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Abstract

The aerosol particle number concentration is a key parameter when estimating im-
pacts of aerosol particles on climate and human health. We use a three-dimensional
chemical transport model with detailed microphysics, PMCAMx-UF, to simulate particle
number concentrations over Europe in the year 2030, by applying emission scenarios
for trace gases and primary aerosols. The scenarios are based on expected changes
in anthropogenic emissions of sulphur dioxide, ammonia, nitrogen oxides, and primary
aerosol particles with a diameter less than 2.5 ym (PM, 5) focusing on a photochemi-
cally active period.

For the baseline scenario, which represents a best estimate of the evolution of an-
thropogenic emissions in Europe, PMCAMXx-UF predicts that the total particle number
concentration (N,y) will decrease by 30-70 % between 2008 and 2030. The number
concentration of particles larger than 100 nm (N,q), @ proxy for cloud condensation nu-
clei (CCN) concentration, is predicted to decrease by 40—70 % during the same period.
The predicted decrease in N,y is mainly a result of reduced new particle formation due
to the expected reduction in SO, emissions, whereas the predicted decrease in Ny is
a result of both decreasing condensational growth and reduced primary aerosol emis-
sions. For larger emission reductions, PMCAMXx-UF predicts reductions of 60-80 % in
both N,y and N, over Europe.

Sensitivity tests reveal that a reduction in SO, emissions is far more efficient than
any other emission reduction investigated, in reducing N,y. For N;qo, emission reduc-
tions of both SO, and PM, 5 contribute significantly to the reduced concentration, even
though SO, plays the dominant role once more. The impact of SO, for both new parti-
cle formation and growth over Europe may be expected to be somewhat higher during
the simulated period with high photochemical activity than during times of the year with
less incoming solar radiation.
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The predicted reductions in both N,,; and N, between 2008 and 2030 in this study
will likely reduce both the aerosol direct and indirect effects, and limit the damaging
effects of aerosol particles on human health in Europe.

1 Introduction

Atmospheric aerosol particles impact the Earth’s energy balance directly by absorbing
and scattering solar radiation, and indirectly by acting as cloud condensation nuclei
(CCN), thereby modifying the optical properties of clouds (Twomey et al., 1977) as well
as their lifetime (Albrecht et al., 1989). The radiative forcing associated with the indirect
effect of anthropogenic aerosols has the largest uncertainty of all forcing mechanisms
estimated by the Intergovernmental Panel on Climate Change (IPCC) for the indus-
trial period (IPCC, 2007). Aerosols also affect human health, as exposure to aerosols
is associated with damaging effects on the respiratory and cardiovascular systems
(Davidson et al., 2005; Pope and Dockery, 2006).

Most previous aerosol modeling studies have focused on the simulation of parti-
cle mass rather than particle number (e.g. Wexler et al., 1994; Pilinis et al., 2000;
Schell et al., 2001; Simpson et al., 2007; Bessagnet et al., 2009; Fountoukis et al.,
2011). In many locations aerosols are regulated by particle mass, for instance PM, 5
(mass concentration of particles with diameter (D) lower than 2.5 um). However, re-
sults from several studies indicate that ultrafine particles (D, < 100nm), which in most
cases dominate the particle number concentration but only make a minor contribution
to the particle mass, may cause particularly adverse health effects (e.g. Oberdorster
et al., 1996; Peters et al., 1997). The particle number size distribution is highly relevant
also when determining aerosol impacts on climate, since it gives an estimate of the
concentration of cloud condensation nuclei (CCN). Thus, to estimate the influence of
aerosol particles on both climate and human health, it is necessary to know the particle
number size distribution.
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Aerosol particles may be emitted directly (primary particles) or form in the atmo-
sphere by homogeneous nucleation (secondary particles). The fresh particles can then
grow through condensation of vapours (e.g. sulphuric acid, ammonia and organics) and
reach a size where they can have an impact on climate. For aerosol particles to be able
to act as CCN in the atmosphere, they must have a diameter larger than 40—120 nm,
depending on their hygroscopicity, and the ambient water supersaturation (Dusek et al.,
2006).

The primary vapour responsible for atmospheric nucleation is thought to be sulphuric
acid (e.g. Riipinen et al., 2007). However, proposed nucleation mechanisms differ in
terms of which gas-phase species assist sulphuric acid (H,SO,) in forming the critical
cluster. In the most common binary nucleation scheme, it is assumed that the critical
cluster is composed by H,O and H,SO,. Binary nucleation of water and sulphuric
acid may be significant in the upper troposphere and lower stratosphere (Adams and
Seinfeld, 2002), but generally underpredicts nucleation rates in the lower troposphere
(Kulmala et al., 2004). Nucleation involving sulphuric acid is known to be favoured
by the presence of species such as ammonia (NH;3) (Coffman and Hegg, 1995; Ball
et al., 1999) and amines (Murphy et al., 2007; Smith et al., 2010). Kirkby et al. (2011)
showed that atmospherically relevant NH; mixing ratios of 100 ppt, or less, increase
the nucleation rate of sulphuric acid particles by more than a factor of 100—1000. Jung
et al. (2010) successfully predicted frequent nucleation events and measured number
concentrations in the north-eastern United States using the regional model PMCAMx-
UF with a scaled version of the ternary H,SO,-NH3-H,O nucleation parameterization
of Napari et al. (2002).

