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Abstract. A three-dimensional regional chemical trans- 100 nm the effect varies from an increase of 20 % in the east-
port model (CTM) with detailed aerosol microphysics, ern Mediterranean to a decrease of 20 % in southern Spain
PMCAMXx-UF, was applied to the European domain to sim- and Portugal resulting in a small average increase of around
ulate the contribution of direct emissions and secondaryl % over the whole domain. Nucleation has a significant ef-
formation to total particle number concentrations during fect in the predictedVsg levels (up to a factor of 2 increase)
May 2008. PMCAMx-UF uses the Dynamic Model for mainly in areas where there are condensable vapors to grow
Aerosol Nucleation and the Two-Moment Aerosol Sectional the particles to larger sizes. A semi-empirical ternary sulfuric
(TOMAS) algorithm to track both aerosol number and massacid-ammonia-water parameterization performs better than
concentration using a sectional approach. The model prethe activation or the kinetic parameterizations in reproducing
dicts nucleation events that occur over scales of hundredthe observations. Reducing emissions of ammonia and sulfur
up to thousands of kilometers especially over the Balkandioxide affects certain parts of the number size distribution.
and Southeast Europe. The model predictions were com-
pared against measurements from 7 sites across Europe. The
model reproduces more than 70 % of the hourly concentra-
tions of particles larger than 10 nnv{p) within afactorof 2. 1 Introduction
About half of these particles are predicted to originate from
nucleation in the lower troposphere. Regional nucleation isThe two major processes that add new particles into the
predicted to increase the total particle number concentraatmosphere are direct (primary) emissions and nucleation
tion by approximately a factor of 3. For particles larger than (secondary particles). Primary particles originate from both
anthropogenic sources such as fossil fuel combustion and

Published by Copernicus Publications on behalf of the European Geosciences Union.



