1.3 ugf However, compared

to the ground measurements the scatter in this comparison
was a little larger since the model predictions are compared
against each one of the AMS measurements (total 000
points) instead of comparing hourly averages. Overall the
model predictions showed small NMB, from 1% (ammo-
nium) to—15 % (OA) and larger NME (from 42 % for OA to
69 % for nitrate), while the model correctly predicted more
than 66 % and 62 % of the observed concentrations within a
factor of 2 for OA and sulfate respectively. Table S2 in the
Supplement gives a summary for the statistical metrics of the
comparison between the airborne AMS data and PMCAMXx-
2008 predictions.

3 Simulated periods

PMCAMXx-2008 was used for the simulation of two month-
long periods one during summer and one during the winter.
Summer results were based on a hot period (1-29 May 2008)
while the winter simulation was based on a cool late win-
ter and early spring period (25 February—23 March 2009).
These two periods have been selected to be representative o
each season allowing us to reduce the computational cost of
the overall effort. Both periods included a variety of meteo-
rological conditions and pollution levels. For example, the
first half of May was characterized by a blocking anticy-
clone leading to stable meteorological conditions and high
pollution levels over Central Europe. Hamburger et al. (2011)
have provided an extended analysis of the synoptic and pollu-
tion situation over Europe during this period. High tempera-
tures were observed in most of northern and southern Europe
(Pikridas et al., 2010; Poulain et al., 2011; Mensah et al.,
2012), leading to enhanced photochemical activity, which is
characteristic of early summer. The winter period was rela-
tively typical with low temperatures observed in most areas
of the domain (Hildebrandt et al., 2010b; Freney et al., 2011,
Poulain et al., 2011; Mensah et al., 2012).

The predicted base case averaged concentrations for par
ticulate ammonium, nitrate, sulfate, total OA and total /2M
mass during the modeled summer and winter periods are
shown in Fig. 2. During the summer period the model pre-
dicts high nitrate concentrations in Western Europe, with aFig. 2. Predicted base case ground-level concentrations ([ym
predicted maximum of 7 ugm? in South England. In the of (a—b) PMs 5, (c—d) ammonium (e—f) nitrate, (g—h) sulfate, and
rest of the domain nitrate is lower, less than 2 u‘ggnm most (i—j) total OA, during the modeled summer and the modeled winter
areas. PMs ammonium shows a similar pattern to nitrate in period. Different concentration scales are used for each graph.
the domain, while elevated ammonium concentrations show
strong association with nitrate, evidence of fND3 forma-
tion in the specific area. Additionally, the highest predicted
concentrations for fine sulfate are predicted over the Mediter-

(i) OA - Summer (j) OA - Winter
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ranean while organic matter is predicted to be the dominantus on the differences between the base case and reduced
PM, 5 component in Central and Northern Europe, with oxi- emission scenario at the ground level.
dized POA and biogenic SOA contributing around 50 % and
30 % to total OA respectively. 4.1 Reduction of NH; emissions
During the winter period, in most areas, the model predicts ) .
lower concentrations for nitrate and ammonium with similar 1€ Predicted changes in average ground-level concentra-

spatial trends. Sulfate is predicted to contribute around 20 9410ns Of the major PMs components after a 50 % reduction
of total PMys in a large fraction of the domain, while the ©f NHs émissions during the modeled summer and the mod-
highest predicted concentrations for total OA are predictec!€d Winter period are shown in Fig. 3 and are summarized

over Central and North Europe. Fresh POA is predicted to bé" Table 2. The reQuction of I_\lj-lemissions sig_nificantly_ re-
the dominant OA component in the winter. duces PMs levels in both periods. The reduction of BMis

The high levels of total Pis above some sea regions are mainly attributed to decreases of particulate ammonium ni-

due to several reasons. During the May period the high P,vfrate levels. In areas where ammo_nium nitrate concen_tration
concentrations in Northern Europe (an area extending fron{S €levated the effect of Nidemissions on Pl/s levels is
Southern Scandinavia to Western Ireland) were due mainly t&Ven higher. o

high ammonium nitrate concentrations. These predictions are In addlthn, N cont.rol indirectly affect_s sulfate forma-
consistent with the extended airborne measurements in thiOn, resulting on a slight decrease of its levels. Sulfate,
area as well as the measurements in Cabauw and Mace He&§§€n In environments with low N exists in the aerosol
(Fountoukis et al., 2011). The high levels over the Mediter-Phase as ammonium sulfgte or bisulfate. Part of th|§ sulfat_e is
ranean (central and eastern) were mainly due to high sulfarfPrmed heterogeneously in cloud droplets via the dissolution
levels. These higher sulfate levels over the MediterranearP! 92s€ous S@and its oxidation. The second mostimportant
were due to the transport of sulfur dioxide and the resulting?dU€0us-phase reaction is the reaction of the dissolved SO

sulfates originating from the Balkans and the industrial areadVith Os at pH values greater than 5 (Seinfeld and Pandis,

of eastern Europe (Mihalopoulos et al., 1997; Ganor et aI.,ZOOG)' Therefore, the effective cloud $Oxidation rate de-

2000; Lelieveld et al., 2002; Sciare et al., 2003). Dust (in thePeNds partially on the presence of species affecting pH, such
Mediterranean), sea-salt as well as DMS from phytoplank-25 NHs. The respective response of sulfate is mainly due to
ton also contributed to these elevated levels over water. Thd1€ reduction of the cloud pH and the reduction of the rate of

elevated levels in the modeled winter period were due to 4"-¢loud sulfate production. _ _
combination of high ammonium nitrate, organic aerosol and DUring the modeled summer period, total Piis pre-
sea-salt. dicted to decrease by 5.5% on a domain average ba-

