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Abstract. The aerosol particle number concentration is a keytigated, in reducingViet. For N1go, €emission reductions of
parameter when estimating impacts of aerosol particles oboth SQ and PM s contribute significantly to the reduced
climate and human health. We use a three-dimensional chentoncentration, even though $@lays the dominant role once
ical transport model with detailed microphysics, PMCAMx- more. The impact of S&¥or both new particle formation and
UF, to simulate particle number concentrations over Europegrowth over Europe may be expected to be somewhat higher
in the year 2030, by applying emission scenarios for traceduring the simulated period with high photochemical activity
gases and primary aerosols. The scenarios are based on gkan during times of the year with less incoming solar radia-
pected changes in anthropogenic emissions of sulfur dioxtion.
ide, ammonia, nitrogen oxides, and primary aerosol parti- The predicted reductions in bot¥o; and N1go between
cles with a diameter less than 2.5 um (Pl focusingona 2008 and 2030 in this study will likely reduce both the
photochemically active period, and the implications for otheraerosol direct and indirect effects, and limit the damaging
seasons are discussed. effects of aerosol particles on human health in Europe.

For the baseline scenario, which represents a best esti-
mate of the evolution of anthropogenic emissions in Europe,
PMCAMXx-UF predicts that the total particle number con-
centration (Vi) will decrease by 30-70% between 2008 )
and 2030. The number concentration of particles larger thart  Introduction
100 nm (N100), a proxy for cloud condensation nuclei (CCN)
concentration, is predicted to decrease by 40-70 % during thé&tmospheric aerosol particles impact the Earth’s energy
same period. The predicted decreaseVig is mainly a re- balance directly by absorbing and scattering solar radia-
sult of reduced new particle formation due to the expecteotionﬁ and indirectly by acting as cloud condensation nuclei
reduction in S@ emissions, whereas the predicted decreasdCCN), thereby modifying the optical properties of clouds
in N1oois a result of both decreasing condensational growth(Twomey et al., 1977) as well as their lifetime (Albrecht et
and reduced primary aerosol emissions. For larger emissiodl- 1989). The radiative forcing associated with the indirect
reductions, PMCAMXx-UF predicts reductions of 60-80 % in effect of anthropogenic aerosols has the largest uncertainty
both Niot and N1gg over Europe. of all forcing mechanisms estimated by the Intergovernmen-

Sensitivity tests reveal that a reduction in S@nissions  tal Panel on Climate Change (IPCC) for the industrial pe-

is far more efficient than any other emission reduction inves-fiod (IPCC, 2007). Aerosols also affect human health, as ex-
posure to aerosols is associated with damaging effects on
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10272 L. Ahlm et al.: Particle number concentrations over Europe in 2030