8664 C. Fountoukis et al.: Simulating ultrafine particle formation in Europe

natural sources e.g. sea spray, fires, volcanoes, and windulfuric acid concentration (Weber et al., 1996; Sihto et al.,
borne dust. Secondary particles are formed through nucle2006; Riipinen et al., 2007; Kuang et al., 2008; Nieminen
ation and condensation of gas-phase species significantly iret al., 2009; Paasonen et al., 2009, 2010) in various sites in
fluencing the size distribution and number concentrations ofEurope and the United States. This was confirmed by lab-
atmospheric aerosols (Kulmala et al., 2001, 2004; Stanieoratory experiments (Sigil et al., 2010) revealing a linear
et al., 2004). Secondary particulate matter can also form byr squared correlation between new particle formation rate
in-cloud processes followed by cloud drop evaporation. Theand concentration of sulfuric acid. Other recent studies have
fresh nuclei are quite small; the critical cluster diameter be-highlighted the potentially important role of condensable or-
yond which particle growth is thermodynamically favored ganic compounds triggering nucleation in addition to sulfuric
over evaporation is typically of the order of 1 nm. acid (Kerminen et al., 2010; Metzger et al., 2010; Paasonen
Aerosol formation by nucleation is potentially important et al., 2010). Although progress has been made, the mech-
for the climate of our planet because the newly formed par-anism behind new particle formation and growth is still not
ticles can grow through condensation of vapors (e.g. sulfufully understood.
ric acid and ammonia, organics) from a few nanometers up Due to the important role of ultrafine particles, there have
to cloud condensation nuclei (CCN)-relevant particle sizesbeen a number of efforts in modeling new particle forma-
of ~ 100 nm or more influencing the formation and proper- tion and growth on a large scale. Jacobson (1997) simulated
ties of clouds. Global model calculations suggest that CCNaerosol dynamics and chemistry in a 3-D CTM tracking both
concentrations are sensitive to nucleation (Adams and Seimraumber and mass concentrations with a sectional approach.
feld, 2002; Spracklen et al., 2006, 2008; Merikanto et al., This study concluded that coagulation can reduce the num-
2009). Nucleation also enhances atmospheric levels of ultraber and volume concentration of particles less than 0.2 um in
fine particles (those with diameter less than 100 nm) whichdiameter both in the presence and absence of modest rates
are highly mobile within the human body and may be es-of particle growth while when significant growth occurs, the
pecially harmful to human health (Donaldson et al., 1998, effect of coagulation is reduced. Sotiropoulou et al. (2006)
2002; Sioutas et al., 2005). Despite its importance, our unstudied the impact of nucleation on CN and CCN concen-
derstanding of the processes of formation and growth of attrations using the regional air quality model UAM-AERO at
mospheric nanoparticles is currently limited mainly due to two European sites and showed that nucleation significantly
the ambiguous role of atmospheric species other th&80h affects the aerosol size distribution, and can be an impor-
that could potentially control the frequency and rate of newtant contributor to CCN. Trivitayanurak et al. (2008) used
particle formation events in the lower troposphere and con-a global model with detailed aerosol microphysics (GEOS-
tribute to aerosol growth. CHEM/TOMAS) to simulate the aerosol number concentra-
A substantial amount of work has been done for the iden-tion and found errors ity of 40-50 % between 15° S and
tification of the dominant nucleation mechanisms in the45°S and between 45°N and 60° N highlighting the need
boundary layer (Vehkamaki et al., 2002, 2004; Lovejoy etfor improved emission inventories. Yu and Luo (2009) simu-
al., 2004; Kulmala et al., 2006; Yu, 2006a, b; Eisele et al.,lated particle size distribution with a global model and found
2006). Proposed nucleation mechanisms differ in terms ofgood agreement (within a factor of two) for almost all 22
which gas-phase species aid30y in forming the critical ~ sites around the globe for which at least one full year of
cluster. In the most commonly-proposed binary nucleationN1p measurements were available. The comparison, how-
scheme, the critical cluster is assumed to be composed adver, was conducted against low time-resolution measure-
H>0 and BSOy, while ternary nucleation theories usually ments (annually averaged data). Jung et al. (2010) simu-
include ammonia (Nk) as a third component. Comprehen- lated in-situ ultrafine particle formation in the sulfate rich
sive simulations of nucleation events observed in sulfur-richarea of the Eastern United States and conducted a detailed
regions like the northeastern US appear to be initiated bycomparison with data from the Pittsburgh air quality study.
formation of gas-phase4$0, via SO oxidation but termi-  They found good agreement for particle number concentra-
nated by exhaustion of gas-phase NMth ternary sulfate- tions above 3nm, however they stressed the need for more
water-ammonia nucleation appearing to control nucleatiormeasurement data representative of different environments,
(Jung et al., 2008). It is possible that other agents (e.g. orand testing of more nucleation parameterizations. Using the
ganics, amines) may play a similar role under certain con-GLOMAP global aerosol microphysics model (Spracklen et
ditions (Bonn et al., 2008; Kurten et al., 2008; Metzger etal., 2005a, b, 2006), Spracklen et al. (2010) and Redding-
al., 2010; Smith et al., 2010; Zhao et al., 2011; Berndt et al.,ton et al. (2011) analyzed primary and secondary sources of
2010; Kirkby et al., 2011). Condensation of organic speciesglobal particle number concentrations using data from sev-
(Kerminen et al., 2000; Anttila and Kerminen, 2003) or ion- eral sites throughout the world while testing different nucle-
enhanced condensation (Laakso et al., 2002) have also beetion parameterizations. The size of primary emitted parti-
proposed as possible mechanisms controlling atmosphericles was identified as a major source of uncertainty in the
new particle formation. A strong correlation has been foundglobal model's predictions. The size distribution of emis-
between measured aerosol nucleation rate and the gas-phasiens in large-scale models must take into account the size
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distribution of the primary particles at the point of emission the Two-Moment Aerosol Sectional (TOMAS) algorithm of
as well as the aging that occurs at sub-model grid scale®\dams and Seinfeld (2002) in which a sectional approach
(Pierce et al., 2009). If the grid scale is large (e.g. on theis used. A key feature of TOMAS is its ability to track
order of 300 km which is usually the scale of a global model) two independent moments of the aerosol size distribution
the model has difficulties in tracking changes in the emittedfor each size bin, the two moments being the aerosol num-
particle number concentration and size distribution appropri-ber concentration and mass concentration. The aerosol size
ately near sources which could cause large uncertainty in itglistribution is discretized in 41 sections covering the diam-
predictions. Primary ultrafine particles have significant con-eter range from approximately 0.8 nm to 10 um. The low-
centration gradients in space and time close to their sourcesst boundary is at 3.75 x 18 kg of dry aerosol mass per
(urban areas, major industrial areas, etc.) and thus regionaparticle. Each successive boundary has twice the mass of
scale models are well suited for their description in pollutedthe previous one for these 41 size sections. From 10 pum to
environments. 40 um, two additional size sections are used for the descrip-
To date, regional ultrafine particle modeling studies are intion of cloud chemistry. The particle compounds modeled in-
an early stage. Furthermore, particle size distribution mea<€lude sulfate, ammonium, nitrate, sodium, chloride, crustal
surements from multiple locations during the same time pe-material, water, elemental carbon, primary organic aerosol
riod are scarce while updated particle number emission inand four secondary organic aerosol components. Nucleation
ventories for wide areas (such as Europe) that could improvand condensation rates are calculated simultaneously using
model predictions are also rare. For these reasons the effetite pseudo-steady-state approximation (PSSA) for sulfuric
of primary versus secondary contributions to total particleacid proposed by Pierce and Adams (2009) which assumes
number concentrations on a regional scale is yet to be eluthat sulfuric acid concentration reaches steady state instan-
cidated. This is important if we want to correctly attribute taneously during a time step. The performance of PSSA for
the aerosol radiative forcing to different sources or formulatesulfuric acid was evaluated against a 4th order Runge-Kutta
efficient pollution control strategies in large urban environ- algorithm (Jung et al., 2006, 2010) and was shown to be ac-
ments. curate and computationally efficient. The TOMAS version
In this paper we use the recently developed three-currently in PMCAMx-UF tracks explicitly sulfate, ammo-