The model predicts high nitrate concentrations over mos$SiS- The 50% NH reduction is more effective in West-
of Europe during the modeled winter period and the lev-€M Europe (Fig. 3g) where total RN is decreased by

els in the Po Valley are relatively high (Fig. 2f). However, 2-3H9 rrr3_(15 %) on average, with a maximum decrease
this simulated period includes periods of accelerated removapredicted in South England (5.1 ugthor 22.5%). In this
(e.g., high rainfall rates); the concentrations during specific2¢8 ammonium nitrate levels show the highest reduction
episodes are a lot higher. The model predicts also low OA(Q-73HgnT* or 35% and 1.3 g m’ or 39 % respectively)
concentrations over Germany, compared to the available obtFid- 38, €) while sulfate decreases by 4 % (Table 2). Signif-
servations in Melpitz. The wintertime underestimation of OA '¢ant decreasessof P24 levels are also predicted in South-
levels was due to the fact that the wood-burning emissions V€St (0'753 Hgm* or 10% on average) and Central Europe
this area are underestimated. Similar underestimation of th&2-8 HgNT* or 9% on average) while in the rest of the do-

emissions has been found also in Sweden and Switzerlanf'@in the reduction of Phk is lower (Table 2). o
and this will be the topic of a forthcoming publication. During the modeled winter period, the NHeduction is
also effective in reducing Pk levels (4 % average). Signif-

icant decreases of PM are predicted in Central Europe (up
to 1.5 ug mr3 or 10 % in northern France) (Fig. 3h), while the
average reduction of P in this area reaches 0.7 pgm
a 500947-5%). The reduction of inorganic P\ components ex-
reduction of gaseous emissions (SOIHs, NOy, anthro- ceeds 10 % in this area with particulate ammonium and ni-
; ; .~ npitrate predicted to decrease by 30% and 18 % respectivel
pogenic VOCs) and a 50 % reduction of anthropogenic pri- P y p y:
mary OA emissions (POA). In the SONO, and NH; emis- and Pl\_/]g‘s sulfate b_y 11 %. In other areas (_)f the domam, total
sion control simulations, the initial and boundary conditions PM25 iS also pr3ed|cted to decrease and its reduction ranges
of SO, NO, and NH; as well as the initial and bound- rom 0.37pgm= (4.5%) in Western Europe to 0.6 ugth
ary conditions of sulfate, nitrate, and ammonium were also(? %0) in North Europe.
reduced by 50 %. These are oversimplified cases exploring
mainly the sensitivity of concentrations to emissions. We fo-

4 Results

Five control strategies were examined separately,
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Table 2. Average predicted concentration reduction and percent average reduction of the magc®Mponents to a 50 % reduction of
NH3, NOx, SOy, VOCs and POA emissions, during the modelled summer and the modelled winter period.

Region PM 5 Components Control Strategy
—50% NHg —50% NG —50% SO —50% VOCs —50% POA
Predicted Change — Summer
12 Ammonium 0.12 (18 %) 0.07 (10%) 0.08 (13 %) —0.01 -1.5%) < —0.001 (—0.01%)
Sulfate 0.04 (2%) 0.05 (3%) 0.36 (22 %) —0.02(-1%) < —0.001 (—0.05%)
Nitrate 0.12 (24 %) 0.21 (44%) —0.04 (—8.5%) —0.01(25%) < —0.001(—0.01%)
OA —0.001 (0.1 %) 0.07 (4 %) 0.001 (0.07 %) 0.08 (5%) 0.17 (10 %)
Total PMp 5 0.3 (4.5%) 0.38 (5.5%) 0.4 (6 %) 0.04 (0.6 %) 0.17 (2.5%)
Il Ammonium 0.73 (35%) 0.29 (13.5%) 0.08 (3.5%) 0.001 (0.05 %)< —0.001 (—0.01 %)
Sulfate 0.13 (5%) —0.13 (-5%) 0.61 (24 %) —0.01 -0.5%) < —0.001 (—0.01 %)
Nitrate 1.3 (39%) 1.2538%) —0.17 (-5%) 0.01 (0.3 %) —0.004 0.1%)
OA 0.002 (0.1 %) —0.15 (-6 %) 0.002 (0.1 %) 0.2 (9%) 0.26 (11 %)
Total PMp 5 2.3 (15%) 1.24 (8 %) 0.5 (3%) 0.2 (1.1%) 0.26 (1.5%)
I} Ammonium 0.22 (20%) 0.23 (22 %) 0.13 (13%) —0.02 (-2 %) 0.00 (0 %)
Sulfate 0.12 (6.5%) 0.03 (2%) 0.54 (30 %) —0.02 (—1%) 0.00 (0%)
Nitrate 0.43 (28 %) 0.75(49%) —0.12 (-7.5%) —0.04 3%) < —0.001 (—0.05%)
OA —0.002 (0.1 %) 0.08 (3.5%) 0.001 (0.08 %) 0.2 (9 %) 0.24 (10 %)
Total PMp 5 0.8 (9%) 1.1 (12%) 0.55 (6 %) 0.1(1.1%) 0.24 (2.5%)
v Ammonium 0.26 (28 %) 0.1 (10%) 0.14 (0.16 %) —0.01 -1.5%) 0.00 (0 %)
Sulfate 0.08 (3%) 0.2 (8%) 0.84 (34 %) —0.05(-2%) < —0.001 (—0.02%)
Nitrate 0.1 (22%) 0.2(43%) —0.13(-29%) —0.02 (-4 %) < 0.001 (0.01 %)
OA —0.002 (0.1 %) 0.1 (5.5%) 0.002 (0.1%) 0.14 (8 %) 0.1 (6 %)
Total PMp 5 0.51 (6 %) 0.6 (7 %) 0.8 (10 %) 0.06 (0.7 %) 0.1(1.1%)
\Y, Ammonium 0.29 (30%) 0.1 (10.5%) 0.06 (6 %) —0.01 1%) < 0.001 (0.02 %)
Sulfate 0.06 (3%) 0.03 (1.5%) 0.54 (28 %) —0.02(-1%) < —0.001 (—0.01%)
Nitrate 0.33 (32%) 0.4 (40%) —0.19 (—-18%) —0.02 (-1.5%) < —0.001 (—0.07 %)
OA —0.001 0.06 %) 0.03 (2.5%) 0.002 (0.1%) 0.1 (7.5%) 0.1 (7.5%)
Total PMp 5 0.75 (10 %) 0.53 (6.5%) 0.38 (5%) 0.06 (0.7 %) 0.1 (1.3%)
Predicted Change — Winter
12 Ammonium 0.19 (27 %) 0.03 (3.5%) 0.04 (4.5%) 0.01 (1.2%) < —0.001 (—0.01 %)
Sulfate 0.13(7.5%) —0.18 (—10%) 0.26 (15 %) 0.01 (0.5%) 0.002 (0.1 %)
Nitrate 0.22 (25%) 0.3(34%) —0.05(-6%) 0.04 (4 %) —0.002 0.2%)
OA 0.002 (0.1%) —0.21(+11%) < 0.001 (0.05%) 0.07 (4 %) 0.3 (18 %)
Total PMp 5 0.6(7%) —0.03(-0.3%) 0.25 (3%) 0.11 (1.3%) 0.3 (3.5%)
Il Ammonium 0.21 (35%) —0.002 -0.3%) 0.02 (3.5%) 0.005 (0.8 %) < —0.001 (0.1 %)
Sulfate 0.08 (4 %) —0.1 (-5%) 0.25 (12.5%) —0.005 (0.2 %) 0.001 (0.05 %)
Nitrate 0.11 (15%) 0.11 (16 %) 0.02 (3%) 0.03 (4.5%) —0.002 (-0.3%)
OA 0.001 (0.15%) —0.1(-13%) < 0.001 (0.05%) 0.01 (2%) 0.14 (19 %)
Total PMp 5 0.5(4.5%) —0.08 (—0.7%) 0.29 (2.5%) 0.04 (0.3 %) 0.14 (1.1 %)
I} Ammonium 0.22 (30 %) 0.03 (4.5 %) 0.04 (5.5%) 0.007 (1%) —0.001 (0.1%)
Sulfate 0.17 (11 %) —0.15 (-9 %) 0.25 (15 %) —0.001 (0.05%) 0.002 (0.1 %)
Nitrate 0.2 (18 %) 0.29 (26%) —0.02 (-1.6%) 0.04 (3.5%) —0.003 (0.2 %)
OA <0.001(0.07%) —0.18(-14%) < 0.001(0.01%) 0.04 (3%) 0.35 (25 %)
Total PMp 5 0.67 (7.5%) —0.02 (-0.2%) 0.27 (3%) 0.08 (0.9 %) 0.36 (4 %)
v Ammonium 0.14 (29 %) 0.02 (4 %) 0.02 (4 %) 0.002 (0.4 %) —0.001 (0.2 %)
Sulfate 0.06 (4 %) —0.14 -9 %) 0.27 (18 %) 0.003 (0.2%) < —0.001 (—0.02 %)
Nitrate 0.13 (22 %) 0.22 (36%) —0.05 (-8%) 0.01 (1.5%) —0.001 (-0.2%)
OA <0.001(0.02%) —0.15(+10%) < 0.001 (0.04%) 0.06 (5 %) 0.16 (14 %)
Total PMp 5 0.37(5.5%) —0.05(0.7%) 0.23 (3.3%) 0.07 (1%) 0.16 (2.3%)
\Y Ammonium 0.18 (30 %) 0.03 (4.5%) 0.02 (2.5%)< —0.001 (—0.06 %) —0.001 (0.1 %)
Sulfate 0.03 (2%) —0.1 (-6%) 0.29 (18 %) —0.002 0.1%) < —0.001 (—0.002 %)
Nitrate 0.23 (29 %) 0.24 (30%) —0.1(-12.5%) 0.003 (0.3 %) —0.002 (0.2 %)
OA <0.001 (0.04%) —0.13(+10%) < 0.001 (0.04%) 0.06 (4.5 %) 0.14 (10%)
Total PMp 5 0.5 (6 %) 0.02 (0.2 %) 0.18 (2.2 %) 0.06 (0.7 %) 0.14 (2%)