the respiratory and cardiovascular systems (Davidson et althe regional model PMCAMx-UF with a scaled version of
2005; Pope and Dockery, 2006). the ternary HHSOy-NH3-H»O nucleation parameterization of
Most previous aerosol modelling studies have focused orNapari et al. (2002).
the simulation of particle mass rather than particle number The formation rate of new particles has in several studies
(e.g. Wexler et al., 1994; Pilinis et al., 2000; Schell et al., been observed to be proportional to sulfuric acid concentra-
2001; Simpson et al., 2007; Bessagnet et al., 2009; Fountion with a power of 1 to 2 (Weber et al., 1995; Sihto et al.,
toukis et al., 2011). In many locations aerosols are regulate@006; Riipinen et al., 2007; Kuang et al., 2008). The power
by particle mass, for instance BM (mass concentration of one-dependence has been described in terms of an activa-
particles with diameter{,) lower than 2.5um). However, tion theory (Kulmala et al., 2006), whereas the power two-
results from several studies indicate that ultrafine particlesdependence has been described in terms of a kinetic nucle-
(Dp<100nm), which in most cases dominate the particleation mechanism (McMurry and Friedlander, 1979). Foun-
number concentration but only make a minor contributiontoukis et al. (2012) compared a scaled version of the ternary
to the particle mass, may cause particularly adverse health,SO4-NH3-H2O nucleation parameterization of Napari et
effects (e.g. Oberddrster et al., 1996; Peters et al.,, 1997)l. (2002) with activation and kinetic nucleation parame-
The particle number size distribution is highly relevant alsoterizations, using PMCAMx-UF, and found that the ternary
when determining aerosol impacts on climate, since it givesucleation parameterization performed best in reproducing
an estimate of the concentration of cloud condensation nucleparticle number concentration observations in Europe. Even
(CCN). Thus, to estimate the influence of aerosol particles orthough amines could potentially play a more important role
both climate and human health, it is necessary to know thehan ammonia in nucleation, concentrations of amines and
particle number size distribution. ammonia can in most conditions be expected to be correlated
Aerosol particles may be emitted directly (primary par- which means that a scaled ternary3@,-NH3-H>O nucle-
ticles) or form in the atmosphere by homogeneous nucleation parameterization may account also for a potential role
ation (secondary particles). The fresh particles can then grovef amines at least to some extent.
through condensation of vapours (e.g. sulfuric acid, ammo- Makkonen et al. (2012) used the global climate model
nia and organics) and reach a size where they can have d88CHAM5-HAM to simulate aerosol concentrations, cloud
impact on climate. For aerosol particles to be able to act aproperties and total aerosol forcing with emissions represent-
CCN in the atmosphere, they must have a diameter largeing the years 2000 and 2100. They found that the strong ex-
than 40-120 nm, depending on their hygroscopicity, and thepected reduction in anthropogenic S€missions would lead
ambient water supersaturation (Dusek et al., 2006). to less aerosol nucleation resulting in particle number con-
The primary vapour responsible for atmospheric nucle-centration reductions by 50-90% in Europe, North Amer-
ation is thought to be sulfuric acid (e.g. Riipinen et al., 2007).ica, and eastern China. The following suppression of future
However, proposed nucleation mechanisms differ in termsaerosol forcing would lead to an even larger warming of cli-
of which gas-phase species assist sulfuric acigS@h) in mate than expected based on increased greenhouse gas con-
forming the critical cluster. In the most common binary nu- centrations. Kloster et al. (2008) used a global model with
cleation scheme, it is assumed that the critical cluster is comemission scenarios provided by the International Institute
posed by HO and HSOy. Binary nucleation of water and for Applied Systems Analysis (IIASA), and nucleation be-
sulfuric acid may be significant in the upper troposphere andng represented by a binary,BO4-H,0 scheme, and found
lower stratosphere (Adams and Seinfeld, 2002), but generthat the anthropogenic aerosol forcing could be more than
ally underpredicts nucleation rates in the lower tropospherehalved by 2030 because of aerosol reduction policies. Stier
(Kulmala et al., 2004). Nucleation involving sulfuric acid is et al. (2006) predicted the global mean sulfate concentration
known to be favoured by the presence of species such as ante peak in 2020 and thereafter to decrease based on simu-
monia (NHs) (Coffman and Hegg, 1995; Ball et al., 1999), lations with an SRES A1B emission scenario applied to a
amines (Murphy et al., 2007; Smith et al., 2010), or organicgeneral circulation model. Lamarque et al. (2011) predicted
compounds (Paasonen et al., 2010; Riccobono et al., 2012}he globally averaged aerosol optical depth to decrease after
The presence of ions is also expected to enhance nucleatia2000, mainly as a result of an expected strong decrease in
rates (Raes et al., 1986; Lovejoy et al., 2004; Sorokin andanthropogenic S@emissions.
Arnold, 2007). Kirkby et al. (2011) showed that atmospheri-  If new particle formation is controlled to a large extent by
cally relevant NH mixing ratios of 100 ppt, or less, increase atmospheric concentrations 0680, and NH, future sce-
the nucleation rate of sulfuric acid particles by more thannarios of emissions of these species are critical when pre-
a factor of 100-1000. However, they also concluded thatdicting future particle number concentrations. The Interna-
atmospheric concentrations of ammonia and sulfuric acidional Institute for Applied Systems Analysis (IIASA) de-
are sometimes too low to explain the observed boundaryeloped future anthropogenic emission scenarios for Europe
layer nucleation. Nonetheless, Jung et al. (2010) successfullipased on the latest expectations on economic development
predicted frequent nucleation events and measured numand the implementation of recent policies on energy, trans-
ber concentrations in the north-eastern United States usingort, agriculture, and climate change (Amann et al., 2012).
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These emission scenarios include 55®Hs, nitrogen ox- 2 Model description
ides (NQ,), and PM 5. According to the IIASA baseline sce-
nario, which represents a best estimate of future emissionMCAMx-UF is a three-dimensional chemical transport
SO, emissions are predicted to decreasedi®0 % in Europe  model (CTM) with detailed microphysics simulating both the
between 2008 and 2030, with the largest reductions expecteparticle number size distribution and the mass/composition
in the power sector. According to the same scenario and irsize distribution. A detailed description of PMCAMx-UF
the same period, Nfiemissions are predicted to stay nearly can also be found in Jung et al. (2010) and Fountoukis et
constant, as a result of almost unchanged emissions from ca#l. (2012). PMCAMx-UF was based on PMCAMXx (Gaydos
tle farming which is the largest source of NHPM, 5 and et al., 2007) which focuses on the simulation of the mass dis-
NOy emissions are expected to drop by 40 % and 65 %, reitribution of PM. The PMCAMx-UF algorithms used for the
spectively. The decline in Pi% emissions is primarily due simulation of horizontal and vertical advection, horizontal
to stricter standards for diesel vehicles, while the decline inand vertical diffusion, wet and dry deposition, and gas-phase
NOy emissions would mainly follow from more stringent chemistry, are identical to those used in PMCAMXx. However,
controls of new vehicles and power plants. In addition to thePMCAMx-UF uses the DMAN model (Jung et al., 2006)
baseline scenario, IIASA developed scenarios exploring posto simulate the aerosol processes (nucleation, coagulation,
sible additional emission reductions that would result from condensation/evaporation, and emissions) assuming that the
full application of available technical measures, decarbonisaaerosol is internally mixed. DMAN tracks both the aerosol
tion, and a change of behaviour resulting in diets that includenumber and mass size distributions by applying the Two-
less meat. These latter scenarios result in larger reductions dfloment-Aerosol Sectional (TOMAS) algorithm of Adams
SOy, PMy 5, and NQ emissions than predicted by the base- and Seinfeld (2002). The aerosol size distributions are dis-
line scenario, and they also include significant decreases igretized in 41 size bins, covering the diameter range from
NH3 emissions. In this study we use the regional chemical0.8 nm to 10 pm. For the 10-40 um diameter range, two ad-
transport model PMCAMx-UF with detailed microphysics to ditional size bins are used for the description of cloud chem-
predict how emissions based on the IIASA future scenariogstry.
may affect particle number concentrations over Europe inthe The aerosol compounds included in PMCAMx-UF in-
year 2030. clude primary organic aerosol, four secondary organic
Fountoukis et al. (2012) applied PMCAMx-UF to the aerosol components, elementary carbon, crustal material,
European domain to simulate particle number concentrawater, chloride, sodium, ammonium, nitrate, and sulfate. The
tions for May 2008. That model simulation was compared primary organic aerosol is assumed to be non-volatile. The
with number concentration observations during the EuropeaiTOMAS version currently used in PMCAMx-UF explicitly
Aerosol Cloud Climate and Air Quality Interactions (EU- tracks sulfate, ammonium, and water, while the rest of the
CAARI) project (Kulmala et al., 2011) at seven different sites species are lumped into one surrogate species that is assumed
in Europe. They found that PMCAMXx-UF, using the scaled to be inert. For agueous-phase chemistry, the approach of Fa-
version of the ternary p5Oy-NH3-H2O nucleation param- hey and Pandis (2001) is used.
eterization of Napari et al. (2002), reproduced more than The simulation of nucleation in PMCAMXx-UF is based
70 % of the data points for number concentrations of parti-on the parameterization of Napari et al. (2002) for ternary
cles larger than 10 nmV3p), and particles larger than 50 nm H>SO4-NH3-H2O nucleation. Since this parameterization
(Nsp) within a factor of 2, at the seven locations. Number has been shown to overpredict the production of ultrafine par-
concentrations of particles larger than 100 nfidp) were  ticles during new particle formation events (Gaydos et al.,
somewhat underestimated, partly due to lack of organic con2005; Yu et al., 2006a, b; Jung et al., 2006; Merikanto et
tribution to particle growth in the model. al., 2007; Zhang et al., 2010), a scaling factor of4& ap-
Here we use PMCAMx-UF with the same set-up as theplied to the nucleation rates in PMCAMXx-UF (Fountoukis et
one used by Fountoukis et al. (2012) to predict particle num-al., 2012). While the parameterization of Napari et al. (2002)
ber concentrations over Europe in the year 2030. We investimight not provide the right mechanistic picture, it may still
gate what particle size ranges are associated with the largebe a reasonable approximation due to ammonia being a tracer
changes in concentration, and also whether changes in prior other bases, e.g. amines.
mary aerosol emissions or changes in new particle formation Nucleation and condensation rates are calculated si-
will be the most important factor for the overall change in multaneously using the pseudo-steady-state approximation
particle number concentration over Europe. Finally, we ex-(PSSA) for sulfuric acid proposed by Pierce and Adams
plore what emission reductions are most effective in reducing2009) which assumes that the sulfuric acid concentration
number concentrations over Europe. reaches steady state instantaneously during a time step. The
TOMAS algorithm is used for the simulation of condensa-
tion/evaporation of sulfuric acid and ammonia, and the two
species are treated independently. For sulfuric acid conden-
sation, the HSOy mass added to each section is calculated
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as well as its total concentration. The mass distributed inEmission Inventory (Denier van der Gon et al., 2009; Kul-
each section is used to calculate the driving force for themala et al., 2011) was used for particle emissions in the di-
H>SOy condensation (Adams and Seinfeld, 2002). Conden-ameter range 10-300 nm, and the Pan-European Carbona-
sation of ammonia is simulated in the same way as in Gay-ceous Aerosol Inventory provided emissions of larger parti-
dos et al. (2005), assuming an accommodation coefficient o€les (Kulmala et al., 2011). The merged inventory includes
0.08 (Shi et al., 2009; Swartz et al., 1999) and that its surfacdoth number emissions and consistent size-resolved com-
vapour pressure over the acidic particles is equal to zero. Orposition for particles over the full modelled size range of
ganic vapours contribute very little to the growth of the ul- 1 nm to 10 um. Anthropogenic gas emissions that were used
trafine particles due to their assumed high saturation concerto develop the gridded fields include land emissions from
trations of the secondary organic aerosol components. Thithe GEMS data set (Visschedijk et al., 2007), as well as in-
means that particle growth rates in this study are underesternational shipping emissions. The anthropogenic emission
timated in some areas. Fountoukis et al. (2012) found thasources include traffic, industrial, domestic, agricultural, etc.
the modelled growth rates were 20—70 % lower than the obsources.
served values at different sites over Europe, which implies In this study we explore three of the future emission sce-
that PMCAMx-UF somewhat underestimates g con-  narios described in the 1IASA report (Amann et al., 2012).
centrations. All emission scenarios analysed represent projections to the
The TOMAS algorithm is used also for the simulation of year 2030. The three scenarios are: (1) a baseline scenario;
coagulation with prognostic equations for both aerosol mas¢2) a Maximum Technically Feasible Reduction (MTFR)
and number concentrations in each size bin. The calculatiorscenario; and (3) a Maximum Control Efforts (MCE) sce-
of the coagulation coefficients follows the approach of Gay-nario.
dos et al. (2007). The baseline scenario represents a prediction of emissions
in 2030 by assuming full implementation of existing air pol-
o lution control legislation in the European Union. The MTFR
3 PMCAMx-UF application scenario explores to what extent emissions could be further
reduced through full application of available technical mea-
sures. The MCE scenario explores the ultimate emission re-
ductions that could be achieved through rapid decarbonisa-
tion, application of all available air pollution control tech-
nologies, and a change of diets to include less meat. Thus,
whereas the baseline scenario represents the most likely
cenario, the two other scenarios explore what additional