If new particle formation is controlled to a large extent by atmospheric concentra-
tions of H,SO, and NHj, future scenarios of emissions of these species are critical
when predicting future particle number concentrations. The International Institute for
Applied Systems Analysis (IIASA) developed future anthropogenic emission scenarios
for Europe based on the latest expectations on economic development and the im-
plementation of recent policies on energy, transport, agriculture, and climate change
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(Amann et al., 2012). These emission scenarios include SO,, NHjz, nitrogen oxides
(NO,), and PM, 5. According to the IIASA baseline scenario, which represents a best
estimate of future emissions, SO, emissions are predicted to decrease by ~ 70 % in
Europe between 2008 and 2030, with the largest reductions expected in the power sec-
tor. According to the same scenario and in the same period, NH; emissions are pre-
dicted to stay nearly constant, as a result of almost unchanged emissions from cattle
farming which is the largest source of NH;. PM, 5 and NO, emissions are expected to
drop by 40 % and 65 %, respectively. The decline in PM, 5 emissions is primarily due to
stricter standards for diesel vehicles, while the decline in NO, emissions would mainly
follow from more stringent controls of new vehicles and power plants. In addition to
the baseline scenario, IIASA developed scenarios exploring possible additional emis-
sion reductions that would result from full application of available technical measures,
decarbonisation, and a change of behaviour resulting in diets that include less meat.
These latter scenarios result in larger reductions of SO,, PM, 5, and NO, emissions
than predicted by the baseline scenario, and they also include significant decreases in
NH3 emissions. In this study we use the regional chemical transport model PMCAMx-
UF to predict how emissions based on the IIASA future scenarios may affect particle
number concentrations over Europe in the year 2030.

Fountoukis et al. (2012) applied PMCAMx-UF to the European domain to simulate
particle number concentrations for May 2008. That model simulation was compared
with number concentration observations during the European Aerosol Cloud Climate
and Air Quality Interactions (EUCAARI) project (Kulmala et al., 2011) at seven different
sites in Europe. They found that PMCAMXx-UF reproduced more than 70 % of the data
points for number concentrations of particles larger than 10nm (N,g), and particles
larger than 50 nm (N5q) within a factor of 2, at the seven locations. Number concentra-
tions of particles larger than 100 nm (N,qo) were somewhat underestimated, partly due
to lack of organic contribution to particle growth in the model.

Here we use PMCAMx-UF with the same set-up as the one used by Fountoukis
et al. (2012) to predict particle number concentrations over Europe in the year 2030.
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We investigate what particle size ranges are associated with the largest changes in
concentration, and also whether changes in primary aerosol emissions or changes in
new particle formation will be the most important factor for the overall change in particle
number concentration over Europe. Finally, we explore what emission reductions are
most effective in reducing number concentrations over Europe.

2 Model description

PMCAMx-UF is a three-dimensional chemical transport model (CTM) with de-
tailed microphysics simulating both the particle number size distribution and the
mass/composition size distribution. A detailed description of PMCAMXx-UF can be found
in Jung et al. (2010) and Fountoukis et al. (2012). PMCAMx-UF was based on PM-
CAMx (Gaydos et al., 2007) which focuses on the simulation of the mass distribution
of PM. The PMCAMXx-UF algorithms used for the simulation of horizontal and verti-
cal advection, horizontal and vertical diffusion, wet and dry deposition, and gas-phase
chemistry, are identical to those used in PMCAMx. However, PMCAMXx-UF uses the
DMAN model (Jung et al., 2006) to simulate the aerosol processes (nucleation, co-
agulation, condensation/evaporation, and emissions) assuming that the aerosol is in-
ternally mixed. DMAN tracks both the aerosol number and mass size distributions by
applying the Two-Moment-Aerosol Sectional (TOMAS) algorithm of Adams and Sein-
feld (2002). The aerosol size distributions are discretized in 41 size bins, covering the
diameter range from 0.8 nm to 10 um. For the 10—-40 um diameter range, two additional
size bins are used for the description of cloud chemistry.

