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Abstract. It is important to understand the relative contri- (CCN) concentrations. Here we quantify how primary par-
bution of primary and secondary particles to regional andticle emissions and secondary particle formation influence
global aerosol so that models can attribute aerosol radiativeize-resolved particle number concentrations in the BL using
forcing to different sources. In large-scale models, there isa global aerosol microphysics model and aircraft and ground
considerable uncertainty associated with treatments of partisite observations made during the May 2008 campaign of the
cle formation (nucleation) in the boundary layer (BL) and European Integrated Project on Aerosol Cloud Climate Air
in the size distribution of emitted primary particles, lead- Quality Interactions (EUCAARI). We tested four different
ing to uncertainties in predicted cloud condensation nucleiparameterisations for BL nucleation and two assumptions for
the emission size distribution of anthropogenic and wildfire
carbonaceous particles. When we emit carbonaceous par-

Correspondence toc. L. Reddington ticles at small sizes (as recommended by the Aerosol Inter-
BY (c.reddington@see.leeds.ac.uk) comparison project, AEROCOM), the spatial distributions of
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campaign-mean number concentrations of particles with di-indirect effect, but estimates vary by a factor-e8 depend-
ameter>50 nm (Nsg) and >100nm (V100) were well cap-  ing on the prescribed emission size distribution.
tured by the modelg2>0.8) and the normalised mean bias ~ Secondary aerosol particles are formed in the atmosphere
(NMB) was also small-{18 % for Nsg and—1 % for N1gg). through homogeneous nucleation (gas-to-particle conver-
Emission of carbonaceous particles at larger sizes, which waion) of both natural and anthropogenic gaseous precursors.
consider to be more realistic for low spatial resolution global Once formed, a fraction of nucleated particles undergo sub-
models, results in equally good correlation but larger biassequent growth through condensation of gas-phase species
(R%2>0.8, NMB =—52 % and—29 %), which could be partly and self-coagulation, and have the potential to reach parti-
but not entirely compensated by BL nucleation. Within the cle sizes relevant for CCN and cloud drop formatiétei¢
uncertainty of the observations and accounting for the uncerminen et al. 2005. Secondary aerosol formation has been
tainty in the size of emitted primary particles, BL nucleation observed to occur globally over many different regions both
makes a statistically significant contribution to CCN-sized within the BL and in the upper free troposphere (FT) (see
particles at less than a quarter of the ground sites. Our reKulmala et al, 2004 and references therein). Observations
sults show that a major source of uncertainty in CCN-sized(Lihavainen et a].2003 Laaksonen et gl2005 and mod-
particles in polluted European air is the emitted size of pri- elling studies $pracklen et a]2008 Merikanto et al.2009
mary carbonaceous particles. New information is requiredWang and Penne2009 Yu and Luq 2009 have shown
not just from direct observations, but also to determine thethat secondary particles make important contributions to re-
“effective emission size” and composition of primary parti- gional and global CCN concentrations. Globally, 45 % of
cles appropriate for different resolution models. CCN (0.2%) in the BL are estimated to derive from nucle-
ation (Merikanto et al. 2009, although again this number is
uncertain (range 31-49 %) due to uncertainties in nucleation
rates and the properties of the primary particles. The uncer-
1 Introduction tainties estimated iMerikanto et al(2009 may be too low
since they did not take into account the multiple plausible
Atmospheric aerosol particles are generally classified as einucleation mechanisms (e $pracklen et al201Q Metzger
ther primary or secondary depending on their source or oriet al, 201Q Paasonen et aR01Q Yu et al, 2010).
gin. Increases in the number concentrations of primary and The process of binary homogeneous nucleation (BHN) of
secondary aerosol from anthropogenic sources have beemater and sulphuric acidkiimala and Laaksonerl99Q
shown to increase the number concentrations of cloud conKulmala et al, 1998 Vehkaniki et al, 2002, with its strong
densation nuclei (CCN) and cloud drops (eRamanathan temperature dependence, is able to reproduce high particle
et al, 2001), potentially modifying the properties of clouds concentrations observed in the cold free and upper tropo-
(e.g.Lohmann and Feichte2009. However, there are large sphere Adams and Seinfel®002 Spracklen et al20053.
uncertainties associated with the primary emission fluxes an@ut in the warmer lower troposphere, production rates are
secondary formation rates of atmospheric aerosol, leading tow (Lucas and Akimotp2006. Additional mechanisms
uncertainties in predicted global CCN concentratid?islce  have been suggested to explain observed particle formation
and Adams 2009 Merikanto et al. 2009 and ultimately  such as ternary nucleation of water, sulphuric acid and am-
cloud radiative forcing. monia Kulmala et al, 200Q Anttila et al, 2005 Merikanto
Primary particles are emitted directly into the atmosphereet al, 2007); multi-component nucleation with the partici-
from natural sources such as volcanoes, forest fires, sepation of organics instead of ammonia (eMgtzger et al.
spray, and windborne dust, and anthropogenic sources su2010; and ion-induced nucleation_gakso et al. 2002
as fossil fuel burning in combustion engines and powerModgil et al, 2005. However, with the exception of organ-
plants. Primary particle emissions are estimated to contributécs, their contribution to secondary particle concentrations
about 55 % of global CCN number concentrations at 0.2 %in the continental BL is thought to be fairly limited\\ttila
supersaturation (CCN (0.2 %)) in the boundary layer (BL), et al, 2005 Laakso et a].2007 Kulmala et al, 2007 Boy
and up to 70% in polluted continental regioddrikanto et al, 2008 Elleman and Cover2009.
et al, 2009. However,Merikanto et al(2009 also showed Observations of BL nucleation events at various European
that the estimated contribution of primary particles to CCN surface measurement sites have revealed a strong correlation
is uncertain due to uncertainties in the size distribution ofbetween the measured particle formation rate and the gas-
the emitted particles. Aerosol modelling studies often usephase concentration of sulphuric acid to the power of one
different parameterisations for the prescribed emission sizer two (e.g.Sihto et al, 2006 Riipinen et al, 2007, Paaso-
distribution (e.g.Textor et al, 2006, leading to significant nen et al. 2009 2010. By measuring newly formed par-
differences in modelled primary particle number and thus esticles (~1.5nm in diameter) in the laboratorgijpila et al.
timated CCN number concentratior&pfacklen et a|2010. (2010 have recently confirmed the linear and squared re-
Spracklen et al(2011) demonstrate that primary carbona- lationships between nucleation rate and sulphuric acid con-
ceous particles make an important contribution to the aerosotentration that are observed in the atmosphere. These