dimensional regional CTM with detailed aerosol micro- nia, nitrate, organics and water while the rest of the species
physics, PMCAMx-UF, along with an extensive set of mea- are currently lumped into one surrogate species that is as-
surements in Europe, to quantify the contribution of direct sumed to be inert. The TOMAS algorithm simulates the con-
emissions and secondary formation to total particle num-densation/evaporation of sulfuric acid and ammonia indepen-
ber concentrations. A new particle number emission inven-dently. As sulfuric acid is assumed to be in pseudo-steady-
tory for the whole European domain was developed for thestate, the sulfuric acid mass added to each section is calcu-
first time and used in this study. We evaluate the model withlated as well as its total concentration. The mass distributed
surface-based high time resolution measurements from sevn each section is used to calculate the driving force for the
eral stations and test different nucleation parameterizationsulfuric acid condensation (Adams and Seinfeld, 2002). Con-
as well as the sensitivity of the model to certain emissiondensation of ammonia is simulated numerically following the
changes. approach of Jung et al. (2006). An accommodation coeffi-

cient of 0.08 is used, while its vapor pressure on the surface

of the acidic particles is assumed to be zero. For the simu-
2 PMCAMx-UF description lation of coagulation, the TOMAS algorithm is used (Egs. 3

and 4 in Adams and Seinfeld, 2002). TOMAS includes ex-
PMCAMXx-UF is a newly developed (Jung et al., 2010) plicit prognostic equations for both aerosol mass and number
three-dimensional chemical transport model that simu-concentrations in each size bin. The calculation of the coag-
lates the aerosol number size distribution, in addition toulation coefficients is based on the wet diameters of the par-
the mass/composition size distribution. The framework ofticles which are calculated following the approach of Gay-
PMCAMXx-UF is based on the frameworks of PMCAMXx dos et al. (2005). Primary organic aerosol is assumed to be
(Gaydos et al., 2007; Karydis et al., 2007) and CAMx (En- non-volatile in PMCAMx-UF. The simulated contribution of
viron, 2003) air quality models, describing the processes oforganics to the growth of the fresh nuclei is negligible in
horizontal and vertical advection, horizontal and vertical dis- PMCAMx-UF because of the relatively high volatility of the
persion, wet and dry deposition, and gas-phase chemistrcorresponding surrogate compounds. As is typical in chem-
The approach of Fahey and Pandis (2001) is used for thécal transport models, an operator-splitting approach is used
simulation of aqueous-phase chemistry. For the simulation ofn PMCAMXx-UF, with each process simulated separately for
aerosol microphysics, PMCAMx-UF uses the DMAN model each time step, although another (perhaps more accurate but
of Jung et al. (2006) which simulates the processes of coalso more computationally demanding) option is to simulta-
agulation, condensation/evaporation, emissions, and nucleieously treat nucleation and growth for all species (Jacobson,
ation assuming an internally mixed aerosol. DMAN uses2002).
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2.1 Nucleation parameterizations 2.2 Particle number/mass emissions

Zhang et al. (2010) intercompared the results of 12 nucle-A new Pan-European anthropogenic Particle Number Emis-
ation parameterizations based on various nucleation theoriesion Inventory (Kulmala et al., 2011) was developed for the
and evaluated them under a variety of atmospheric condifirst time covering the particles size range of 10-300 nm as
tions against lab measurements and a field campaign. Sigwvell as the Pan-European Carbonaceous Aerosol Inventory
nificant differences were found among the nucleation ratesvhich provided emissions of larger particles (Kulmala et
calculated with different parameterizations. It was found thatal., 2011). Hourly gridded anthropogenic and biogenic emis-
among all parameterizations tested, 2 power law mechanismsions that were developed for the European region included
(one activation type nucleation parameterization and one oboth gases and primary particulate matter. Volatile organic
kinetic type) and one binary nucleation parameterization arecompounds are split based on the speciation approach pro-
the most plausible nucleation parameterizations for applicaposed by Visschedijk et al. (2007). Anthropogenic gas emis-
tions in the planetary boundary layer of polluted sulfate-rich sions that were used to develop the gridded fields include
urban areas. In this work three nucleation theories are testelhnd emissions from the GEMS dataset (Visschedijk et al.,
along with their corresponding parameterizations for the sim-2007) as well as international shipping emissions. A variety
ulation of new patrticle formation. The base case nucleationof emission sources are identified in the anthropogenic inven-
mechanism used here is based on the ternatyQ4-NHs- tories, including industrial, domestic, agricultural and traffic.
H>0 nucleation parameterization of Napari et al. (2002). The Three different datasets are combined in order to produce
Napari et al. (2002) ternary nucleation parameterization hashe biogenic gridded emissions for the model. Emissions
been shown to overpredict ultrafine number concentrationgrom ecosystems are produced by MEGAN (Model of Emis-
during nucleation events (Gaydos et al., 2005; Yu, 2006a, bsions of Gases and Aerosols from Nature) (Guenther et al.,
Jung et al., 2006; Merikanto et al., 2007; Zhang et al., 2010)2006). MEGAN inputs include the plant functional type, the
and thus a scaling factor of 16 was applied to the nucle- leaf area index, various chemical species emission factors
ation rate following Jung et al. (2010). and weather data provided by the WRF (Weather Research
The activation parameterization is also tested, in which theand Forecasting) model (Skamarock et al., 2005). Since sea
particle formation rate is proportional to the gas phase sulfusurface covers a considerable portion of the domain, the
ric acid concentration based on a semi-empirical fit to atmo-marine aerosol emission model developed by O’'Dowd et

spheric data: al. (2008) has been used. Wind speed data fields from WRF
and chlorophylla concentrations are the inputs needed for
Jact= A[H2SO] (1) the marine aerosol model. Finally wildfire emissions for the