The PMCAMx-UF modelling domain over Europe covers
a 5400x 5832 knt region with 150 cells in thex- and
162 cells in they direction, with a 36x 36 km grid resolution
and 14 vertical layers covering approximately 20 km inghe
direction (Fountoukis et al., 2012). PMCAMXx-UF performs
simulations on a rotated polar stereographic map projection
The first two days of each S|mullat|0n have_ bgen excludeq, nission reductions are possible. A more detailed descrip-
from the results to be presented, in order to limit the effect oftion of these emission scenarios can be found in Amann et

the initial conditions on the results. al. (2012). Table 1 shows the reductions in;S®8H3, NOy,
and PM s from 2008 to 2030 for each of the three scenarios.
For the emission scenarios in this study we assume the

The meteorological input to PMCAMXx-UF in this study is S8me percentage change in emissions of trace gases and
identical to the input used by Fountoukis et al. (2012), and in-PMzs for all model grid cells within the European domain.
cludes horizontal wind components, vertical diffusivity, tem- Hence, we do not consider any spatial variations in the
perature, pressure, water vapour, clouds, and rainfall. Th&hange of emissions for any of the scenarios. The reasons for
meteorological model WRF (Skamarock et al., 2005) wasthis simplification are that all the emission scenarios do not
used to create these inputs that represent May 2008. WRRave emissions separated by country in Amann et al. (2012)
is driven by static geographical data and dynamic meteoro@nd that the analysis of the changes is simplified by the use
logical data, including 27 sigma-p layers up to 0.1 bars in theOf a constant fraction. The concentrations at the boundaries
vertical dimension. Each layer of PMCAMx-UF is aligned of the model area were not changed for the different sce-
with the layers used in WRF. The WRF May 2008 run was narios. We also assume that the f4Memissions are reduced
re-initialized every third day to ensure accuracy in all fields Uniformly for all size bins (smaller than 2.5 um) for each sce-

used as input in PMCAMx-UF. nario.