Atmos. Chem. Phys., 11, 1200122036 2011 www.atmos-chem-phys.net/11/12007/2011/



C. L. Reddington et al.: Primary vs. secondary contributions to PN concentrations 12009

observations have been used to develop empirical nucleatiotions for BL nucleation (including the recently proposed or-
rates, where the formation rate of sub-3 nm molecular clus-ganic/sulphuric acid nucleation mechanisms in addition to
ters (Jnuo) is related to the gas-phase sulphuric acid concenthe widely used activation and kinetic nucleation mecha-
tration ([HoSO4]) with either a linear i.e Jhyc= A[H2SOy], nisms), and different assumptions about the sizes and number
or a squared i.elnuc= K [H2SO4]? dependence (e.§Veber  concentrations of primary particle emissions that are typical
et al, 1996 Kulmala et al, 2006 Sihto et al, 2006 Riipinen for global aerosol and climate models. To evaluate the model,
etal, 2007. we use surface-based and airborne measurements of total

To describe the observed linear dependelaémalaetal.  particle number concentrations and size distribution from the
(2006 propose an activation mechanism, where neutral orintensive Observation Period (conducted in May 2008) of the
ion clusters containing one sulphuric acid molecule are acti-European Integrated Project on Aerosol Cloud Climate Air
vated for further growth.McMurry and Friedlande(1979 Quality Interactions (EUCAARIKulmala et al, 2009. This
explain the squared dependence by proposing a kinetic nustudy is a demanding test for a relatively low spatial resolu-
cleation mechanism. The values of the nucleation rate coeftion global model against intensive observations in a partic-
ficients A and K; derived from surface observations of par- ular meteorological setting — in this case a highly polluted
ticle formation events, vary spatially and temporally in the anti-cyclonic period with a transition to a more dynamic sit-
European BL (e.gSihto et al, 2006 Riipinen et al, 2007). uation.