, . 1 May 2008 period were also included (Sofiev et al., 2008a, b).
whereJactis the formation rate (cmPs™) of stable clusters  ape 1 shows a summary of particle number emission rates

andA is a nucleation rate coefficient (. The value ofA o the different sources for the European domain during
varies both spatially and temporally for reasons which areMay 2008. A summary of the P\d mass emission rates is
not well understood to date. Analysis of measurement dat%iven in Fountoukis et al. (2011).

shows thatA could range from approximately 10to 10>

s~1 (Riipinen et al., 2007; Sihto et al., 2006). We use a value2 3 Meteorological input fields

of A=2x10"% s1 following Spracklen et al. (2006) and

Kulmala et al. (2006) and a critical (nucleated) cluster sizeMeteorological inputs to PMCAMXx-UF include horizontal

of 1 nm in diameter. wind components, vertical diffusivity, temperature, pressure,
Finally, the kinetic approach is also used, which is basedwater vapor, clouds and rainfall. The meteorological model

on a square dependence of the new particle formation rat®/RF (Skamarock et al., 2005) was used to create the above

on the sulfuric acid concentration, and the semi-empiricallyinputs. WRF was driven by static geographical data and dy-

determined coefficienk (McMurry and Friedlander, 1979; namic meteorological data (near real-time and historical data

Kulmala et al., 2006): generated by the Global Forecast Systenx (1 deg)). 27
5 sigma-p layers up to 0.1 bars were used in the vertical di-
Jkin = k[H2S0y] (2)  mension. Each layer of PMCAMx-UF is aligned with the

layers used in WRF. The WRF May 2008 run was period-
ically re-initialized (every 3 days) to ensure accuracy in the
' corresponding fields that are used as inputs in PMCAMXx-UF.

Similarly to the coefficien4, the value ok has been shown
to be highly variable (Riipinen et al., 2007; Sihto et al.
2006). A value ok = 2.6 x 107 13cm=3s1is used here and
the nucleated particles are assumed to be 2 nm (Nieminen et

al., 2009; Sihto et al., 2006). 3 Model application

The PMCAMx-UF modeling domain covers a
5400 x 5832krA region in Europe with 150 cells in
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Table 1. Emission totals of gas-phase species (in ktons m‘ohtlamd particle number (in particles‘rﬁ h=1) for the European domain
during May 2008.

Species CO NO SP NH3 Biogenic VOCs PN 100 PN 0o
Isop. MTL OVOC?

Anthropogenic 3682 1461 1675 501 - - 1291 7.6%100.7x18

Natural (MEGAN) 439 24 - - 892 474 495 - -

Natural (Sea salt) - - - - - - - 05x%0 25%x18

Natural (Fires) 768 22 3 11 - - 11 6.6x%0 2.6x10

1MT: monoterpene emissions.

2 OVOC: other VOCs excluding methane and methanol.

3 PN;_1qg: total particle number for particles less than 100 nm.
4 PN..100: total particle number for particles larger than 100 nm.