@ The location of the five regions used for the analysis is shown in Fig. 1.
b A positive value corresponds to a decrease.
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V2

(g) PM, s - Summer

(h) PM. 5 - Winter

Fig. 3. Predicted reduction (base case — emissions reduction sce-
nario) in ground-level concentrations (ug®) of (a—b) ammo-
nium, (c—d) nitrate,(e—f) sulfate, andg—h)total PM, 5 after a 50 %
reduction of NH emissions during the modeled summer and the
modeled winter period. A positive value corresponds to a decrease.

‘f} -

(i) PM. 5 - Summer

4.2 Reduction of NQ, emissions

During the modeled summer period, the reduction ofxNO

emissions by 50 % results in a net decrease of totab£M Fig. 4. Predicted reduction (base case — emissions reduction sce-
levels over Europe (5.5 % on average). However, its effect omario) in ground-level concentrations (ug of (a—b) sulfate,(c—

the individual PM 5 components is quite variable spatially. d) nitrate, (e—f) ammonium,(g—h) total OA, and(i—j) total PMp 5
Although the NQ reduction results in significant decreases after a 50 % reduction of Nemissions during the modeled sum-
of ammonium nitrate levels in the entire domain (Fig. 4c, mer and the modeled winter period. A positive value corresponds to
e) the response of sulfate and total OA to NEmissions & decrease.

changes differs, depending on the respective changes of OH

and Q.
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The main source of sulfate is the oxidation of S@hich :
takes place either homogeneously (reaction with OH) or het-
erogeneously (cloud reactions with dissolved hydrogen per- -
oxide or ozone) (Pandis and Seinfeld, 1989). Thus, the levels ~
of OH are critical for the formation of sulfate. Under typi-
cal polluted conditions, OH reacts with VOCs and N& an
equal rate when the VOC/NQ@oncentration ratio is approxi- G
mately 55 : 1 (Seinfeld and Pandis, 2006). In areas where the
VOC/NO ratio is higher than this value, OH preferentially
reacts with VOCs. In these N@imited areas, a reduction
of NOy levels decreases the rate of @rmation, leading to  Fig. 5. Predicted reduction (base case — emissions reduction sce-
lower OH radical concentration. As a result, a reduction of nario) in ground-level concentrations (ppb) of @fter a 50 % re-
NOy emissions, by reducing OH, can indirectly decrease sul-duction of NG emissions duringa) the modeled summer period
fate concentration levels (Stockwell and Calvert, 1983). Onand(b) the modeled winter period. A positive value corresponds to
the contrary at a lower ratio of VOC to N@&oncentration, & decrease.
the NQ, reaction predominates. In these N€aturated ar-
eas, a reduction of NOemissions results in an increase of
OH and @ and subsequently sulfate concentrations can in-increase predicted in North and Central Europe (10% and
crease. Figure S1 in the Supplement shows the predicted baS&% respectively). Additionally, the increase of oxidant lev-
case VOC/NQ ratio for each simulation period and the cor- €ls accelerates the oxidation of OA precursors leading also
responding changes to VOC/N@atio after the reduction of to higher oxidized POA and SOA levels. In areas were OA
NOy and VOCs emissions. The reduction of N@nissions  is high (North, Central Europe), NGontrol is predicted to
also impacts the oxidant levels and consequently affects POAave the highest effect, increasing OA by 11% and 13%
aging as well as anthropogenic and biogenic SOA formationrespectively. In most areas of the domain, the predicted in-