3.1 Meteorological input

3.2 Emissions

4 Results and discussion
Emissions for May 2008 are the same as in Fountoukis et
al. (2012). Hourly gridded emissions developed for the Euro-All simulations in this study were performed with meteo-
pean region include both primary particulate matter and traceological input from May 2008 and with the same bound-
gases. The Pan-European anthropogenic Particle Numbery concentrations of aerosols and trace gases for each
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Table 1.Percentage change in emissions between 2008 and 2030 ir » ! JER 20
the European Union. b8 o :

SO, NH3z PMyg NOy

Baseline -73 0 -38 —66
MTFR -82 -30 -69 -75
MCE -85 —40 -74 -90

simulation. Hence, differences in output concentrations be-
tween the performed simulations are due only to changes in
European emissions. The fact that we use meteorological in- ) _ _
put from May 2008 for our simulations of the 2030 scenarios Fig. 1. Mode_l simulations for 2008 and the baseline, MTFR, and
implies that we neglect any changes in climate during thisMCE scenarios for 2030 fakior (a—d), andN1op (€-h) The con-

. . . . centrations are mean values in each grid cell for the whole simula-
period. All atmospheric concentrations to be discussed rep:. . o . )

. . . ._ . _"tion period. The colour bars indicate particle number concentration

resent surface concentrations. The time period that is simu- #om3
lated is 1-29 May, but as mentioned in Sect. 2 the first two

days have been excluded from the analysis.

4.1 Spatial distribution of particle number

concentrations aerosol emissions have been reduced in the simulation of
the baseline scenario (Table 1), the areas of increasing to-
4.1.1 Spatial distribution of Nyt and N1g tal number concentrations in Fig. 2a are associated with en-

hanced new particle formation due to a reduced condensa-
Figure la shows arithmetic mean values of the total partition sink following from the reduction in concentrations of
cle number concentrationV{o) for each grid cell through-  primary particles. In contrast to Fig. 2a, there are no areas
out the whole simulation period with the default emissions associated with increasing concentrations in Fig. 2d which
(May 2008) used. As discussed by Fountoukis et al. (2012)shows the percentage chanlyep. Instead Fig. 2d indicates
PMCAMXx-UF predicts high number concentrations over a more horizontally homogeneous reduction in the 20-60 %
large areas of eastern Europe during this photochemicallyange. Hence, even though new particle formation may be
active period. Locally, the model gives mean number con-predicted to increase the total number concentration in some
centrations of 50 000 ¢t or higher in these areas (Fig. 1a). areas in the baseline scenario, most of these particles are not
High concentrations, 20 000-50 000 tfare also predicted  predicted to reach sizes larger than 10 nm.
over Spain and Portugal. The lowest concentrations are found For the MTFR scenario in 2030 (Fig. 1c), the mean de-
over the Nordic countries. crease in total number concentration is larger than for the

Figure 1b shows the corresponding mean concentratiobaseline scenario, as a result of the corresponding larger
map for the simulation of the baseline scenario in 2030.emission reductions (Table 1). For this scenario, PMCAMx-
Comparing Fig. 1b with Fig. 1a, it becomes clear that numberUF predicts a reduction iyt of more than 60 % over large
concentrations in most places are expected to decrease signéireas in eastern Europe, Spain, and France (Fig. 2b). Over
icantly in Europe between 2008 and 2030, since both emisthe rest of continental Europe, the MTFR scenario in gen-
sions of trace gases and BMIin this simulation have been eral results in a 30-50 % decrease in number concentration.
reduced. The concentrations are predicted to remain highesiowever, also for this scenario there are some areas where
over eastern Europe, even though the values in general athe total number concentration is predicted to increase. The
considerably lower than those predicted for 2008. The factextent of this rather counterintuitive change is smaller than
that the spatial variations in number concentrations (Fig. 1b¥or the baseline scenario. Similar to the baseline scenario,
are similar to those obtained in the simulation of May 2008the percentage reduction Mo (Fig. 2e) is more spatially
(Fig. 1a) is reasonable since the relative emission reductionaniform than for Nyt and there are no areas wheveg is
have been assumed to be equal for all grid cells. predicted to increase.

The percentage reduction iNy; for the baseline sce- The MCE 2030 scenario gives the largest decrease in
nario (Fig. 2a) in general ranges from 30% to 70% over Nio; of all three scenarios (Fig. 1d) with a predicted de-
continental Europe with smaller reductions over the low- crease inNy,; of 50-80 % over most of continental Europe
concentration areas in the Nordic countries. Even though th€Fig. 2c), but locally more than 80 % over eastern Europe.
general pattern in Fig. 2a is decreasing total number concenfhere are fewer areas with enhanced concentrations than in
trations, there are enhancementsNyft, for instance over the baseline and MTFR scenarios, but they still exist mainly
parts of Great Britain, Belgium and Greece. Since primaryover Great Britain, Belgium and northern France. Bap
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Fig. 3. Model simulations for 2008 and the baseline, MTFR, and
MCE scenarios for 2030 faWiot (a—d), and N1gg (e—h) The con-
centrations are median values in each grid cell for the whole simula-
tion perigd. The colour bars indicate particle number concentration
in#cm >,

4.1.2 Spatial distribution of N1gg

Fig. 2. Predicfted hperﬁe”t?ge change in mean Conce“trzti‘f)” fronEigure 1e shows the model prediction of mean concentrations
zgg?vto 2(()32) or the three future scenariosigst (a—c), N1g (d-F), of particles with a diameter larger than 100 nm for May 2008.
100{g=1- For this simulation, the model predicts the high®sgo con-
centrations over the north-western part of continental Eu-
(Fig. 2f), the MCE scenario results in a reduction of 50-80 % "0P€; and over southeastern Europe. For the baseline scenario
over continental Europe. in 2030, PMCAMXx-UF predicts decreasimig oo concentra-
These obtainedvVio; reductions of 30-80 % for the base- tions over whole Europe (Fig. 1f). The relative decrease in
line. MTER. and MCE scenarios are similar to the 50-90 % PMz25 emissions is 40 % for the baseline scenario according

reductions in total particle number concentrations predicted® !!ASA (Table 1). Over large areas of \(’/Vestgrn Europe, the
by Makkonen et al. (2012) for the period 2000-2100 over Eu-Predicted decrease ili1oo is close to 40 % (Fig. 2g). How-
rope using the global model ECHAMS-HAM. In those simu- €Ver; OVer southeastern Europe, and particularly the eastern