The aerosol compounds included in PMCAMx-UF include primary organic aerosol,
four secondary organic aerosol components, elementary carbon, crustal material, wa-
ter, chloride, sodium, ammonium, nitrate, and sulphate. The primary organic aerosol
is assumed to be non-volatile. The TOMAS version currently used in PMCAMXx-UF ex-
plicitly tracks sulphate, ammonium, and water, while the rest of the species are lumped
into one surrogate species that is assumed to be inert.
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The simulation of nucleation in PMCAMx-UF is based on the parameterization of Na-
pari et al. (2002) for ternary H,SO,-NH3-H,O nucleation. Since this parameterization
has been shown to overpredict the production of ultrafine particles during new particle
formation events (Gaydos et al., 2005; Yu et al., 2006a, b; Jung et al., 2006; Merikanto
et al., 2007; Zhang et al., 2010), a scaling factor of 1078 is applied to the nucleation
rates in PMCAMXx-UF (Fountoukis et al., 2012). While the parameterization of Napari
et al. (2002) might not provide the right mechanistic picture, it may still be a reasonable
approximation due to ammonia being a tracer for other bases, e.g. amines.

Nucleation and condensation rates are calculated simultaneously using the pseudo-
steady-state approximation (PSSA) for sulphuric acid proposed by Pierce and Adams
(2009) which assumes that the sulphuric acid concentration reaches steady state in-
stantaneously during a time step. The TOMAS algorithm is used for the simulation
of condensation/evaporation of sulphuric acid and ammonia, and the two species are
treated independently. For sulphuric acid condensation, the H,SO, mass added to
each section is calculated as well as its total concentration. The mass distributed in
each section is used to calculate the driving force for the H,SO, condensation (Adams
and Seinfeld, 2002). Condensation of ammonia is simulated in the same way as in
Gaydos et al. (2005), assuming an accommodation coefficient of 0.08 (Shi et al., 2009;
Swartz et al., 1999) and that its surface vapour pressure over the acidic particles is
equal to zero.

The TOMAS algorithm is used also for the simulation of coagulation with prognostic
equations for both aerosol mass and number concentrations in each size bin. The
calculation of the coagulation coefficients follows the approach of Gaydos et al. (2007).

3 PMCAMXx-UF application

The PMCAMx-UF modelling domain over Europe covers a 5400 x 5832 km? region with
150 cells in the x- and 162 cells in the y-direction, with a 36 x 36 km grid resolution and
14 vertical layers covering approximately 20 km in the z-direction (Fountoukis et al.,
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2012). PMCAMXx-UF performs simulations on a rotated polar stereographic map pro-
jection. The first two days of each simulation have been excluded from the results to
be presented, in order to limit the effect of the initial conditions on the results.

3.1 Meteorological input

The meteorological input to PMCAMx-UF in this study is identical to the input used by
Fountoukis et al. (2012), and includes horizontal wind components, vertical diffusivity,
temperature, pressure, water vapour, clouds, and rainfall. The meteorological model
WRF (Skamarock et al., 2005) was used to create these inputs that represent May
2008. WRF is driven by static geographical data and dynamic meteorological data,
including 27 sigma-p layers up to 0.1 bars in the vertical dimension. Each layer of
PMCAMx-UF is aligned with the layers used in WRF. The WRF May 2008 run was re-
initialized every third day to ensure accuracy in all fields used as input in PMCAMx-UF.

3.2 Emissions

Emissions for May 2008 are the same as in Fountoukis et al. (2012). Hourly gridded
emissions developed for the European region include both primary particulate matter
and trace gases. The Pan-European anthropogenic Particle Number Emission Inven-
tory (Kulmala et al., 2011) was used for particle emissions in the diameter range 10—
300 nm, and the Pan-European Carbonaceous Aerosol Inventory provided emissions
of larger particles (Kulmala et al., 2011). Anthropogenic gas emissions that were used
to develop the gridded fields include land emissions from the GEMS dataset (Viss-
chedijk et al., 2007), as well as international shipping emissions. The anthropogenic
emission sources include traffic, industrial, domestic, agricultural, etc. sources.

In this study we explore three of the future emission scenarios described in the IIASA
report (Amann et al., 2012). All emission scenarios analysed represent projections
to the year 2030. The three scenarios are: (1) a baseline scenario; (2) a Maximum
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Technically Feasible Reduction (MTFR) scenario; and (3) a Maximum Control Efforts
(MCE) scenario.

The baseline scenario represents a prediction of emissions in 2030 by assuming full
implementation of existing air pollution control legislation in the European Union. The
MTFR scenario explores to what extent emissions could be further reduced through full
application of available technical measures. The MCE scenario explores the ultimate
emission reductions that could be achieved through rapid decarbonisation, application
of all available air pollution control technologies, and a change of diets to include less
meat. Thus, whereas the baseline scenario represents the most likely scenario, the
two other scenarios explore what additional emission reductions are possible. A more
detailed description of these emission scenarios can be found in Amann et al. (2012).
Table 1 shows the reductions in SO,, NH3, NO,, and PM, 5 from 2008 to 2030 for each
of the three scenarios.