the x- and 162 cells in the y-direction, with a 36 x 36 km grid large emission sources like intense road traffic or big fac-
resolution and 14 vertical layers covering approximatelytories.
6 km in the z-direction. PMCAMXx-UF was set to perform  Melpitz is an atmospheric research station in Eastern Ger-
simulations on a rotated polar stereographic map projectionmany, 40 km northeast of Leipzig (5154, 12.93 E). The
The first two days of each simulation were excluded from station is mainly surrounded by agricultural pastures and
the analysis to limit the effect of the initial conditions on the forests. Atmospheric aerosol observations at the Melpitz site
results. can be regarded as representative of the regional central Eu-
During May 2008 an intensive campaign of particle num- ropean aerosol, confirmed on the basis of a multiple site com-
ber size distribution measurements was performed in Euparison within the German Ultrafine Aerosol Network (Bir-
rope as part of the European Aerosol Cloud Climate andmili et al., 2009).
Air Quality Interactions (EUCAARI) project (Kulmala et al., The Mace Head site (53.38&, 9.88 W) is located on the
2009, 2011). The model results are compared against hourlyest coast of Ireland on a hilly area (height around 35 m)
mean values from 7 measurement ground sites in Aspvretesurrounded by a number of small lakes and is exposed to the
(Sweden), Cabauw (Netherlands), Hyytiala (Finland), IspraNorth Atlantic ocean. It is 90 km west of Galway (population
(Italy), Mace Head (Ireland), Melpitz (Germany), and Vav- approximately 60 000) which is the nearest major city.
ihill (Sweden). All data have been extracted from the EU- The Vavihill site (56.01 N, 13.15 E) is a continental re-
SAAR (European Supersites for Atmospheric Aerosol Re-gional background site in south Sweden with no major local
search) database which follows a standardized protocol ofources of pollution. However, there are several densely pop-
instrument maintenance, measurement procedures and datidated areas nearby such as Copenhagen (Denmark, 2 million
delivery in common format. inhabitants, 60 km southwest), Malmo (Sweden, 250 000 in-
The Aspvreten site (582N, 17.38 E) is located 70km  habitants, 50 km south). There is also intense ship traffic in
south west of Stockholm. The station is considered to be repthe strait between Sweden and Denmark.
resentative of the regional background in Mid-Sweden situ- More detailed information on the location and characteris-
ated about 2 km from the coast in a rural area surrounded byics of each site is given elsewhere (Asmi et al., 2011; Man-
forest. ninen et al., 2010). Particle size distribution measurements
The Cabauw site is located at a rural area in the westerrat all sites were made using either a Differential Mobility
part of the Netherlands (51.9R, 4.93 E). The nearby re- Particle Sizer (DMPS) or a Scanning Mobility Particle Sizer
gion is agricultural and the North Sea is more than 50 km(SMPS), both classifying particles above 10 nm in mobility
away to the WNW. diameter. The Intensive Observation Period (IOP) of May
In Hyytiala, the measurements were performed at the2008 includes some more surface-based measurement sta-
SMEAR |l (Station for Measuring Forest Ecosystem- tions in Europe. For this study we have excluded the high-
Atmosphere Relations II) station (61788, 24.28 E) lo- altitude & 800 m) sites (since this study focuses on particle
cated in Southern Finland. The site is considered to represemumber concentration in the boundary layer) and sites from
typical regional background conditions for higher latitudes which limited data (less than a week) were available through-
of Europe, and the air masses are usually influenced by Eueut the whole month of May.
ropean pollution or clean Arctic air.
The Ispra site (458N, 8.6’ E) is located in a semi-rural
area by the Eastern shore of a sub-alpine lake in Northern
Italy. The station is several tens of kilometers away from
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fNEU

Fig. 1. Ground level average number concentrations @mpre-  Fig. 2. Ground level average fractional increase of number concen-
dicted during May 2008 fofa) all particles (Vior) and particles  yation due to nucleation predicted during May 2008(@rall par-
above(b) 10nm (V10), (¢) 50nm (Vso) and(d) 100nm V100 ticles (fy,,), particles aboveb) 10nm (fy,,), (C) 50 M (fyy,)

Different scales are used. and(d) 100 nm (fy,,,). Different scales are used.

100000 cm3) are predicted over Bulgaria, Bosnia, south
Romania, and Turkey.

A simulation with nucleation turned offJ(=0 at all
Figure 1 shows PMCAMx-UF basecase (using the ternarytimes) was performed. The average fractional increase of
nucleation parameterization) predictions of ground level av-particle number concentration due to nucleation defined as
erage number concentration for all particlégef) and for f = (NN-No)/No, whereNy and No are the predicted par-
particle diameters above 10nni{y), 50 nm (Vso) and ticle number concentrations with nucleation turned on and
100 nm (V100) during May 2008. The&Vsg and N1gp concen-  off, respectively is shown in Fig. 2. The average fractional in-
trations represent two proxies for CCN-related aerosol num<reases are 3.0, 1.1, 0.2 and 0.005 for¥g, N1o, Nso and
ber concentrationgViet is the total particle number concen- Nioo, respectively, over the whole domain during May 2008
tration that the model calculates aNg is calculated since it  and the spatial pattern of these increases (mainlyfgrand
can be directly compared against DMPS (or SMPS) measureN1p) are similar to the corresponding average concentrations.
ments. Nucleation is predicted to start each event day fronMajor nucleation areas include Turkey, Northern Spain, Ro-
the east and move toward the west following the evolution ofmania, Bulgaria and Serbia while more localized new parti-
photochemical activity. Predicted total particle number con-cle formation events are predicted over Estonia, Russia and
centrations in Europe range from less than 10000taver ~ South Spain. The model predicts that nucleation increases
mainly marine regions where primary particle emissions arethe total particle number concentration by a factor of 20 or
low, up to approximately 100 000 cri over some continen- more in some of these large areas and by a factor of 6 or 7
tal regions with strong nucleation events. On a domain averfor particles larger than 10 nm. Fokg, aerosol nucleation is
age basis, the model predicts 9000¢rfor Nyot, 4200 cnT3 responsible for an increase of more than 100 % in Southeast
for N1o, 1500 cnm? for Nsg and 400 cmi® for Nygg during Europe. Over some marine areas (e.g. the eastern Mediter-
the month of May. The spatial distribution of particle num- ranean and across the coasts of Portugal and Spain) nucle-
ber concentration for all particles and particles above 10 nmation is predicted to significantly increadg,; and N1g and
is quite similar while for particles above 50 and 100 nm is to a less extenWsg. Interestingly, the situation is different for
quite different. The spatial pattern ofo; and N1g follows N100. New particle formation events are predicted to increase
the one of the precursor gas §@hile Nsg and N1gg follow the number concentration of particles larger than 100 nm by
the spatial pattern of fine PM mass concentration (not showrup to 20 % over the Eastern Mediterranean and continental
here). Highest particle number concentrations (more tharGreece. A simultaneous decreaseMNabg is predicted over

4 Model predictions over Europe
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western Mediterranean and the north coast of Spain. This is
because nucleation in this area produces a lot more particles
compared to the Eastern Mediterranean (Fig. 1a) and thus the
condensing material (sulfuric acid, etc) is distributed to many
more particles than in the Eastern Mediterranean, preventing
particles from growing to large sizes. This was also predicted
for the Eastern US coast and the Gulf of Mexico (Jung et al.,
2010).