lations the assumed emission reductions for the period 2000Mediterranean, the predicted decreaseviio is higher, in
2100 were 80% for S§ 50 % for black carbon, and 30 % general 60-70 %, which is more than can be explained by

for organic carbon, which are similar reductions to those as!€ reduction in primary aerosol emissions. The larger rel-

sumed here (listed in Table 1). ative decrease in southeastern Europe can be explained by
Figure 3 shows median number concentrations for eactin€ rolé nucleation plays faviog in this region. Fountoukis

grid cell throughout the whole simulation period fgg and €t @l- (2012) showed that in May 2008 new particle for-
N10o. The median number concentrations fég; (Fig. 3a, mation made the highest relative contribution 30 %) to

d) are considerably lower than the corresponding mean arithV100 Over the eastern Mediterranean. They also reported that

metic mean concentrations in (Fig. 1a, d). Whereas the preN€W particle formation could reduce by approximately 20 %

dicted mean number concentrations for May 2008 (Fig. 1a)tn® concentration of particles larger than 100nm in some
reach over 50 000 cri? in some locations, the corresponding areas, e.g. Spain. They_explamed this counterintuitive be-
median concentrations do not exceed 20 000%(fig. 3a).  haviour by reduced particle growth due to enhanced com-
The reason for this is that the mean value is more sensitiv@€tition for condensable vapours in areas with high nucle-
to extreme values than the median value. Therefore, stronglion rates. Therefore, reduced Semissions according to
elevated concentrations resulting from e.g. nucleation eventi!€ Paseline scenario, and the resulting decline in available
may have a high impact on the mean concentration while thd 12504 for terary nucleation, will reduce the; oo concen-
corresponding impact on the median value is lower, unlesérat"?”s the mogt over the eastern Medngrranean because new
the events occur with high frequency and last for a long time Particle formation there plays a more important role as a
For N1, the differences between the mean and median valSCUrce 0fNioo, compared to other parts of Europe. Accord-

ues are much smaller. The reason for this is that nucleatiof’d 10 Amann et al. (2012), the relative $@mission reduc-
has a much lower impact Qi1 than onNio. tions are predicted to be largest in countries in southeastern

Europe (e.g. Bulgaria, Greece, and Romania). The fact that
we have assumed equal emission reductions in all grid cells
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Table 2. Arithmetic mean and median percentage change in particlewith PM» 5 emissions at their 2008 level is similar to the
number concentration over the whole model domain between 200818 %) median percentage decrease for the baseline scenario
and 2030 for the different scenarios. with PMy 5 emissions reduced to their predicted 2030 level
(Table 2). For the arithmetic mean change in concentration,
the percentage decrease Ny, is even larger when Phg

Mean % change \ Median % change

Mot Nio  Nioo | Mot Nio  Nioo emissions are kept at their 2008 level than when reducing
Baseline _28 -32 -45| —-18 -18 -25 them to their baseline 2030 level (Table 2), suggesting that
MTFR —-40 —-44 -56 | -25 -26 -35 reducing PM s emissions could potentially result in a small
MCE —48 -51 60 | -30 -31 40 increase in total particle number concentration on some oc-

Baseline with changes —33 -32 -38 | —-17 -16 -19

; casions. The larger mean decreas&js when PM 5 emis-
in trace gases only

sions are kept at their 2008 level, instead of being reduced, is

most likely an effect of lower formation rates of new particles

when the PM s concentration is at a higher level, because

means that the decrease Mo over southeastern Europe these emitted particles compete for available condensable

may be even larger than indicated in Fig. 2g. vapours and thereby suppress nucleation. Thus, the model
It is worth pointing out that the condensational growth is predicts that reducing primary aerosol emissions will not sig-

most likely underestimated in some areas in this model studynificantly help to lower the number concentration of particles

due to the limited organic contribution to the growth of ultra- larger than 0.8 nm. The pattern is similar féto. The reduc-

fine particles in PMCAMXx-UF, which leads our predictions tion in N1g for the case where P4 is unchanged is sim-

of Nigo to be a lower estimate d¥1go. As a result, the de- ilar to the corresponding reduction when PMis reduced

crease inMVigp resulting from reduced condensational growth according to the original baseline scenario. Hence, the dom-

may be overpredicted in areas with large contributions frominating reduction in total number concentration over Europe

organic condensation to the growth. seen in Fig. 2a is a result of reduced new particle formation
For the MTFR scenario in 2030 (Fig. 1g), the model in due to reduced emissions of trace gases linked to nucleation.

general predicts a 60-80 % decreas&/igo over continental

Europe, with the largest relative change still occurring over4.2 Diurnal cycles and number concentration

the eastern Mediterranean (Fig. 2h). The simulation of the variability

MCE scenario in PMCAMx-UF (Fig. 1h) also gives a de-

crease of 60—-80 % iV10g Over continental Europe (Fig. 2i), Fountoukis et al. (2012) compared their modelled particle

but with more widespread areas of reductions > 70 % than fomumber concentrations with ground-based observations in

the MTFR scenario. May 2008 at seven different sites within the EUCAARI
project: Ispra, Italy; Melpitz, Germany; Cabauw, the Nether-
4.1.3 Relative importance of reduced primary aerosol lands; Aspvreten, Sweden; Hyytidla, Finland; Mace Head,
emissions Ireland; and Vavihill, Sweden. These locations represent sev-