For the emission scenarios in this study we assume the same percentage change in
emissions of trace gases and PM, 5 for all model grid cells within the European domain.
Hence, we do not consider any spatial variations in the change of emissions for any of
the scenarios. We also assume that the PM, 5 emissions are reduced uniformly for all
size bins (smaller than 2.5 um) for each scenario.

4 Results and discussion

All simulations in this study were performed with meteorological input from May 2008
and with the same boundary concentrations of aerosols and trace gases for each simu-
lation. Hence, differences in output concentrations between the performed simulations
are due only to changes in European emissions. The fact that we use meteorological
input from May 2008 for our simulations of the 2030 scenarios implies that we ne-
glect any changes in climate during this period. All atmospheric concentrations to be
discussed represent surface concentrations. The time period that is simulated is 1—
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29 May, but as mentioned in Sect. 2 the first two days have been excluded from the
analysis.

4.1 Spatial distribution of particle concentrations

Figure 1a shows arithmetic mean values of the total particle number concentra-
tion (N,) for each grid cell throughout the whole simulation period with the default
emissions (May 2008) used. As discussed by Fountoukis et al. (2012), PMCAMx-
UF predicts high number concentrations over large areas of Eastern Europe during
this photochemically active period. Locally, the model gives mean number concentra-
tions of 50000cm™ or higher in these areas (Fig. 1a). High concentrations, 20 000—
50000 cm‘s, are also predicted over Spain and Portugal. The lowest concentrations
are found over the Nordic countries.

Figure 1b shows the corresponding mean concentration map for the simulation of
the baseline scenario in 2030. Comparing Fig. 1b with Fig. 1a, it becomes clear that
number concentrations in most places are expected to decrease significantly in Eu-
rope between 2008 and 2030, since both emissions of trace gases and PM, 5 in this
simulation have been reduced. The concentrations are predicted to remain highest
over Eastern Europe, even though the values in general are considerably lower than
those predicted for 2008. The fact that the spatial variations in number concentrations
(Fig. 1b) are similar to those obtained in the simulation of May 2008 (Fig. 1a) is rea-
sonable since the relative emission reductions have been assumed to be equal for all
grid cells.

The percentage reduction in N, for the baseline scenario (Fig. 2a) in general
ranges from 30 % to 70 % over continental Europe with smaller reductions over the
low-concentration areas in the Nordic countries. Even though the general pattern in
Fig. 2a is decreasing total number concentrations, there are enhancements of N, for
instance over parts of Great Britain, Belgium and Greece. Since primary aerosol emis-
sions have been reduced in the simulation of the baseline scenario (Table 1), the areas
of increasing total number concentrations in Fig. 2a are associated with enhanced new
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particle formation due to a reduced condensation sink following from the reduction in
concentrations of primary particles. In contrast to Fig. 2a, there are no areas asso-
ciated with increasing concentrations in Fig. 2d which shows the percentage change
N,q- Instead Fig. 2d indicates a more horizontally homogeneous reduction in the 20—
60 % range. Hence, even though new particle formation may be predicted to increase
the total number concentration in some areas in the baseline scenario, most of these
particles are not predicted to reach sizes larger than 10 nm.

For the MTFR scenario in 2030 (Fig. 1c), the mean decrease in total number concen-
tration is larger than for the baseline scenario, as a result of the corresponding larger
emission reductions (Table 1). For this scenario, PMCAMXx-UF predicts a reduction in
N,.: of more than 60 % over large areas in Eastern Europe, Spain, and France (Fig. 2b).
Over the rest of continental Europe, the MTFR scenario in general results in a 30-50 %
decrease in number concentration. However, also for this scenario there are some ar-
eas where the total number concentration is predicted to increase. The extent of this
rather counterintuitive change is smaller than for the baseline scenario. Similar to the
baseline scenario, the percentage reduction in Ny, (Fig. 2e) is more spatially uniform
than for N,y and there are no areas where N, is predicted to increase.

The MCE 2030 scenario gives the largest decrease in N, of all three scenarios
(Fig. 1d) with a predicted decrease in N,,; of 50—-80 % over most of continental Europe
(Fig. 2c), but locally more than 80 % over Eastern Europe. There are fewer areas with
enhanced concentrations than in the baseline and MTFR scenarios, but they still exist
mainly over Great Britain, Belgium and Northern France. For N, (Fig. 2f), the MCE
scenario results in a reduction of 50-80 % over continental Europe.