We have kept the model boundary conditions constant dur-
ing the simulation with nucleation turned-off. Therefore the
sensitivity calculated refers to nucleation taking place within
the model domain and not outside. This for example includes
nucleation in the boundary layer and the lower troposphere
but not in the upper troposphere.

5 Comparison with field data

The prediction skill of PMCAMXx-UF is quantified in terms

of the normalized mean bias (NMB), the normalized mean
error (NME), and the percent within a factor of 2. The predic-
tion skill metrics of PMCAMXx-UF against the hourly ground
measurements from 7 stations are summarized in Table 2.
Scatter plots of the comparison for hourly concentration of
particles larger than 10, 50 and 100 nm are shown in Fig. 3.
Overall, the model agreement with the particle number con-
centration ground measurements is encouraging even at this
hourly timescale. More than 70 % of the (hourly) data points
for N1gp andNsg are predicted within a factor of 2. Predictions
of N1g are subject to scatter (NMES7 %) but are not bi-
ased (NMB= —2 %). Both N5p and N1gp are systematically
underpredicted by the model with a mean normalized bias of
—34 and—55 %, respectively. The systematic underpredic-
tion for Nsg is higher at the more polluted sites (Ispra, Mel-
pitz, Cabauw), while the NMB drops below 20 % at the re-
mote sites (Mace Head, Hyytiala, Aspvreten, VavihiN).oo

is biased low at most sites. There are several possible source
of bias in our model predictions including emission rate er-
rors in the particle size distribution, the use of a specific nu-
cleation mechanism, errors in the growth of ultrafine particles
due to organics, emission errors in either the anthropogenic
or biogenic emissions or errors in the meteorological input,
etc. Some of these are explored in more detail in the subse-
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quent sections. Reddington et al. (2011) reported an underEig. 3. Qomparison of predicted vs. observed particle number con-
prediction in the above sites during the same period mostly irfentrations (cm®) above 10, 50 and 100 nm from 7 measurement
the range 10-80 nm while using a different emission inven_statlons during May 2008. Each point cgrresponds to a 1-h average
. value. Also shown the 11, 2: 1 and 1: 2 lines.
tory. Spracklen et al. (2010) also found a large systematic un-
derprediction (NMB= —74 %) of CN concentrations in the
continental BL unless the number emission of anthropogenic
primary particles was increased or a mechanism (either théion with the ternary nucleation mechanism and a simulation
activation or kinetic) that results in particle formation in the where nucleation was turned off. The concentration peaks in
BL was included. Nip in Fig. 4 are due to nucleation events while the con-
Figure 4 shows timeseries of particle number concentracentration is much lower during days without nucleation.
tion predicted and observed for particles above 10 and 50 nnin Melpitz the basecase simulation predicts frequent nucle-
during May 2008. Model results shown include a simula- ation events in agreement with the observations. The model
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predicts that direct emissions contribute only 30 %V in Table 2. Prediction skill metrics of PMCAMx-UF against hourly
Melpitz with the rest coming from aerosol nucleation. Al- ground measurements of particle number concentration from 7 sta-
thoughN1g is well predicted by the modelyso (and N1gg) tions during May 2008.

are underpredicted in Melpitz. The same is seen in Cabauw

indicating possible errors in the assumed size distribution of Mean Mean NMB NME  Percent
the emissions or the growth process. Interestingly, nucleation Observed  Predicted (%) (%)  withina
is predicted to significantly affedfso only in sites that are in- (cm®)  (em3) factor of 2
fluenced by local sources and have high aerosol number con- Aspvreten

centrations, namely in MelpitzH{33 %), Cabauw {14 %)

and Ispra {11 %). In Cabauw and Ispra the predicted con- V10 2200 2700 20 56 2
e . . . . Nso 1400 1300 -12 42 73
tribution of nucleation to particle number concentrations is
. . . . N100 570 380 -39 54 58
lower compared to Melpitz. Including nucleation in the simu-
lation in these two sites increassy by approximately 50 % Cabauw
bringing the predictions closer to the measured values. Par- ., 7580 6500 —14 31 88
ticle number concentrations measured in the 2 remote sites y;, 4600 2730 —41 45 70
of Hyytiala and Aspvreten are the lowest among all sites, in  N;qq 1900 1020 47 50 55
agreement with the model predictions. Nucleation according Hvviiala
to the model does not significantly affetg in these 2 re- vy
mote sites £5% on average in both sites). However, this Nig 2600 2050 -16 50 70
is the result of the weak contribution of secondary organ- Nso 1170 1270 10 56 62
ics to the growth of the fresh particles in the model. This N100 490 330 -39 47 69
effect is not well understood (Pierce et al., 2011) and there- Ispra
fore the contribution of nucleation Wsg levels in these ar-
N1o 7800 7300 -30 56 76