eral different types of sites: Ispra is a polluted Mediter-
Table 2 shows the arithmetic mean and median percentagenean site; Melpitz can be regarded as representative of a
changes in number concentration ¥, N1o, and N1oo, regional central European site; Cabauw is located in a ru-
over the whole model domain (also including grid cells over ral area in the western part of the Netherlands with nearby
the ocean) and the whole simulation period, for the differ- agricultural areas; Aspvreten is representative of the regional
ent scenarios. An additional simulation was performed withbackground in central Sweden; Hyytiala represents the bo-
emissions changed according to the baseline scenario 203@al background; Mace Head is located on the west coast
with the exception of the Pl emissions which were keptat of Ireland with a large marine influence from the Atlantic
their 2008 level. By comparing this simulation with the orig- Ocean; and Vavihill is a Nordic background site with influ-
inal baseline scenario simulation with reduced 2Mmis- ence from central Europe. Here we compare diurnal cycles of
sions, the relative importance of reduced primary aerosoparticle number concentrations at these sites for the different
emissions for the decreasing particle concentrations can bemission scenarios.
investigated. For particles larger than 100 nm, the relative Figure 4 shows predicted median diurnal cyclesMaf:
decrease in mean or median concentration for this simula{Fig. 4a—g),N1o (Fig. 4h—n), andVigg (Fig. 40-u), for the
tion (38% or 19 %) is smaller than the corresponding de-seven locations, and for the different scenarios. Several of
crease (45 % or 25 %) for the original baseline scenario withthe locations in Fig. 4 have a pronounced peakvis dur-
reduced PMs emissions (Table 2). This means that the re-ing daytime. When these daytime peaksVig; occur, Niot is
duced PM 5 emissions associated with the original baseline much higher thatvyg, indicating that these peaks are associ-
scenario make a significant contribution to the decrease irated with new particle formation events. For most of the sites,
N10o. However, forNit the pattern is different. The (17 %) PMCAMx-UF predicts higher daytime total number concen-
median percentage decreaseVig: for the baseline scenario trations for the 2008 simulation than for the simulations of
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Fig. 5. Total number concentration probability distribution curves
Fig. 4. Median diurnal cycles foNtot (2—g) N10 (h-n), andN1oo  for May 2008 (black dashed lines), the baseline 2030 scenario (blue
(o—u)for May 2008 (black dashed lines), the baseline 2030 scenarigines), the MTFR 2030 scenario (red lines), and the MCE 2030
(blue lines), the MTFR 2030 scenario (red lines), and the MCE 2030scenario (green lines). The concentration bins are logarithmically
scenario (green lines). equally distributed in the concentration axes (10 bins per decade).

the 2030 scenarios. In general, the simulation of the MCE
scenario gives the lowest daytime total number concentra- The daytime concentration peaks are much less pro-
tion, followed by the simulations of the MTFR scenario, and nounced forN1g than for Niot, and at the locations where
the baseline scenario. Hence, the more reduced the emishey are observed they occur later in the day because of the
sions, the lower the daytimdio; concentrations at most of  time required for condensational growth. The pattern of in-
the locations. The exceptions are Ispra (Fig. 4a) and Cabauwreasing daytimeVio; concentrations when emissions are re-
(Fig. 4c). At these locations, the simulation of the MCE sce-duced, predicted for Ispra and Cabauw, is not evidenyier
nario gives the highest daytime total number concentrationat these locations. The reason for this is suppressed conden-
followed by the simulations of the MTFR scenario, the base-sational growth when S£and NH; emissions have been re-
line scenario, and the simulation of May 2008. Hence, theduced according to the IIASA emission scenarios. Hence,
more reduced the emissions at Ispra and Cabauw, the higheven though daytime nucleation may increase at locations
the Niot concentrations at these locations, contrary to thewith high N1gg concentrations when primary aerosol emis-
other sites. For the May 2008 simulation, there is not evensions are being reduced, the impact gy concentrations
a clear daytime peak iVt at Ispra and Cabauw, indicat- from enhanced nucleation is predicted to be minor due to de-
ing suppressed nucleation. Interestingly, Ispra and Cabauwreasing concentrations of condensable vapours.
are the two locations with the highedtop concentrations Figure 5 shows predicted frequency distributions s
(Fig. 40 and q) of all the seven sites. For the simulationsfor the seven locations and for each scenario. The distribu-
of May 2008, N1go concentrations reach over 1000cf  tions for May 2008 are skewed towards higher concentrations
at Ispra and Cabauw, whereas the other sites (Fig. 4p andt some of the locations, particularly in Melpitz (Fig. 5b)
Fig. 4r-u) haveV1oo concentrations below 1000 ¢t Thus,  and Vavihill (Fig. 5g). This explains why the mean concen-
the highN10o concentrations at Ispra and Cabauw suppressrations (Fig. 1a—d) are higher than the median concentra-
new particle formation in daytime. However, when emissionstions (Fig. 3a—d) in many locations. The skewness is a result
are reduced according to the future scenarios, concentrationsf nucleation events which may result in very high number
of N1po decrease which in turn lowers the condensation sinkconcentrations. The probability distributions associated with
thereby enhancing daytime nucleation. Another effect in thethe simulation of May 2008 are rather symmetric at Ispra
simulations with reduced emissions according to the future(Fig. 5a) and Cabauw (Fig. 5¢). However, at these locations
scenarios is that new particle formation starts earlier in thethe skewness of the frequency distributions is predicted to
morning. This is not the case only for Ispra and Cabauw, butincrease with reduced emissions. The MCE 2030 scenario,
can be seen also for Melpitz (Fig. 4b), Aspvreten (Fig. 4d),associated with the largest emission reductions, results in the
and Vavihill (Fig. 4g). most skewed distributions at these two locations, followed
by the MTFR and the baseline scenarios. Even though the
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Niot due to nucleation is largest are essentially the areas with
the highestVio; concentrations (Fig. 1b) over eastern Europe
and coastal areas in Spain and Portugal. In the same areas,
the largest contribution of nucleation Mg is predicted. For
N1o0, New particle formation is either predicted to have a neg-
ative or zero impact on the concentration. As can be seen in
Fig. 6¢, the reducing impact of nucleation &fgg concentra-
tions is found in the areas with the highest total number con-
centrations (Fig. 1b), and where nucleation gives the largest
fractional increase iViot (Fig. 6a) andN1g (Fig. 6b). As
mentioned in Sect. 4.1, Fountoukis et al. (2012) found that
new particle formation was predicted to give the largest frac-
tional increase inVigg over the eastern Mediterranean. The
Eig. 6. Predicted average fractional .increase in num.ber concentragact that new particle formation in the baseline scenario has
tion due to nucleation for thg baselln(_e 2030 scenarioNgk (a), a reducing impact oN100 Over the eastern Mediterranean
N10 (b), N100 (€), logi of the increase iVior (), and log of the (Fig. 6c) is likely an effect of the largely reduced S€on-
increase inV1o (€) centrations in the baseline scenario (Table 1), resulting in
suppressed condensational growth.

number concentration on average is predicted to decrease
also at Ispra and Cabauw, the frequency of events with num#-4
ber concentrations higher than 20 000¢his predicted to
increase at these locations.