Riipinen et al (2007 find that rate coefficients differ by4—

5 orders of magnitude between different European measure-

ment sites:A =3.3x10°8 —35x10%s7! (for the activa- 2 The EUCAARI intensive observation period

tion mechanism) and =2.4x10°—1.3x10 10cmés1

(for the kinetic mechanism). A model analysis of global par- 2.1  Aircraft and surface-based observations

ticle number concentrations using such empirical relations

(Spracklen et a]2010 shows reasonable agreement with ob- A key phase of the EUCAARI Intensive Observation Pe-
servations at many worldwide sites, albeit with unexplainedriod (IOP) was the Long Range Experiment (LONGREX),
biases at some sites. during which in-situ and remote sensing aerosol measure-

Other condensable vapours such as organic compoundsents were performed by the DLR Falcon 20 research air-
may also influence the nucleation rate (eMgtzger et al.  craft, operating between 6 and 24 May 2008. Particle number
201Q Paasonen et al201Q Kerminen et al.2010. Paa-  concentrations with diameteDg) >4 nm (V4) and>10nm
sonen et al(2010 present several nucleation mechanisms(N1g) were measured onboard the Falcon aircraft using two
that are analogous to the kinetic- and activation-type nu-condensation particle counters (CPC, TSI models 3760A
cleation theories, but consider the participation of low- and 3010). The number concentration of non-volatile par-
volatility organic compounds in the cluster formation pro- ticles (Dp>14nm) was measured using an additional CPC
cess both in addition to sulphuric acid and as the exclusivewith a thermodenuder inlet set to a temperature of 250
nucleating vapour. When evaluated against measurement8urtscher et al.2001). The total particle and non-volatile
from European ground siteBaasonen et af2010 find the  residual size distributions were measured in the dry size
most promising mechanism involves homogeneous (kinetictangeDp~0.16-6 pm using a Passive Cavity Aerosol Spec-
type) nucleation of sulphuric acid both homomolecularly andtrometer Probe-100X (PCASP; e.biu et al, 1992 and
heteromolecularly with the low-volatility organic vapours Grimm Optical Particle Counter (OPC), respectively. CPC
(Jnuc= k1[H2SO4]2 + k2[H2SO4][0rganid). In a laboratory and PCASP measurements were used to calculate particle
study, Metzger et al.(2010 find measured particle forma- number concentrations in three size ranges 4-10nm, 10—
tion rates are proportional to the product concentrations ofL60 nm and 160—-1040 nm that are roughly representative of
H,SO, and a molecule of an organic condensable specieshe nucleation, Aitken and accumulation mode size classes,
(Jnuc= k[H2SO4][organid). Parameterising this process in respectively. Measurements from 15 flights have been used
a global aerosol model showed improved agreement with amin this study; the tracks of these flights are shown in Hig.
bient observations compared to control rukke{zger et al.  (flight sections where the altitude of the aircraft was at or
2010. below 2000 m a.s.l. are shown in bold).

In this study, we use the same aerosol microphysical model The IOP also included spatially extensive surface-based
asSpracklen et al(2010 and extensive observations of Eu- measurements from the European Supersites for Atmo-
ropean aerosol to perform a more in depth study of primaryspheric Aerosol Research (EUSAARww.eusaar.ngtand
and secondary aerosol focussing on the European BL. Wérom the German Ultrafine Aerosol Network (GUAISjr-
aim to better understand the absolute and relative contrimili et al., 2009. The 15 ground sites selected for this study
butions of primary and secondary particles to particle con-(see Table and Fig.1) are spread across Europe and include
centrations over Europe, and how the contributions varycoastal, boreal forest, mountain, and rural environments, and
across the particle size distribution (nucleation, Aitken andsample a range of air masses from polluted to remote conti-
accumulation mode sizes). We test different parameterisanental and marine. A brief description of each site is given

www.atmos-chem-phys.net/11/12007/2011/ Atmos. Chem. Phys., 11, 1PA08G-2011
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Table 1. Summary of surface observation sites used in this study. Site descriptions are based on the information provided by EUSAAR
(www.eusaar.ngtand on the site-categorisationldénne et al(2010.

Ground site Acronym  Altitude Aerosol Description

(ma.s.l) instrument
Aspvreten, ASP 30 DMPS Boreal forest environment. Representative of
Sweden regional background in Mid-Sweden.
Cabauw, CBW 60 SMPS Rural polluted environment. Air masses range
the Netherlands from clean maritime to continental polluted.
Finokalia, FKL 250 SMPS Coastal environment. Air masses are representative
Greece of synoptic scale atmospheric composition.
Hohenpeissen- HPB 980 SMPS Rural environment. Representative of continental
berg, Germany background air masses.
Hyytiala, HTL 181 DMPS Remote, boreal forest environment. Air masses are
Finland dominated by European pollution but at times very

clean Arctic air.