eas is probably underestimated by PMCAMx-UF. In Mace

Head the model overestimates the frequency of nucleation xso i?gg %88 _2(73 Zg ;g

thus overpredictingVig during some daysVsg is well pre- 100 _

dicted by the model during most of the days in the 4 remote Mace Head

sites of Mace Head, Aspvreten, Hyytiala and Vavihill, con- N1o 3200 5590 79 98 65

trary to the more polluted sites of Cabauw, Ispra and Melpitz ., 1770 1420 —18 35 76

in which the model systematically underpredicts boip N100 920 510 —44 47 55

andNioo Melpitz

5.1 Sensitivity to nucleation mechanisms N1o 9500 10280 -2 56 67
Nsg 4700 2400 -—-48 50 53

Reproduction of the temporal and geographical variation of V100 1700 800.0 —56 57 37

particle number concentration on an hourly scale is a chal- vavihill

lenge for all CTMs. In Fig. 5 we compare the three nucle-

ation parameterizations tested against observed average diur-V10 3600 5130 33 68 70
. . T Nso 2300 1900 -19 29 90

nal profiles from all sites. Clearly, use of the kinetic mecha-

. . . L % N1igo 1300 600.0 -57 57 46
nism fails to reproduce the observed diurnal variation, signif-
icantly over-predicting aerosol number concentrations at all Overall
sites. This is in contrast to Spracklen et al. (2010) who found Nio 5640 5480 -2 57 72
the same level of model agreement with observations when _ 2960 1930 —34 48 70
using either the kinetic or the activation nucleation parame- y, 1380 6200 -55 58 53

terizations. In Melpitz and Ispra, where the model predicts
frequent nucleation events in agreement with the observa-

tions, the kinetic mechanism predicts up to 2—3 times higher

number concentrations significantly overpredicting the inten-tion one in predictingVip during evening and night hours,
sity of these events. At the less polluted sites, the kineticbut both under-predia¥yigin the morning (between 9 am and
mechanism predicts strong nucleation events especially ii2 noon) which could also be due to emission rate errors dur-
the afternoon hours that did not occur. In Melpitz the ternarying these rush hours. With the exception of Hyytiala where
and activation mechanisms perform practically the samethe ternary and activation schemes perform equally well, in
both correctly predicting the occurrence of the events but deall other remote sites the ternary mechanism performs bet-
laying their onset by on average 2 h. In Ispra and Cabauwter. In Hyytiala and Mace Head the model correctly predicts
the ternary scheme performs slightly better than the activaan increase olN1g at the right time (afternoon), however in

Atmos. Chem. Phys., 12, 86638677, 2012 www.atmos-chem-phys.net/12/8663/2012/
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Fig. 4. Timeseries comparison of predicted (ternary mechanism: black line, nucleation turned off: blue line) vs. observed (red dots) particle
number concentrations (c*rﬁ) above 10 and 50 nm in 7 measurement stations during May 2008. Different scales are used.

Vavihill the observed peak value &g is predicted by all  due to its grid resolution. The growth mechanism can also

mechanisms 3 hours later. Overall, the ternary mechanisnaffect the timing of theVyg increase during nucleation event

predictions are closer to the observed values than the activadays.

tion scheme predictions. Also, results from all 3 mechanisms

suggest that a more careful consideration of the diurnal varib.2 Predicted growth rates — sensitivity to organic vapor

ation of the particle number emission inventory is needed. condensation

Errors in the temporal representation of number concentra-

tions could also be partly attributed to errors in meteorologi- The rate at which the newly formed aerosol population grows

cal fields or sub-grid processes that the model cannot captureras calculated from the model predictions of particle num-
ber concentration based on the “maximum concentration”

www.atmos-chem-phys.net/12/8663/2012/ Atmos. Chem. Phys., 12, 8663+, 2012
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Fig. 6. Comparison of predicted vs. observed monthly median
growth rates of particles (less than 20 nm) during May 2008. The
numbers in red color indicate the (ternary simulation) prediction er-
ror.

method described in Hirsikko et al. (2005). Figure 6 shows
a comparison of the predicted growth rates against observed
values from 4 sites reported in Manninen et al. (2010) dur-
ing the May 2008 period. In all 4 sites, the model underpre-
dicts the average growth rates probably due to insufficient
organic vapor condensation in the current implementation
of the model. The prediction error is larger in sites where
organics are present in large concentrations (e.g. Hyytiala,
Cabauw) and decreases significantly in sites where the sulfu-
ric acid to organics mass ratio is higher (e.g. Melpitz). This is
consistent with similar comparisons performed for the east-
ern US domain using PMCAMx-UF (Jung et al., 2010). For
example in the sulfate rich area of Pittsburgh, PMCAMx-UF
predicts an average growth rate of 7 nmttduring nucle-
ation event days in July 2001 while the observed value was
10nmht