What emission reductions are most important for
reducing particle concentrations?

The MTFR scenario explores to what extent emissions could
4.3 Contribution of new particle formation to number be reduced further than the baseline scenario, through full
concentrations application of available technical measures. In this section
we investigate which of the emission reductions within the
The contribution of new particle formation to the particle MTFR scenario would contribute the most to the decrease in
number concentration can be investigated by turning off nu-particle number concentration over Europe. For this sensitiv-
cleation in PMCAMx-UF, and by comparing the output con- ity study, we simulated the MTFR scenario as described in
centrations with those obtained when nucleation is turned orTable 1, but with only one species reduced at a time. Hence,
in the model. The fractional increase in concentration due tdfour simulations were performed with the emissions of one of
new particle formation can be defined fs= (Ny — No)/No, SOy, NH3, PMy 5, and NG changed, while the emissions of
whereNy andNg are the number concentrations with nucle- the other pollutants were kept unchanged. Table 3 shows the
ation turned on and off, respectively. As presented by Founmedian change iVio; and N1g over the whole model domain
toukis et al. (2012), the average fractional increases over théor each of the simulations. Clearly, reducing S€nissions
whole model domain and the whole simulation period for is predicted to have a much larger impact on particle num-
the May 2008 simulation are 3.0, 1.1, and 0.005 fqst, ber concentrations than any of the other emission reductions.
N10, and N1go. The corresponding increases for the simula- The 82 % reduction in S9emissions reduceSiq: by 24 %
tions of the baseline 2030 scenario are 2.8, 0.8,-a8d4, and N1gg by 22 %. The 30 % reduction in NHs predicted
suggesting that the relative contribution of new particle for-to only have minor impacts on the number concentrations
mation to number concentrations may be slightly lower in (—2.4 % for Nyt and zero change faN1gg). The 75 % re-
the year 2030 than in 2008. Interestingly, the negative valuesiuction in NQ, emissions does not seem to play an impor-
for N1go (—0.04) implies that the averag€igg concentra-  tant role. The 69 % reduction in P\ only reducesVio: by
tion becomes even higher when nucleation is turned off thar2.4 %, but results in an 8.4 % decreasevVifyo.
when it is turned on. Thus, the pattern that was discussed The results of this sensitivity study indicate that reducing
in Sect. 4.1, of a predicted negative impact of nucleation onSO, emissions is much more efficient than any other emis-
N100 concentrations in areas where particle formation ratession reduction for the total particle humber concentration
are high, may increase in importance in the year 2030. Theover Europe. However, reducing primary aerosol emissions
reduced emissions of S@nd NH; associated with the 2030 will also help significantly in reducing/1go.
baseline scenario, and thereby lower amounts of condensable Many studies (e.g. Kapustin et al., 2006; Clarke et al.,
vapours, increase the competition for condensable vapours.2010) suggest the number concentration of particles with
Figure 6 shows the average increases due to nucleation fab, > 100 nm can serve as a surrogate for the CCN concen-
the baseline scenario fdvi; (a), N1g (b), andN1go (€). Fig-  tration. If usingN1gp as a first estimate of the CCN concen-
ure 6d—e show log of the average increase Mot (Fig. 6d), tration, one can conclude that reductions of,S0Dd PM 5
and inN1g (Fig. 6e). The areas where the average increase irmissions, which are present in all three future emission
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Table 3. Median percentage change in particle number concentraperiod implies that the estimate of the contribution of new
tion over the whole model domain when one species is varied at theparticle formation to the particle number concentration rep-

time within the MTFR scenario. resents an upper limit for the influence of new particle for-
— mation. This also means that the sensitivity of the particle
Median % change number concentration to S@missions also probably repre-
Ntot N1go sents an upper limit for this sensitivity.
SO, (-82%)  —24 _22
NH3 (-30%) 2.4 +0 5 Summary and conclusions
NOyx (-75%) —0.6 -3.0
PMog (—69%) —2.4 —8.4

In this study we investigated how future scenarios of emis-
sions of SO, NH3, NOy, and PM s from the IIASA re-
port by Amann et al. (2012) affect particle nhumber con-

scenarios investigated in this study, will reduce the aerosofentrations over Europe in 2030, by performing simulations
indirect effect over Europe. Furthermore, cutting,Snis- ~ With PMCAMx-UF; a chemical transport model with de-
sions is predicted to play a more important role than reduc-@iled microphysics. The three different emission scenarios
tions in PMb.s emissions for the decrease in the aerosol indi-Nvestigated in this study are: (1) a baseline scenario, which
rect effect. However, the meteorological input for these sim-Tépresents a best estimate of the emissions in 2030; (2) a
ulations is from May, a time of the year when photochemistry Maximum Technically Feasible Reduction (MTFR) scenario,
plays an important role. For a time of the year with less in- Which represents technically possible emission reductions
coming solar radiation, the relative importance of,Qnis-  Peyond those in the baseline scenario; and (3) a Maximum
sions for bothWier and N1go would most likely be somewhat ~ Control Efforts (MCE) scenario, which represents the largest
lower than in the results obtained here. possible emission cuts through application of all available
technologies, rapid decarbonisation, and a change in the agri-
cultural system to produce diets that include less meat. Our
key results and main conclusions are:

4.5 Seasonal variations of primary aerosol emissions
and nucleation

1. For the baseline scenario, PMCAMx-UF predicts a
30-70 % decrease in total particle number concentra-
tion between 2008 and 2030 over Europe. Reduced
new particle formation is the dominating factor for this
decline. Since the baseline scenario includes a 73 %
reduction in SQ emissions but unchanged Nidmis-
sions, the decrease in new particle formation rates is
due to reduced 504 concentrations resulting from
the decrease in SCemissions. For the other two sce-
narios, PMCAMx-UF predicts a decrease My of
60-80 %.