Jungfraujoch, JFJ 3580 SMPS Remote, high altitude site. Representative of
Switzerland background air masses above a continental area.
JRC-Ispra, JRC 209 DMPS Semi-rural polluted environment. Representative
Italy of polluted continental background air masses.
K-puszta, KPO 125 DMPS Rural environment. Representative of regional
Hungary background in Central-Eastern Europe.
KoSetice, KTC 534 SMPS Rural environment. Representative of continental
Czech Republic background air masses.
Mace Head, MHD 5 SMPS Remote, coastal environment. Representative of
Ireland relatively clean background marine air masses.
Melpitz, MPZ 87 DMPS Rural environment. Representative of rural
Germany polluted continental air masses.
Monte Cimone, MTC 2165 DMPS High altitude site. Representative of free troposphere
Italy for South Europe/North Mediterranean area.
Puy de me, PDD 1465 SMPS High altitude site. Representative of regional
France (polluted) atmospheric background air masses.
Schauinsland, SLD 1205 SMPS Mountain ridge site (night-time site is usually above
Germany BL, daytime site is mostly within BL), rural

environment. Representative of continental
background air masses.

Vavihill, VHL 172 DMPS Rural environment. Representative of continental
Sweden background air masses.

in Tablel. More detailed information on the location of each model used here, but have not been evaluated specifically at

site and the particle number concentrations observed can ke ground sites in this study. In addition to variations in

found in the overview article osmi et al.(2011). BL height, the particle humber concentrations measured at
Diurnal variation of BL height means that the high-altitude Mountain sites may also be influenced by thermal winds or

mountain sites may not be located in the BL at all times.forced convection\{eingartner et al.1999 Venzac et al.

Therefore, without detailed screening, measurements at thet909. resulting in diurnal cycles in aerosol, which a rela-

sites will not be fully representative of aerosol in the Euro- tively coarse resolution global model, like the one used here,

pean BL. Although this study focuses on the BL, it is im- iS unable to capture.

portant to include these measurements to obtain a detailed

overview of aerosol number concentrations over Europe dur-

ing the IOP. Variations in BL height are simulated in the

Atmos. Chem. Phys., 11, 1200122036 2011 www.atmos-chem-phys.net/11/12007/2011/
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15 10 5 0 5 10 15 20 25 To compare model and observations we use the normalised
060806 mean bias (NMB) statistic:
s

080509a Z'.’ (S -0

=1 (]

0805130 NMB (%) = IZ”—O X
seosit =1
080520a

gaos21a where $ and Q are the simulated and observed particle

980522a number concentrations, respectively. For comparison with

9805242 the aircraft and surface observations over the IOP, the NMB,
correlation coefficient £2), and slope of the linear regres-
sion (n) are calculated between the campaign-mean mod-
elled and observed number concentration from each flight or
each ground site,. In addition, we calculate the NMB and
R? between the hourly-mean observed and simulated num-
ber concentrations at each ground site (wherepresents

the hour), denoted by NMBury andRﬁourly.

60

100

56

40 44 48 52

36

2.2 Synoptic conditions

-15 -10 5 0 5 10 15 20 25

Fig. 1. Map of flight tracks performed by the DLR Falcon 20 re- Durllng the first half of thg IOPA{l—_l_S May 2008, hereafter
search aircraft during the EUCAARI-LONGREX field campaign Period A) the meteorological conditions over Central Europe
in May 2008. Sections of the DLR Falcon flight tracks that are Were dominated by a relatively static anticyclonic blocking
at or below 2 km are shown in bold. Orange dots mark the loca-event. Relatively dry and stable conditions led to an accu-
tions of the European Supersites for Atmospheric Aerosol Researcmulation of European aerosol pollution inside the BL within
(EUSAAR) and the German Ultrafine Aerosol Network (GUAN) the centre of the high pressure systeaburger et al.
ground sites with aerosol number size distribution measurementp011). High particle number concentrations were observed
for May 2008 (site acronyms are listed in Talije at the surface during Period A (see Setd). The synop-

tic conditions during the second half of the 10R1(6-31
May 2008, hereafter Period B) were dominated by passage