The lower NG in the summer period has a significant ef- creases of sulfate and total OA levels are usually higher than
fect on total PM 5 levels in Central Europe, reducing them the nitrate decreases resulting to a net increase of totakPM
by 1.1 pg nr3 (12 %) (Fig. 4i). This reduction is mainly due (Table 2).
to the significant decrease of nitrate (0.75 p¢frar 49 %), as The predicted @ response to the decreasing N@as
the reduction of NQ leads to a decrease of oxidant levels in found to vary in time and space (based on the VOC tgNO
this area (the VOC to NQconcentration ratio is higher than ratio). During the modeled summer period, the N@duc-

5.5: 1 threshold value), and eventually less HNi®formed,  tion leads to a decrease of ozone amounts in most of the
as well as to a decrease of ammonium (18 % on average)nodel domain (Fig. 5a), with the highest reduction predicted
A slight decrease of sulfate and total OA which is mainly at- in the Balkans (14 % on average). In Southwest Europe O
tributed to reductions of oxidized POA and the correspondingis reduced by 9% while similar decreases are predicted in
SOA from intermediate volatile organic compounds (IVOCs) Central and North Europe (8 % on average). However in ma-
(account for 50 % of OA decrease) contribute also to the nefor urban areas such as Paris, London, Madrid and Milan the
decrease of total Ppk in Central Europe. The NQcontrol ~ response of @differs. In these N@Q-saturated areas,z0s

has a significant effect on total P levels in Western Eu-  predicted to increase by several ppb (up to 8 ppb or 43% in
rope, reducing them by 1.24 ugt(8 %) due to a reduction  London). Increase of ©concentration is predicted also in
of nitrate and ammonium by 38 % and 13.5 % respectively.Western Europe (4 % on average). During the modeled win-
Over Western Europe the VOC to N@atio is lower than  ter period, Q is predicted to increase in most areas of the
the 55: 1 limit. Therefore, in this N@-saturated region, the domain, after the 50 % reduction of N@missions (Fig. 5b).
50% NQ reduction leads to an increase of oxidant levels The predicted increase ofs@xceeds 10 % especially over
and consequently to an increase of sulfate and total OA levCentral and North Europe where average idcreased by

els (Table 2). 4.2 ppb (26 %) and 3 ppb (17 %) respectively.

In the modeled winter period, the reduction of Né&mis-
sions is also effective for reducing nitrate levels over Europe 4.3 Reduction of SQ emissions
Nitrate is predicted to decrease everywhere (30% on aver-
age), with its reduction being more significant in North Eu- The predicted changes in average ground-level concentra-
rope (Table 2). However, during wintertime the VOC to NO tions of the major PMs components after a 50 % reduction
ratio is lower than % : 1 in most of the model domain (see of SO, emissions during the modeled summer and winter pe-
Fig. S1 in the Supplement) due to lower biogenic emissionsyiods are shown in Fig. 6 and are summarized in Table 2. The
thus the NQ control results in an increase of the oxidant lev- reduction of SQ emissions is predicted to have different im-
els. The increase of oxidant levels increases sulfate concerpacts on the different inorganic P components. Sulfate
tration in most areas over Europe (Fig. 4b), with a highestlevels are effectively reduced over Europe in both periods,

(a) O3 - Summer (b) O; - Winter
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the formation of NHNO3 depends on its equilibrium vapour
pressure product of ammonia and nitric acigaKwhich in
general, depends on temperature, RH and sulfate concentra-
tion (Stelson and Seinfeld, 1986). In the aqueous particulate
phase, when sulfate increas&%y decreases due to ion in-
teractions. Consequently the reduction of sulfate levels in-
creaseX an, which may cause a decrease of ammonium ni-
trate (thermodynamic effect) (Ansari and Pandis, 1998). In
areas where the total nitrate is high and thesN$ilow, ni-

trate tends to increase because of the electroneutrality effect,
while in areas with high free N{j nitrate tends to decrease
due to the thermodynamic effect.

During the modeled summer period the 50 % reduction
of SO, emissions produces an average sulfate decrease of
23 % in the entire domain (Fig. 6a). The €ontrol strat-
egy is more effective in the Balkans where sulfate is re-
duced by 0.84 ug m? (34 %) on average, while its reduction
reaches up to 1.4 uga (37 %) in the Eastern Mediterranean
whereas sulfate has the highest concentration. In the other
areas, the predicted sulfate decrease is also significant (Ta-
ble 2) indicating that S@is often the limiting reagent for
sulfate formation during summer. S©ontrol has also a sig-
nificant impact on nitrate levels, resulting in an increase of
its concentration in most areas of the domain (16 % on av-
erage) (Fig. 6¢), with the highest increase predicted over the
Balkans (0.13 ug e or 29 % on average). However, despite
the increase of nitrate, the predicted reduction of sulfate af-
ter the SQ control is higher, and along with the decrease of
ammonium (up to 16 % in the Balkans) results in a net de-
crease of total PMs levels (Fig. 6g) which is ranging from
0.38 ug n3 (5 %) in Southwest Europe to 0.8 pg (10 %)
in the Balkans.