A sensitivity run was conducted to test the effect of or-
ganic vapor condensation on particle number concentrations
above 100 nm. The secondary OA production rate was artifi-
cially enhanced while a fraction of the new secondary organ-
ics was assigned zero volatility. The total OA concentration
in the new simulation increased on average by a factor of
1.7. Enhancing the organics condensation resulted in an in-
crease 0fN100 by 10% on average over the whole domain.
However, during nucleation event days the predicted increase
was larger. In Melpitz for example, where frequent nucle-
ation events are predicted (and observed), the sensitivity run
increasedVigo by 30 % which was the largest increase pre-
dicted in N1go among the 7 sites studied during the simula-
tion period.

www.atmos-chem-phys.net/12/8663/2012/
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Table 3. Predicted impact (%) of halving S&and NH; emissions
in particle number concentrations in Europe during May 2008.

Emissions change Niot N19 Nso  Nigo

—509% NH; -15 -9 -3 -2
—50% SO -21 -19 -18 -25

5.3 Sensitivity to SO and NH3 emissions

An important source of uncertainty in the predictions of par-
ticle number concentration is the gas phase emission levels of

NHs3 and SGQ. Two sensitivity runs were conducted in which
a uniform reduction of 50 % in Ngland SQ emissions was

applied in the domain. Table 3 shows the domain-average
particle number concentration change (%) that the model pre-

dicts due to these emission reductions. HalvingsHd SQ

emissions caused an average reduction in total particle num-
ber concentration by 15% and 21 % respectively. The pre-
dicted changes, however, are not uniform throughout the size

distribution. Reducing NEl by 50 % has a larger impact in

the 1-10 nm size range reducing particle number by 21 % and

only a minor effect in particles larger than 50 nm3 %) or
100 nm 2 %). Halving SQ emissions on the other hand,
affects primarily the CCN relevant sizes (00 nm) reduc-
ing N1oo by 25% while resulting in approximatehr20 %

change of particle number in the 1-100 nm size range. This
could have important implications for particle number emis-
sion control strategies. Reducing ammonia is almost as effec- 4.

tive as reducing S@for ultrafine particles (16 % and 21 %

decrease ofN1_1qq, respectively) but at the same time has
the co-benefit of not reducing the CCN-sized particles which

could potentially act as cooling agents of our planet.

6 Conclusions

PMCAMXx-UF, a 3-D regional chemical transport model with
detailed aerosol microphysics, was applied to the European
domain for the first time, in order to simulate particle number
concentrations during the month of May 2008 during which
an intensive campaign of measurements was performed in
Europe. The focus of this work was to better understand the
relative contribution of direct emissions and new particle for-
mation to regional aerosol number concentration in Europe
during a photochemically active period. Model evaluation 7.
was performed against ground based hourly measurements
from 7 sites. The model agrees encouragingly well with the
particle number concentration ground measurements, repro-
ducing more than 70 % of the (hourly) data points for parti-
cles above 10 nm within a factor of 2. A number of important

conclusions arise from this study:

www.atmos-chem-phys.net/12/8663/2012/

1. The model predicts nucleation events that occur over

scales of hundreds up to thousands of kilometers mainly
in the high SQ areas of the Balkans and Southeast Eu-
rope as well as more localized events in west and central
Europe.

. Aerosol nucleation is predicted to increase the total par-

ticle number concentration by a factor of 20 or more in
some of these wide areas and by a factor of 7 for parti-
cles larger than 10 nm. Fa¥s5g, nucleation is responsi-
ble for an increase of more than 100 % in Southeast Eu-
rope. The effect of nucleation in the lower troposphere
on particle number above 100 nm is, on average, small
with the exception of the Mediterranean area where the
model predicts that nucleation can increase the number
concentration of CCN-sized particles by up to 20 %.

. On average, approximately 50% of particles above

10nm are predicted to come from aerosol nucleation.
Including nucleation in the simulation has a minor ef-
fect in the predictions oN1gg at all studied sites, rang-
ing from —4 % to+3 % while the effect oVsg is more
pronounced only in sites that are influenced by local
sources and have high aerosol number concentrations
(i.e. Melpitz, Ispra and Cabauw). This effect may be un-
derestimated though in the heavily forested areas due to
weaknesses in our understanding of the role of biogenic
SOA on the growth of fresh nanopatrticles.

A systematic underprediction &fgp at almost all stud-
ied sites implies the need for improvement of either the
size distribution of the emissions and/or the growth of
the ultrafine particles to this size range.

. Results from the 3 nucleation mechanisms that were

tested suggest that (i) the ternary mechanism performs
better than the activation or the kinetic, and (ii) future
particle number emission inventory efforts should focus
on improvements in the diurnal and geographical split
of the particle numbers emitted.

. The model underpredicts the growth rates possibly due

to insufficient organic vapors condensation in the cur-
rent implementation of the model. The underprediction
is low in sites where the sulfate to organics mass ratio is
high (e.g. Melpitz).

Reducing emissions of ammonia and sulfur dioxide im-
pact differently certain parts of the size distribution.

This could have important implications for emission

control strategies that seek to mitigate air pollution and
climate change.

Atmos. Chem. Phys., 12, 8653+, 2012
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