Measurements of the aerosol particle number size distribu
tion were made using either a Scanning (SMPS) or Differen-0f @ number of frontal systems over Central Europe. These

tial Mobility Particle Spectrometer (DMPS) (e \3/ang and systt_ams resulted in an inc_reasg in precipite}tion and a reduc-
Flagan 1990 with minimum detection limits in the diameter tion in poth the condensation S|_nk_and particle number con-
range 3-13nm. Most instruments were operated accordin&e”trat'ons’ observed at the majority of the Central European

to the EUSAAR recommendations for mobility spectrome- 9round sites. Hamburger et al(201]) provide a more de-
ters Wiedensohler et 32010, which ensure a maximum tailed descr_lptlon of the synoptic and pollution situation over
comparability of the data collected at different measuremenfEurope during May 2008.
sites. A particular requirement is particle sizing at low rel-
ative humidities €40 %). A Europe-wide intercomparison 3 \odel description
of instruments by the same authors showed that under de-
fined laboratory conditions, the number size distributions ofThe Global Model of Aerosol Processes (GLOMAP)
such instruments were equivalent withl0 % for the di-  (Spracklen et al2005ab) simulates the evolution of size and
ameter range 20-200 nm. Below 20 nm the uncertainty incomposition resolved aerosols, including their interaction
creases considerably. To reduce the uncertainty in the obwith trace gases and clouds. The host model for GLOMAP
servations, we restrict our analysis to the measured numbeg the TOMCAT global 3-D off-line Eulerian chemical trans-
size distribution above 15 nm. Total particle number concen-port model (CTM) Chipperfield 2006. Large scale atmo-
trations with Dp>15nm were calculated from the observed spheric transport and meteorology in TOMCAT is specified
size distribution. from European Centre for Medium-Range Weather Forecasts
To compare the model to the aircraft and surface obser{ECMWF) analyses, updated every 6 h. Turbulent mixing in
vations, we linearly interpolate the simulated data along thethe BL and BL height are calculated using the parameteri-
flight path of the aircraft and to the horizontal location of sation ofHoltslag and Boville(1993. All the results have
the ground site (using the model level corresponding to thea horizontal resolution of .8°x2.8° and 31 vertical levels
altitude of the site). The same minimum cut-off size of the between the surface and 10hPa. The vertical resolution in
instruments (see above) is also applied to the model. Prior téhe BL ranges from~60m near the surface t&¢400m at
analysis, simulated data corresponding to periods of missing~2 km a.s.l.
measurement data were removed. All particle number con- Here, we use GLOMAP-bin in which the aerosol size dis-
centrations are reported at ambient temperature and pressuteibution is specified in terms of a two-moment sectional

www.atmos-chem-phys.net/11/12007/2011/ Atmos. Chem. Phys., 11, 1PA08G-2011
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(bin) scheme with 20 bins spanning 3nm to 10 um dry di- dard deviationg). The assumption of an initial size distribu-
ameter. The aerosol particles undergo microphysical protion for primary particles in global models accounts for both
cesses (coagulation, condensational growth and in-cloud prathe size of particles at emission and sub-grid scale aerosol
cessing) that alter the aerosol number size distribution in thgorocesses and dynamics that influence the size and number
model. The processes of dry deposition and in-cloud/below-concentrations of particles shortly after emissidadobson
cloud aerosol scavenging and deposition act to remove thand Seinfeld2004 Pierce et al.2009. The assumed log-
aerosol particles. In the following sections, we describenormal size distribution is also necessary to account for the
the features of the model that are relevant to this studylarge variability in the emission size of primary carbonaceous
For a more detailed model description sggracklen et al.  particles from different sources (e.Bond et al, 2006 Ta-

(2005gb). ble 3). In GLOMAP, the primary particles are “emitted”
assuming an initial size distribution and then the size and