In the modeled winter period, the $Q@eduction is also
effective in reducing sulfate in most areas of the domain (Ta-
ble 2). However the response of sulfate to,S®@ductions

‘ , ~ (an approximate reduction of 0.25ug# is lower com-

(2) PM:s - Summer ' ‘ pared to summertime, as the in-cloud formation of sulfate
by the reaction of dissolved SQvith H2O; is often limited
Fig._ 6._ Predicted reduction (basg case — emissions reduction SC&yy H,O, availability during winter. Similar to summertime,
nario) in ground-level concentrations (ug of (a-b)sulfate(c-  irate jevels are also predicted to increase after the reduc-
d) nitrate, () ammonium, andg-h)total PMp 5 after a 50%re- 0 o SO emissions, with the highest increase predicted in
ductlor_l of SQ emissions q_unng the modeled summer and the mOd_SouthweSt Europe (0.1 pgThor 12.5%). Nevertheless, the
eled winter period. A positive value corresponds to a decrease. . . o F ) ) !
predicted increases of nitrate are once more less than sulfate
decreases. Thus, the net impact onJ2Ns a 2—2.5 % reduc-

tion.
while the SQ reduction also causes decreases in particulate
ammonium (Table 2). 4.4 Reduction of anthropogenic VOCs emissions

On the contrary the response of nitrate to,3€duction is
variable depending on the availability of free jlend total ~ When the emissions of VOCs are halved, the oxidant lev-
nitrate in each area. NHreacts preferentially with y8Qy, els (Qs, OH) either increase (NQlimited areas) or decrease
and, if sufficient NH is available (free NH), it also reacts (NOy-saturated areas). This variable response, as we have
with HNO3 forming particulate nitrate. Thus, a reduction of seen, is determined by the VOC/N@atio and is the key
SO, can lead to an increase of free Qlidnd consequently for understanding the response of Pdlcomponents after
more HNG; can be transferred to the particulate phase (electhis reduction. For example, the reduction of anthropogenic
troneutrality effect) (Seinfeld and Pandis, 2006). HoweverVOCs is expected to reduce total OA levels, although in
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< e et decrease of total Pk is modest, up to 0.2 ugn? (1.1 %)

/ i 03 over Western Europe (Fig. 7¢).
02 In the modeled winter period, the VOC reduction leads
o1 also to a decrease of total OA levels (Fig. 7b), due to the
° reduction of aSOA. However the response of OA is lower
i compared to summertime due to the lower aSOA levels dur-

./ ing this period. The impact of the VOCs control is relatively
f’ : | uniform in space with the highest decreases of approximately
(b,;);_wmer = . 0.07 ugnT3 (4 %) predicted in North Europe. In this area

) aSOA levels were found to be high. In addition, decreases are
also predicted, in most of the domain, for inorganic 2M
components (Table 2), due to the decrease of oxidant lev-
els. The predicted reductions of inorganic Pdvére marginal
and along with the total OA reduction lead to small decreases

of PMy 5 levels (Fig. 7d, Table 2).

£ A

4.5 Reduction of anthropogenic POA emissions

(c) PM, 5 - Summer (d) PM, 5 - Winter . . . 3 . .
The 50 % reduction of primary OA emissions significantly

Fig. 7. Predicted reduction (base case — emissions reduction scé’educes total OA levels, in both periods, especially in areas
nario) in ground-level concentrations (Ug® of (a—b) total OA close to emissions sources (Fig. 8). During the modeled sum-
and(c—d)total PMp 5 mass after a 50 % reduction of anthropogenic mer period, OA is reduced by 8 % on average, with peak re-
VOCs emissions during the modeled summer and the modeled wingluctions in Western and Central Europe, where OA decreases
ter period. A positive value corresponds to a decrease. by 0.26 ug 3 (11%) and 0.24 ug e (10 %) respectively
(Table 2). The impact on OA levels is also significant in other
areas of the domain, while close to emissions sources the OA
NOy-limited areas the increase of oxidant levels acceleratess reduced even more (e.g. in areas over North and Central
the VOC oxidation, offsetting some of this reduction. Addi- Europe the predicted decrease reaches 3.6 %84% %) and
tionally for sulfate, its gas-phase formation is affected by the2 pg n13 (32 %) respectively). The predicted response of to-
competition between VOCs and N@or the OH radical. In  tal OA is mainly explained from the almost linear decrease of
areas with high N@Qconcentration levels (N@saturated ar-  fresh anthropogenic POA concentration after the POA con-
eas), the conversion of NO to NGs VOC-limited and by  trol strategy. Fresh POA is reduced by 50% in the whole
reducing VOCs, ozone is reduced. This leads to lower OHdomain and it accounts for approximately 55 % of OA re-
concentrations slowing down the gas phase formation of sulduction. The additional decrease of oxidized POA (6 % on
fate. On the contrary in NQIlimited areas (high VOC/NQ  average) contributes 38 % to the OA concentration decrease.
ratio) the decrease of anthropogenic VOC emissions leads tdhe decrease of primary OA emissions affects also OH levels
increased OH levels, which reacts with Sf@rming addi-  through the corresponding reaction of the evaporated organic
tional particulate sulfate. vapors, and eventually increases the production of nitric and
During the modeled summer period, the VOC control re- sulphuric acid from N@ and SQ oxidation respectively.
duces total OA levels in the whole domain (Fig. 7a). The pre-This can result in higher nitrate and sulfate levels, changes
dicted decrease is mainly attributed to the response (50 % othat can be significant during specific periods in major urban
average) of anthropogenic SOA. Anthropogenic VOCs areareas. During the modeled summer period, increases of ni-
precursors of SOA and therefore a 50 % reduction of theirtrate, on an hourly basis, reach as much as 1.5T&)(@6 %)
emissions leads to decreased aSOA. In areas where aSO#hile sulfate increases up to 0.6 pg (15 %). However, the
levels are predicted to be high (Central and Western Eu-<corresponding concentration changes are quite small when
rope) the VOC control is more effective for reducing total averaged over the whole simulation period, indicating that
OA (0.2 pug nm3 or 9% reduction of total OA in these areas) the average effect of primary OA emissions on inorganic
(Table 2). On average, aSOA accounts for almost 90 % ofPM,5 components is on average quite small (Fig. 9a, Ta-
the OA reduction. However, most of the model domain dur-ble 2).
ing summer is N@-limited. Thus, the expected increase of In the modeled winter period the higher levels of fresh
oxidant levels will lead to increases of sulfate and ammo-POA make the POA control strategy more effective in reduc-
nium nitrate concentration (Table 2). The predicted increaseing total OA levels. Total OA is predicted to decrease in the
of inorganic PM 5 components are less than the decreasegntire domain (15 % on average) (Fig. 8b), while POA con-
of total OA, therefore the VOC reduction leads to a net re-trol has the highest impact on its concentrations over Central
duction of total PM 5 concentration. However, the predicted and North Europe, where total OA is reduced by 0.35 g§ m
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(a) OA - Summer (b) OA - Winter (a) PM; 5 - Summer (b) PM. 5 - Winter
Fig. 8. Predicted reduction (base case — emissions reduction sceFig. 9. Predicted reduction (base case — emissions reduction sce-
nario) in ground-level concentrations (g®) of total OA after  nario) in ground-level concentrations (ugh of total PM, 5 after