Figure 1e shows the model prediction of mean concentrations of particles with a di-
ameter larger than 100 nm for May 2008. For this simulation, the model predicts the
highest N,qo concentrations over the north-western part of continental Europe, and
over south-eastern Europe. For the baseline scenario in 2030, PMCAMXx-UF predicts
decreasing N,y concentrations over whole Europe (Fig. 1f). The relative decrease
in PM, 5 emissions is 40 % for the baseline scenario according to [IASA (Table 1).
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Over large areas of Western Europe, the predicted decrease in N, is close to 40 %
(Fig. 2g). However, over south-eastern Europe, and particularly eastern Mediterranean,
the predicted decrease in N, is higher, in general 60—70 %, which is more than can be
explained by the reduction in primary aerosol emissions. The larger relative decrease
in south-eastern Europe can be explained by the role nucleation plays for N, in this
region. Fountoukis et al. (2012) showed that in May 2008 new particle formation made
the highest relative contribution (~ 20 %) to Ny, over Eastern Mediterranean. They
also reported that new particle formation could reduce by approximately 20 % the con-
centration of particles larger than 100 nm in some areas, e.g. Spain. They explained
this counterintuitive behaviour by reduced particle growth due to enhanced competi-
tion for condensable vapours in areas with high nucleation rates. Therefore, reduced
SO, emissions according to the baseline scenario, and the resulting decline in avail-
able H,SO, for ternary nucleation, will reduce the N,y, concentrations the most over
Eastern Mediterranean because new particle formation there plays a more important
role as a source of N;oy, compared to other parts of Europe. According to Amann
et al. (2012), the relative SO, emission reductions are predicted to be largest in coun-
tries in southeastern Europe (e.g. Bulgaria, Greece, and Romania). The fact that we
have assumed equal emission reductions in all grid cells means that the decrease in
N;q0 over southeastern Europe may be even larger than indicated in Fig. 2g.

It is worth pointing out that the condensational growth is most likely underestimated
in some areas in this model study, due to the limited organic contribution to the growth
of ultrafine particles in PMCAMx-UF, which leads our predictions of N, to be a lower
estimate of N,y. As a result, the decrease in N,y resulting from reduced conden-
sational growth may be overpredicted in areas with large contributions from organic
condensation to the growth.

For the MTFR scenario in 2030 (Fig. 1g), the model in general predicts a 60-80 %
decrease in N,y over Continental Europe, with the largest relative change still oc-
curring over Eastern Mediterranean (Fig. 2h). The simulation of the MCE scenario
in PMCAMx-UF (Fig. 1h) also gives a decrease of 60-80 % in Ny, over continental
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Europe (Fig. 2i), but with more widespread areas of reductions > 70 % than for the
MTFR scenario.

Table 2 shows the arithmetic mean and median percentage changes in number con-
centration for Ny, Nyg, and Nq, over the whole model domain (also including grid
cells over the ocean) and the whole simulation period, for the different scenarios. An
additional simulation was performed with emissions changed according to the base-
line scenario 2030 with the exception of the PM, 5 emissions which were kept at their
2008 level. By comparing this simulation with the original baseline scenario simula-
tion with reduced PM, 5 emissions, the relative importance of reduced primary aerosol
emissions for the decreasing particle concentrations can be investigated. For particles
larger than 100 nm, the relative decrease in mean or median concentration for this sim-
ulation (38 % or 19 %) is smaller than the corresponding decrease (45 % or 25 %) for the
original baseline scenario with reduced PM, 5 emissions (Table 2). This means that the
reduced PM, 5 emissions associated with the original baseline scenario make a signif-
icant contribution to the decrease in N;qo. However, for N, the pattern is different. The
(17 %) median percentage decrease in N, for the baseline scenario with PM, 5 emis-
sions at their 2008 level is similar to the (18 %) median percentage decrease for the
baseline scenario with PM, 5 emissions reduced to their predicted 2030 level (Table 2).
For the arithmetic mean change in concentration, the percentage decrease in N, is
even larger when PM, 5 emissions are kept at their 2008 level than when reducing them
to their baseline 2030 level (Table 2), suggesting that reducing PM, 5 emissions could
potentially result in a small increase in total particle number concentration on some
occasions. The larger mean decrease in N,,; when PM, 5 emissions 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, 5 concentration is at a higher level, because these emitted
particles compete for available condensable vapours and thereby suppress nucleation.
Thus, the model predicts that reducing primary aerosol emissions will not significantly
help to lower the number concentration of particles larger than 0.8 nm. The pattern is
similar for N,. The reduction in N, for the case where PM, 5 is unchanged is similar to
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the corresponding reduction when PM, 5 is reduced according to the original baseline
scenario. Hence, the dominating reduction in total number concentration over Europe
seen in Fig. 2a is a result of reduced new particle formation due to reduced emissions
of trace gases linked to nucleation.

Figure 3 shows median number concentrations for each grid cell throughout the
whole simulation period for M,,; and Nqo. The median number concentrations for N,y
(Fig. 3a—d) are considerably lower than the corresponding mean arithmetic mean con-
centrations in (Fig. 1a—d). Whereas the predicted mean number concentrations for
May 2008 (Fig. 1a) reach over 50 000 cm™ in some locations, the corresponding me-
dian concentrations do not exceed 20000cm™> (Fig. 3a). The reason for this is that
the mean value is more sensitive to extreme values than the median value. Therefore,
strongly elevated concentrations resulting from, e.g. nucleation events may have a high
impact on the mean concentration while the corresponding impact on the median value
is lower, unless the events occur with high frequency and last for a long time. For N,
the differences between the mean and median values are much smaller. The reason
for this is that nucleation has a much lower impact on N,y than on N,;.