According to the Pan-European anthropogenic Particle Num-
ber Emission Inventory (Denier van der Gon et al., 2009;
Kulmala et al., 2011) primary emissions of black carbon,
organics, and crustal material during the period 1-29 May
2008 (simulated in this study) in the European Union were
140 ktons, which is equivalent to 4.8 ktons'd This can be
compared with the corresponding emissions during the pe-
riod 25 February to 23 March in 2009 which were 165 ktons,
equivalent to 6.1 ktonsd. Larger particle emissions over
Europe in the winter are partly a result of more wood and coal
combustion during winter. Hence, the estimated contribution

of primary emissions to particle number concentrations in - 2 The predicted reductions iN1go are 40-70 % for the

this study represents a lower limit for primary emissions. baseline scenario, and 60—80 % for the other two sce-
Furthermore, nucleation is dependent on solar radiation, be- narios. The largest reductions Nyoo were predicted
cause the incoming solar radiation enhances the production in areas where new particle formation makes a large
of atmospheric OH and }¥$O4. To investigate the role of me- contribution toN10o.

teorology in new patrticle formation we performed additional
simulations with emission input data still being from the May 3. The simulations of the different scenarios indicate that

period, but with meteorological input data from a period with daytime new particle formation may locally increase
less photochemical activity — January 2010. These simula- between 2008 and 2030 in areas whafgo concen-
tions resulted in particle number concentrations that were ap- trations are high. This is a result of enhanced new par-
proximately a factor of five lower than the number concen- ticle formation due to a reduced condensation sink fol-
trations obtained in the original simulations. Since emissions lowing from the expected reduction in primary aerosol
were kept at the same levels as for the May simulations, the emissions in the future. However, the enhanced day-
lower particle number concentrations obtained in the simu- time concentration was only observed ko, not
lations with meteorology input from January are mainly a for N1, suggesting that concentrations of condensable
result of reduced new particle formation. Hence, the fact that vapours will be too low to grow the particles up to
we in this study have focused on a photochemically active 10 nm.
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4. The average fractional increases in number concentra- emissions of air pollutants in Europe. Current legislation baseline
tion due to nucleation foNiot, N1o, andN1go are pre- and the scope for further reductions, IIASA, TSAP Report #1,
dicted to decrease from 3.0, 1.1, and 0.005 in 2008, to Version 1.0, 2012.
ation is predicted to have a negative impact\ao in ratory studies of particle nucleation: initial results fop$0;,
2030. This negative impact of nucleation is predicted Tégog’ and Nk vapors, J. Geophys. Res., 104, 23709-23718,
to be highest in areas where nucleation rates are high '

likelv b high leati h h Bessagnet, B., Menut, L., Curci, G., Hodzic, A., Guillaume, B., Li-
Ikely because high nucleation rates enhances the com- ousse, C., Moukhtar, S., Pun, B., Seigneur, C., and Schulz, M.:

petition for Condensable vapours, which in turn may  regional modeling of carbonaceous aerosols over Europe-focus
suppress condensational growth. on secondary organic aerosols, J. Atmos. Chem., 61, 175-202,

. . " . doi:10.1007/s10874-009-9129-2008.
5. Reductions in S@emissions are predicted to have a Clarke, A. and Kapustin, V.: Hemispheric aerosol vertical profiles:

much larger impact than aqy of the other emlssmn're- Anthropogenic impacts on optical depth and cloud nuclei, Sci-
ductions, on the total particle number concentration once 329 1488-1492, 2010.

over Europe during at least photochemically active pe-coffman, D. J. and Hegg, D. A. A.: A preliminary study of the effect

riods. Reductions in Pl emissions are not predicted  of ammonia on particle nucleation in the marine boundary layer,
to play a significant role in reducingyio:. FOr N1go, J. Geophys. Res., 100, 7147-7160, 1995.

however, both reductions in $@nd PM 5 emissions Davidson, C. |., Phalen, R. F., and Solomon, P. A.: Airborne Partic-
contribute significantly to the decreasing concentra- ulate Matter and Human Health: A Review, Aerosol Sci. Tech.,

tions, but also here S(plays the dominant role. 39, 737-749, 2005. _ )
Denier van der Gon, H. A. C., Visschedijk, A. J. H., Johansson,
The predicted reductions in botkit and N1gp between C., Hedberg Larsson, E., Harrison, R., and Beddows, D.: Size-

2008 and 2030 will likely have important effects both in re-  resolved pan European anthropogenic particle number inventory,
ducing the aerosol direct and indirect effects, and by decreas- EUCAARI Deliverable report D141 (available on request from
ing the damaging effects of aerosol particles on human health EUCAARI project office), 2009. _ _

in Europe. One limitation of this study is the lack of con- Pusek. U., Frank, G.P., Hildebrandt, L., Curtius, J., Schneider, J.,
tribution of organic condensation to particle condensational Walter, S., Chand, D., Drewnick, F., Hings, S, Jung, D., Bor-

. . - . rmann, S., and Andreae, M. O.: Size matters more than chem-
growth in PMCAMx-UF, which likely results in underpre- istry for cloud-nucleating ability of aerosol particles, Science,

d@ction; O_fN1oo in some areas, in particular areas with Iarge 312, 1375-1378, ddi0.1126/science.1125264006.

biogenic influence. There is also some uncertainty regardinganey, K. M. and Pandis, S. N.: Optimizing model performance:
the role amines may play in nucleation, which is notincluded  variable size resolution in cloud chemistry modelling, Atmos.
in the ternary HSO4-NH3-H2O nucleation parameterization — Environ., 35, 4471-4478, ddi0.1016/S1352-2310(01)00224-2
used here. However, since amines and ammonia often have 2001.

similar sources, it is likely that the Nfemission scenarios Fountoukis, C., Racherla, P. N., Denier van der Gon, H. A. C,,
used in this study to some extent include the effect that trends Polymeneas, P., Charalampidis, P. E., Pilinis, C., Wiedensohler,

in amine emissions may have on the change in new particle A Dall'Osto, M., O'Dowd, C., and Pandis, S. N.: Evaluation
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