a 50 % reduction of anthropogenic POA emissions dutajghe & 50 % reduction of anthropogenic POA emissions du(ajgthe
modeled summer period arf) the modeled winter period. A pos- modeled summer period aif) the modeled winter period. A pos-
itive value corresponds to a decrease. itive value corresponds to a decrease.

(25 %) and 0.3 ug m® (18 %) respectively. This OA reduc-
tion is primarily due to fresh POA, which contributes 78 %
to the OA decrease and secondly to the decrease of oxidizec &
POA (18 % contribution). Similarly to summertime, the de-
crease of primary OA does increase nitrate and sulfate levels
for specific areas and periods by as much as 0.2 &)%)

and 0.5 pgm?3 (25%) respectively. However, the monthly
average effect of primary OA emissions on inorganic,2M L.
components is small and the respective reductions of total SR ENG s~ Somimer
PM_ 5 levels are due almost exclusively to the predicted OA
decreases (Fig. 9b, Table 2).

(b) PM, 5 - Winter

Fig. 10.Predicted reduction (base case — increased temperature sce-
nario) in ground-level concentrations (ug) of total PM 5 after

a 2.5 K increase of temperature durit@) the modeled summer
period and(b) the modeled winter period. A positive value corre-

5 Effects of temperature increase sponds to a decrease.

In order to determine the sensitivity of fine PM to tempera-
ture we used two simplified scenarios: a uniform increase ofitaly. However in North Europe and also in areas in South-
2.5 and of 5K over the entire domain. This sensitivity test, west Europe and in the Balkans, the response o} £k
quantifies the effect of a temperature increase on $Mv- temperature increase differs. In these areas £M pre-
els keeping the rest of the meteorological parameters condicted to increase mainly due to increase of sulfate and to-
stant. We assumed temperature sensitive biogenic emissionial OA. The increase of oxidant levels from the temperature
using the MEGAN model. In addition, dry deposition was rise which favours the oxidation of $Qexplain the sulfate
simulated assuming temperature dependence for stomatal reesponse. The increase of total OA is mainly attributed to
sistance. The results of these higher temperature scenaridbe increase in biogenic VOC emissions and the correspond-
were compared with those of the baseline scenarios for eacimg increase of biogenic SOA in association with a slight in-
simulation period (summer and winter). crease of anthropogenic SOA due to acceleration of its chem-
Figure 10 shows the predicted changes (base case — ineal production and aging (Day and Pandis, 2011). The in-
creased temperature scenario) in ground-level concentrationsease of oxidant levels and the corresponding increase of
of total PMp 5 after a 2.5 K temperature increase. During the sulfate lead also to an increase of total PVbver the At-
modeled summer period P} is reduced in Central Europe lantic. In North Europe PMs is increased up to 0.5 pgm
due to a significant decrease of ammonium nitrate in this areg12 %) (Fig. 10a), while sulfate, biogenic and anthropogenic
(18 % on average). A slight decrease of fresh anthropogeni&SOA are predicted to increase up to 14 % and 20 % and 7 %
POA due to evaporation decreases even more $£2Mhe respectively.
highest reduction of approximately 1 ug#(5 %) is pre- In the modeled winter period, the reduction of fresh an-
dicted in Germany (Fig. 10a) where the respective decreasthropogenic POA due to evaporation dominates (35 % on av-
of ammonium nitrate is 1.1 ugm (22 %). Significant de- erage) and along with a reduction of ammonium nitrate (5 %
crease of PM5 is also predicted in areas where ammonium on average) result in a decrease of total JZMnostly in
nitrate concentration is high such as the United Kingdom ancareas over Central and North Europe. The highest decrease

www.atmos-chem-phys.net/13/3423/2013/ Atmos. Chem. Phys., 13, 3482213 2013



3436 A. G. Megaritis et al.: Changes of emissions and temperature in Europe

trate (8% on average) lead to a decrease op PM Cen-
tral and North Europe with a predicted maximum decrease of
4.9 ugm3 (14 %) in Paris (Fig. 11b). On the other hand the
larger increase in sulfate concentration dominates in many
areas over Europe, increasing total PMup to 1.6 pug m3
or 18 % in North Europe) (Fig. 11b).

Table 3 summarizes the temperature increase scenarios
and the corresponding response of the major BRbmpo-
nents during the modeled summer and winter periods.