4.2 Diurnal cycles and number concentration variability

Fountoukis et al. (2012) compared their modelled particle number concentrations with
ground based observations in May 2008 at seven different sites within the EUCAARI
project: Ispra, ltaly; Melpitz, Germany; Cabauw, Netherlands; Aspvreten, Sweden;
Hyytiala, Finland; Mace Head, Ireland; and Vavihill, Sweden. These locations repre-
sent several different types of sites: Ispra is a polluted Mediterranean site; Melpitz can
be regarded as representative of a regional central European site; Cabauw is located
in a rural area in the western part of Netherlands with nearby agricultural areas; As-
pvreten is representative of the regional background in Mid-Sweden; Hyytiala repre-
sents the boreal background; Mace Head is located on the west coast of Ireland with
a large marine influence from the Atlantic Ocean; and Vavihill is a Nordic background
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site with influence from Central Europe. Here we compare diurnal cycles of particle
number concentrations at these sites for the different emission scenarios.

Figure 4 shows predicted median diurnal cycles of N, (Fig. 4a—g), Nyo (Fig. 4h—n),
and N, (Fig. 40-u), for the seven locations, and for the different scenarios. Several
of the locations in Fig. 4 have a pronounced peak in N,y during daytime. When these
daytime peaks in N,y occur, N, is much higher than N,, indicating that these peaks
are associated with new particle formation events. For most of the sites, PMCAMx-UF
predicts higher daytime total number concentrations for the 2008 simulation than for
the simulations of the 2030 scenarios. In general, the simulation of the MCE scenario
gives the lowest daytime total number concentration, followed by the simulations of the
MTFR scenario, and the baseline scenario. Hence, the more reduced the emissions,
the lower the daytime N,; concentrations at most of the locations. The exceptions are
Ispra (Fig. 4a) and Cabauw (Fig. 4c). At these locations, the simulation of the MCE sce-
nario gives the highest daytime total number concentration, followed by the simulations
of the MTFR scenario, the baseline scenario, and the simulation of May 2008. Hence,
the more reduced the emissions at Ispra and Cabauw, the higher the N,,; concentra-
tions at these locations, contrary to the other sites. For the May 2008 simulation, there
is not even a clear daytime peak in N, at Ispra and Cabauw, indicating suppressed
nucleation. Interestingly, Ispra and Cabauw are the two locations with the highest N,
concentrations (Fig. 40 and q) of all the seven sites. For the simulations of May 2008,
N;00 concentrations reach over 1000 cm™2 at Ispra and Cabauw, whereas the other
sites (Fig. 4p and r—u) have N,y concentrations below 1000 cm™2. Thus, the high Nioo
concentrations at Ispra and Cabauw suppress new particle formation in daytime. How-
ever, when emissions are reduced according to the future scenarios, concentrations
of N,y decrease which in turn lowers the condensation sink thereby enhancing day-
time nucleation. Another effect in the simulations with reduced emissions according to
the future scenarios is that new particle formation starts earlier in the morning. This
is not the case only for Ispra and Cabauw, but can be seen also for Melpitz (Fig. 4b),
Aspvreten (Fig. 4d), and Vavihill (Fig. 4Q).
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The daytime concentration peaks are much less pronounced for Ny, than for Ny,
and at the locations where they are observed they occur later in the day because of the
time required for condensational growth. The pattern of increasing daytime N,,; concen-
trations when emissions are reduced, predicted for Ispra and Cabauw, is not evident for
N, at these locations. The reason for this is suppressed condensational growth when
SO, and NH3 emissions have been reduced according to the IIASA emission scenar-
ios. Hence, even though daytime nucleation may increase at locations with high N,
concentrations when primary aerosol emissions are being reduced, the impact on N,
concentrations from enhanced nucleation is predicted to be minor due to decreasing
concentrations of condensable vapours.

Figure 5 shows predicted frequency distributions for N, for the seven locations and
for each scenario. The distributions for May 2008 are skewed towards higher concen-
trations at some of the locations, particularly in Melpitz (Fig. 5b) and Vavihill (Fig. 59).
This explains why the mean concentrations (Fig. 1a—d) are higher than the median
concentrations (Fig. 3a—d) in many locations. The skewness is a result of nucleation
events which may result in very high number concentrations. The probability distribu-
tions associated with the simulation of May 2008 are rather symmetric at Ispra (Fig. 5a)
and Cabauw (Fig. 5c). However, at these locations the skewness of the frequency dis-
tributions is predicted to increase with reduced emissions. The MCE 2030 scenario,
associated with the largest emission reductions, results in the most skewed distribu-
tions at these two locations, followed by the MTFR and the baseline scenarios. Even
though the number concentration on average is predicted to decrease also at Ispra and
Cabauw, the frequency of events with number concentrations higher than 20000 cm™3
is predicted to increase at these locations.

4.3 Contribution of new particle formation to number concentrations

The contribution of new particle formation to the particle number concentration can
be investigated by turning off nucleation in PMCAMx-UF, and by comparing the output
concentrations with those obtained when nucleation is turned on in the model. The
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fractional increase in concentration due to new particle formation can be defined as
f = (Ny—Ny)/Ny, where Ny and N, are the number concentrations with nucleation
turned on and off, respectively. As presented by Fountoukis et al. (2012), the aver-
age fractional increases over the whole model domain and the whole simulation period
for the May 2008 simulation are 3.0, 1.1, and 0.005 for Ny, N4, and Nyqo. The cor-
responding increases for the simulations of the baseline 2030 scenario are 2.8, 0.8,
and -0.04, suggesting that the relative contribution of new particle formation to number
concentrations may be slightly lower in the year 2030 than in 2008. Interestingly, the
negative values for N;q, (—0.04) implies that the average N,q, concentration becomes
even higher when nucleation is turned off than when it is turned on. Thus, the pattern
that was discussed in Sect. 4.1, of a predicted negative impact of nucleation on Ny,
concentrations in areas where particle formation rates are high, may increase in impor-
tance in the year 2030. The reduced emissions of SO, and NH; associated with the
2030 baseline scenario, and thereby lower amounts of condensable vapours, increase
the competition for condensable vapours.

Figure 6 shows the average increases due to nucleation for the baseline scenario
for Ny (@), Nqg (b), and N,y (). The areas where the average increase in N, due
to nucleation is largest are essentially the areas with the highest N,, concentrations
(Fig. 1b) over Eastern Europe and coastal areas in Spain and Portugal. In the same
areas, the largest contribution of nucleation to N, is predicted. For Ny, new particle
formation is either predicted to have a negative or zero impact on the concentration.
As can be seen in Fig. 6¢, the reducing impact of nucleation on N, concentrations is
found in the areas with the highest total number concentrations (Fig. 1b), and where
nucleation gives the largest fractional increase in N,y (Fig. 6a) and Ny, (Fig. 6b). As
mentioned in Sect 4.1, Fountoukis et al. (2012) found that new particle formation was
predicted to give the largest fractional increase in N,y over Eastern Mediterranean.
The fact that new particle formation in the baseline scenario has a reducing impact on
N,qo over Eastern Mediterranean (Fig. 6c) is likely an effect of the largely reduced SO,
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concentrations in the baseline scenario (Table 1), resulting in suppressed condensa-
tional growth.

4.4 What emission reductions are most important for reducing particle
concentrations?

The MTFR scenario explores to what extent emissions could be reduced further than
the baseline scenario, through full application of available technical measures. In this
section we investigate which of the emission reductions within the MTFR scenario
would contribute the most to the decrease in particle number concentration over Eu-
rope. For this sensitivity study, we simulated the MTFR scenario as described in Ta-
ble 1, but with only one species reduced at a time. Hence, four simulations were per-
formed with the emissions of one of SO,, NH;, PM, 5, and NO, changed, while the
emissions of the other pollutants were kept unchanged. Table 3 shows the median
change in N,,; and N,y over the whole model domain for each of the simulations.
Clearly, reducing SO, emissions is predicted to have a much larger impact on particle
number concentrations than any of the other emission reductions. The 82 % reduction
in SO, emissions reduces N,y by 24 % and N,y by 22 %. The 30 % reduction in NH;
is predicted to only have minor impacts on the number concentrations (-2.4 %). The
75 % reduction in NO, emissions does not seem to play an important role. The 69 %
reduction in PM, 5 only reduces N,,; by 2.4 %, but results in an 8.4 % decrease in Nqp.

The results of this sensitivity study indicate that reducing SO, emissions is much
more efficient than any other emission reduction for the total particle number con-
centration over Europe. However, reducing primary aerosol emissions will also help
significantly in reducing N,qq.

Many studies (e.g. Kapustin et al., 2006; Clarke et al., 2010) suggest the number
concentration of particles with D, > 100nm can serve as a surrogate for the CCN con-
centration. If using N, as a first estimate of the CCN concentration, one can conclude
that reductions of SO, and PM, 5 emissions, which are present in all three future emis-
sion scenarios investigated in this study, will reduce the aerosol indirect effect over
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Europe. Furthermore, cutting SO, emissions is predicted to play a more important role
than reductions in PM, 5 emissions for the decrease in the aerosol indirect effect. How-
ever, the meteorological input for these simulations is from May, a time of the year when
photochemistry plays an important role. For a time of the year with less incoming solar
radiation, the relative importance of SO, emissions for both N,,; and N,y, would most
likely be somewhat lower than in the results obtained here.