(a) PM, s - Summer (b) PM. s - Winter

Fig. 11.Predicted reduction (base case — increased temperature sce-
nario) in ground-level (ug m3) concentrations of total Py after 6 Discussion
a5 Kincrease of temperature durifa the modeled summer period
and(b) the modeled winter period. A positive value corresponds to A recent modelling study from Aksoyoglu et al. (2011) who
a decrease. used a three dimensional CTM over Europe with a focus on
Switzerland, showed that in most of European areas the re-
duction of NH; emissions by 50 % during winter, is more
for PMy 5 is predicted in Paris (approximately 4.5 pug#ror effective in reducing total Pl than reductions of other gas
12 %) (Fig. 10b) where anthropogenic POA is decreased byprecursors. During summer the effect of NEmissions on
4.9 ugn13 or 37 %. The high OA levels in Paris (consistent PMy 5 concentrations was predicted to be lower mostly due
with the conclusions of the MEGAPOLI campaigns) (Crippa to lower ammonium nitrate concentrations. The wintertime
et al., 2013) as well as in a lot of European major urban cen-effectiveness of Nglemissions in reducing P4 levels has
ters in the winter, were mainly due to a combination of weakbeen reported also in studies conducted in the US (Tsimpidi
vertical mixing and higher emissions from home heating andet al., 2007; Odman, 2009). Our results for winter are quite
residential wood burning. Thus, the significant reduction of consistent with all these previous studies. However our find-
fresh POA as temperature increases during winter, in assocings suggest these reductions in Nebuld be also efficient
ation with the small biogenic SOA contribution to total OA during the summer for at least parts of Europe something that
due to lower biogenic emissions lead to a different responséias not been reported in previous studies (Aksoyoglu et al.,
of total OA to temperature increase. The wintertime total 2011).
OA levels are predicted to decrease for warmer conditions Berglen et al. (2007) quantified the negative trend in sul-
with a predicted maximum decrease in Paris (4.7 fi§ or fate concentrations over Europe during the last two decades
35%). On the contrary the increase of the oxidant levels af-as a result of reduced $Gmissions. The significant ex-
fects sulfate levels and lead to an increase obEBlh many pected impact of S@control on sulfate levels is also repro-
areas of Europe. The predicted increase of,BN& high- duced by our model, showing significant local non-linear ef-
est over North Europe reaching a maximum of 1.3jadm fects on sulfate. This non-linear response of sulfate to SO
(15 %) (Fig. 10b). In this area sulfate is increased by 24 % orreductions was also reported btblad et al. (2004). In ad-
average. dition our model predicts increases of nitrate levels due to
The doubling of temperature increase (from 2.5 to 5K) SO, reduction. Similar findings have been reported by other
during the modeled summer period almost doubles the correstudies (Fagerli et al., 2008; Tsimpidi et al., 2007). These
sponding concentration change of all OA components. Thigresults suggest that $S@eduction could be effective for im-
OA response followed by higher concentration changes ofproving air quality, by reducing total PM, especially in ar-
inorganic PM s result in even larger changes for total PM  eas where sulfate concentration is high and mainly during
concentration. PMs is predicted to decrease even more in summer.
Central Europe (up to 1.5 ugta or 8 %) (Fig. 11a), mainly Reduction of the NQemissions by 50 % during the mod-
due to the larger decrease of ammonium nitrate (27 % on aveled summer period is predicted to increase average ozone
erage) and the doubling of anthropogenic POA decrease. Otevels in major European cities by several ppb (up to 8 ppb
the contrary the higher increase of sulfate along with the lin-or 43 % in London), as well as in Western Europe, while in
ear response of biogenic and anthropogenic SOA to the temrest of Europe @ levels are reduced. The same increases
perature change account for the higherd2Nhcrease (upto  of Oz concentration in urban centers have been reported by
1.2 pg n3 or 4.5 %) (Fig. 11a). Thunis et al. (2007). This summertime response of ozone to
Similarly to the modeled summer period, the increase inNOy emissions is consistent with the results of Jonson et
temperature by 5K, during wintertime, leads to a higher cor-al. (2001). Thunis et al. (2007) predicted also decreases of
responding concentration change of total RMThe larger  total PM concentration after the NQeduction, although,
decrease of anthropogenic POA (40 % on average), due twithout investigating the corresponding impacts thaty,NO
evaporation, associated with a decrease on ammonium neontrol has on individual PM components (e.g. our model
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Table 3.Response of the major BM components to a 2.5 and 5 K increase of temperature, and percent average predicted reduction of total
PMa 5, during the modelled summer and the modelled winter period.

Increase Scenario  Season AverageRNReduction Change of Component

Ammonium  Sulfate Nitrate Total OA

+25K Summer —0.8%" { 0 U 0
Winter —-1% N T N 4
+5K Summer —1% J 0 U 0
Winter —5.7% J M J U

* A negative value corresponds to an increase.
U >10% reduction 1{ >10% increase | <10% reduction % <10% increase

predicts increases of OA and sulfate over Western Europethe fine and coarse particles are still a significant modelling
during the modeled summer period). In addition our resultstopic. The use of the bulk equilibrium approach in our sim-
are consistent with the conclusions of de Meij et al. (2009a),ulations and the fact that in some areas (e.g. Mace Head) a
who showed that the reduction of N@missions along with  significant amount of nitrate is associated with sea salt, which
a reduction of PM s emissions leads to significant decrease shifts nitrate and ammonium to the coarse mode, could lead
of total PM, 5 levels over PoValley and to increases of O to significant overpredictions of nitrate concentration in the
in Milan. On the contrary, the predicted net increase of totalfine mode. A more detailed but computationally demanding,
PMgy 5 over Europe, due to NQreduction in the winter, isnot  method, such as the “hybrid” approach could give better esti-
consistent with the conclusions of Aksoyoglu et al. (2011) mates for nitrate levels in areas with levels of coarse particles
who reported that NQcontrol could reduce total Pp4 lev- and significant ammonia levels. In addition, the uncertain-
els during winter. ties inherent in OA modelling are still a challenge. In this
The reduction of primary OA emissions, results in a sig- work we showed that the reduction of anthropogenic VOCs
nificant decrease of total OA concentrations and to a conseand primary OA emissions lead to decreases of OA levels,
quent reduction of total Pk levels. The relative effects of although the predicted changes are quite uncertain. Further
primary OA emissions to Pl levels were found to be quite investigation based on improved descriptions of the volatil-
local, having the highest impact in areas close to emissiongy distribution of the primary organic aerosol emissions and
sources. This local effectiveness of primary OA reductionbetter parameterization of the chemical aging of the OA are
has also been shown in other studies (Odman et al., 2009yequired to improve the accuracy of the predictions. These
The significant effect that primary OA emissions have onuncertainties have been discussed in previous studies (Lane
OA levels along with a respective reduction of plldmis- et al., 2008a, b; Murphy et al., 2009, 2010; Tsimpidi et al.,
sions, which is effective in reducing inorganic R¥ could 2010, 2011).
be a favourable control strategy. Generally, a coupled emis-
sions reduction of the major precursors could have better re-
sults than individual control strategies. Investigation of these;  conclusions
more complex multi-pollutant reductions is outside the scope
of this study and will be the topic of future work. A detailed three dimensional chemical transport model,
Our results suggest that a temperature increase will leaghMCAMx-2008, was applied to the European domain to
to lower levels of particula’[e ammonium nitrate, while bio- evaluate the response of fine aerosol Q%M'nass concentra-
geniC SOA, mainly during summer will increase due to hlgh tion to Changes in emissions of precursor gasesg(msl
biogenic VOCs emissions. The decrease of nitrate levels oveRO,, VOCs) and anthropogenic primary OA (POA) as well
the continental Europe, as temperature rises, was also showgx to changes in temperature.