5 Summary and conclusions

In this study we investigated how future scenarios of emissions of SO,, NH;, NO,, and
PM, 5 from the IIASA report by Amann et al. (2012) affect particle number concentra-
tions over Europe in 2030, by performing simulations with PMCAMx-UF; a chemical
transport model with detailed microphysics. The three different emission scenarios in-
vestigated in this study are: (1) a baseline scenario, which represents a best estimate
of the emissions in 2030; (2) a Maximum Technically Feasible Reduction (MTFR) sce-
nario, which represents technically possible emission reductions beyond those in the
baseline scenario; and (3) a Maximum Control Efforts (MCE) scenario, which repre-
sents the largest possible emission cuts through application of all available technolo-
gies, rapid decarbonisation, and a change in the agricultural system to produce diets
that include less meat. Our key results and main conclusions are:

1. For the baseline scenario, PMCAMXx-UF predicts a 30—70 % decrease in total par-
ticle number concentration between 2008 and 2030 over Europe. Reduced new
particle formation is the dominating factor for this decline. Since the baseline sce-
nario includes a 73 % reduction in SO, emissions but unchanged NH; emissions,
the decrease in new particle formation rates is due to reduced H,SO, concentra-
tions resulting from the decrease in SO, emissions. For the other two scenarios,
PMCAMx-UF predicts a decrease in N,,; of 60-80 %.
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. The predicted reductions in N, are 40-70 % for the baseline scenario, and 60—

80 % for the other two scenarios. The largest reductions in N, were predicted in
areas where new particle formation makes a large contribution to Nyq.

. The simulations of the different scenarios indicate that daytime new particle for-

mation may locally increase between 2008 and 2030 in areas where N,y con-
centrations are high. This is a result of enhanced new particle formation due to
a reduced condensation sink following from the expected reduction in primary

however, both reductions in SO, and PM, 5 emissions contribute significantly to
the decreasing concentrations, but also here SO, plays the dominant role.
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condensational growth in PMCAMx-UF, which likely results in underpredictions of N,qq
in some areas, in particular areas with large biogenic influence. There is also some
uncertainty regarding the role amines may play in nucleation, which is not included in
the ternary H,SO,-NH3-H,O nucleation parameterization used here. However, since
amines and ammonia often have similar sources, it is likely that the NH; emission
scenarios used in this study to some extent include the effect that trends in amine
emissions may have on the change in new particle formation.
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Table 1. Percentage change in emissions between 2008 and 2030 in the European Union.

SO, NH; PM,s NO,
Baseline -73 0 -38 -66
MTFR -82 -30 -69 -75
MCE -85 -40 -74 -90
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Table 2. Arithmetic mean and median percentage change in particle number concentration over
the whole model domain between 2008 and 2030 for the different scenarios.

Mean % change

Median % change

Ntot N10 N100 Ntot N10 N100
Baseline -28 -32 -45 -18 -18 -25
MTFR -40 -44 -56 -25 -26 -35
MCE -48 -51 -60 -30 -31 -40
Baseline with changes in trace gasesonly -33 -32 -38 -17 -16 -19
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Table 3. Median percentage change in particle number concentration over the whole model
domain when one species is varied at the time within the MTFR scenario.

Median % change

Ntot N1 00
SO, (-82%)  -24 _22
NH, (-30%) -2.4 +0
NO, (-75%) -0.6 -3.0
PM,s (-69%) —2.4 -8.4
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May 2008

Baseline 2030

MTER 2030 MCE 2030

Fig. 1. Model simulations for 2008 and the baseline, MTFR, and MCE scenarios for 2030 for
N, (@—d), and Ny, (e—h). The concentrations are mean values in each grid cell for the whole

simulation period. The colour bars indicate particle number concentration in # cm™,
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May 2008 Baseline 2030

MTEFR 2030 MCE 2030

MTEFR 2030 MCE 2030

Fig. 3. Model simulations for 2008 and the baseline, MTFR, and MCE scenarios for 2030 for
N, (@—d), and N,,, (e—h). The concentrations are median values in each grid cell for the whole

3

simulation period. The colour bars indicate particle number concentration in # cm™.
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Fig. 4. Median diurnal cycles for N,y (a—g), N;o (h—-n), and Ny, (o—u) for May 2008 (black
dashed lines), the baseline 2030 scenario (blue lines), the MTFR 2030 scenario (red lines),
and the MCE 2030 scenario (green lines).
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Fig. 5. Total number concentration probability distribution curves for May 2008 (black dashed
lines), the baseline 2030 scenario (blue lines), the MTFR 2030 scenario (red lines), and the
MCE 2030 scenario (green lines). The concentration bins are logarithmically equally distributed
in the concentration axes (10 bins per decade).
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