by Aksoyoglu et al. (2011), while the predicted increases of = The reduction of NH emissions by 50 % seems to be the
biogenic SOA are consistent with other studies (Heald et a'.most effective control strategy in reducing PM in both
2008). periods mainly due to a significant decrease of ammonium
There are several issues that need further inVGStigatiOlﬂ]itrate_ During the modeled summer period, Némissions
regarding the system response to emission and tempergeduction resulted in a decrease of ammonium by 22 % in the
ture changes. These knowledge gaps include uncertaintiegntire model domain. Nitrate is reduced by 39 % in Western
in emission inventories which could lead to significant dis- Europe and by 30 % in Southwest Europe, while the corre-
crepancies in air quality modeling simulations. Uncertaintiessponding decrease of total BM in these areas was 15 %
associated with the modelling of emissions and removal ofand 10 % respectively. Similarly in the modeled winter pe-
NH4NOj3 precursors, its formation and partitioning to both riod, the NH; control produces a significant reduction of
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ammonium nitrate levels in most areas over Europe. Over- The increase of temperature by 2.5 K results in a decrease
all, ammonium nitrate reduction accounts for almost 80 % ofof ammonium nitrate and fresh anthropogenic POA in both
total PMp 5 reduction in both periods. The reduction of BlH periods. During the modeled summer period, ammonium ni-
produces also a slight decrease of sulfate levels due to theate is reduced by 10 % (18 % in Central Europe), while an-
effect of NHz on cloud pH and on the rate of in-cloud sulfate thropogenic POA is decreased by 7% due to evaporation.
production. However, the temperature rise during summertime resulted

The 50 % reduction of S@emissions, during the modeled in an increase of sulfate due to an increase of oxidant levels
summer period, leads to a significant and non-linear decreasehich favor the oxidation of S@ Biogenic SOA is also pre-
of sulfate in the entire domain (23 % on average). The SO dicted to increase because of the higher biogenic VOC emis-
control strategy is more effective over the Balkans where sul-sions from the temperature increase, leading to an increase of
fate is reduced by 34 %, while the respective decrease of totabtal OA in most of the model domain. During the modeled
PM, 5 was 10 %. Ammonium is also reduced by 8 % on aver-winter period, total OA is predicted to decrease for warmer
age mainly due to the decrease of ammonium sulfate. Duringonditions. This different response is due to the dominance
the summer period the S@ontrol strategy produces also a of anthropogenic POA reduction (35 % decrease in the whole
significant increase of nitrate in most of the model domaindomain) along with the small biogenic SOA contribution to
(16 % on average). Nevertheless, the predicted increases oftal OA due to lower biogenic emissions. The wintertime
nitrate are less than sulfate decreases; thus, the net impact @ammonium nitrate levels are also decreased, mainly in Cen-
total PMp 5 levels is a reduction. In the modeled winter period tral and North Europe (6% in both areas) while sulfate is
sulfate is reduced by 15 % on average after a 50 % reductiopredicted to increase due to the increase of oxidant levels.
of SO, emissions. The lower decrease of sulfate, because it§he doubling of temperature increase (from 2.5 Kto 5 K) ap-
formation was limited by HO, availability, as well as the proximately doubles the corresponding concentration change
higher increase of nitrate make $@missions reduction less of OA components during summer and leads to even larger
effective in winter. concentration changes of inorganic Py in both periods.

The 50 % reduction of anthropogenic VOCs and POA pro-  The significant impact that the emissions reductions of the
duced a decrease of total OA concentration in both periodsnajor gaseous and particulate precursors may have grisPM
with the POA control strategy to be more effective in areaslevels, as well as the sensitivity of Bl concentrations to
close to emissions sources. By reducing VOCs emissions totemperature changes should be of significant concern for at-
tal OA is predicted to decrease in the whole domain by 8 %mospheric PM composition and air quality. The above results
during summertime and 4 % in the modeled winter period,indicate that the challenge of improving air quality needs un-
mainly due to the almost linear response of anthropogeniaerstanding the relative effects that emissions and climate
SOA (50% decrease on average). Anthropogenic POA rechange could have on particulate matter.
sponded linearly (an average reduction of 50 % in the whole
domain) to the 50 % reduction of POA emissions, while the
respective average decrease of total OA was 15 % during th&upplementary material related to this article is
modeled winter period (25% in Central Europe) and 8% available online at: http://www.atmos-chem-phys.net/13/
in the summer period. Both control strategies produce smalB423/2013/acp-13-3423-2013-supplement.pdf
(VOC reduction) or negligible (POA reduction) changes on
monthly average inorganic PM levels, in both periods.

On the contrary, the NQemissions control strategy seems

to be problematic in both periods. During the modeled Sum'AcknowIedgementsThis work was funded by the European

mer period, the 50 % reduction of N@missions produces Commission 7th Framework Programme project PEGASOS (Grant

a significant decrease of ammonium nitrate in the whole do-agreement 265148) and the European Research Council project
main (25 % on average), but it also leads to an increase OATMOPACS (Grant Agreement 267099).

ozone levels (based to VOC/N@atio), mainly in the major

urban areas such as London, Paris and Madrid, and also in thedited by: E. Nemitz
Western Europe. The ozone increase exceeds 10 % in these

urban centers while in Western Europe ozone is predicted to

increase by 4 % on average. Because of this increment, sul-

fate and total OA are predicted to increase in these areas (5%

and 6 % respectively). Additionally, in the winter period, am-

monium nitrate is reduced by 17 %, however the reduction of

NOy emissions results in an increase of sulfate and total OA

and eventually to a net increase of total £
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