3.1 Gas-phase emissions and chemistry number of particles are allowed to evolve during atmospheric
transport.

SO, emissions are from industrial, power-plant, domestic, The choice of the effective emission size distribution in
shipping, road transport, and off-road sources followlitg models is crucial since it not only governs the emitted par-
fala et al.(2005 and from volcanic sources froAndres and ticle number concentrations, but also affects microphysical
Kasgnoc(1998. Oceanic emissions of DMS are calculated aerosol processes that are size-dependent. However, there
using the database &ettle and Andrea€2000 and the sea- is a large range in values assumed by modellers Ifor
to-air transfer velocity according téightingale et al(2000. (mass median diameters for BC and OC range froBb
Gas-phase sulphuric acid is calculated using a simplified sulto ~850 nm, Textor et al, 200§. This range has impor-
phur cycle scheme based on 7 reactions involving, BI/S, tant implications for the simulated number concentrations
MSA and other minor specieSpracklen et a]20059. Con-  of primary BC+OC particles (e.gSpracklen et a).2010),
centrations of oxidants OH,{£and NG and HQ are speci-  and predicted climate-relevant quantities such as CCN and
fied using 6-hourly monthly-mean 3-D gridded concentrationaerosol optical depth, therefore increasing the uncertainty in
fields from a TOMCAT simulation with detailed tropospheric estimates of aerosol radiative forcinBauer et al. 2010.
chemistry Arnold et al, 2009. The oxidants are read in at 6- As far as the authors are aware, recommended valués of
hintervals and linearly interpolated onto the model timestep.ando specifically for large-scale models have only been pro-
Emissions of biogenic terpenes are specified by the GEIA invided byDentener et al(2006 as part of the Aerosol Inter-
ventory Benkovitz et al. 1996 and are based oBuenther  comparison project (AEROCOMttp://nansen.ipsl.jussieu.

etal.(1995. frAEROCOM)). Grid-level and size-resolved particulate
emission factors for traffic sources have been provided by
3.2 Primary particles Zhang et al(2005, but the grid scale used-@00 m) is far

smaller than the grid box size of most large-scale models.
We include emissions of primary carbonaceous aerosol from One aim of our study is to test the sensitivity of the mod-
anthropogenic sources (fossil fuel (FF) and biofuel (BF) elled aerosol over Europe to the size distribution of the emit-
burning) following Bond et al.(2004; and biomass burn- ted anthropogenic and wildfire BC+OC. Keeping the emis-
ing following van der Werf et al(2003. There are some sion mass fixed, we test two sets of parameters for the log-
difficulties in defining the type of carbonaceous species innormal size distribution that are widely used in global aerosol
an aerosol model since the definition is based upon the meanodelling (shown in Fig2): those recommended by AERO-
surement technique e.g. light absorption. The carbonaceousOM (fossil fuel emissionsDgr = 30 nm,orF = 1.8; wild-
aerosol fraction is defined Bond et al (2004 to consist of:  fire and biofuel emissionsDgg = 80 nm, ogF = 1.8) (Den-
black carbon (BC; the mass of combustion-generate®}, sp tener et al. 2006; and those used btier et al. (2009
bonded carbon that absorbs the same amount of light as th@gr = 60 nm,orr = 1.59; Dgr = 150 nm,ogr = 1.59). The
emitted particles) and organic carbon (OC), simply the massactor ~2 difference in the recommended values f»im-
of carbon that is not BC. It is important to note tigand  plies very different BC+OC number concentrations (for fixed
et al.(2004 treat all elemental carbon measurements as BCmass); AEROCOM requiring emitted number concentrations
Henceforth, we refer to the carbonaceous combustion aeroseb be a factor-8 higher tharStier et al. (2009 for fossil fu-

as BC+OC. els.
Emission inventories of BC+OC particles used in large The emission size distribution used Byier et al.(2005
scale models are typically mass based (€goke et al. has been adapted from AEROCOM recommendations to fit

1999 Bond et al, 2004. To estimate the emitted parti- the standard deviation of the size modes in their model. As
cle number concentration, size resolving models typicallya result, the spread of the primary distributiorStier et al.
assume that particles are emitted with a fixed log-normal(2005 (o = 1.59) is considerably smaller than the spread of
size distribution with a specified peak number concentrationthe AEROCOM-recommended distributioa £ 1.8). Re-
(number median diameteR) and distribution width (stan- ducing the spread of the assumed emission size distribution
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10000 T —————— et al. (2002, which suggests the mean size of primary par-
[ | (Oeneneretal. 2000 ticles is likely to increase over the model grid box from the
mode diameter measured at the kerbsile(=30nm). In

L

b | — stier et al. (2005)
1.000

E F 3 addition, the statistical analysis of multiple-site observations

§ 0100 = by Costabile et al(2009 revealed that the coupling of ur-

N E b ban and rural number size distributions is very strong in the
0.010 mass-dominating accumulation mode range, but only modest

Ty

-
P

in the Aitken mode range.
—— A VI VIS ¥ The size distribution of primary BC+OC particle emis-
Drydiameter(lr?rg) 1900 sions averaged over the model grid box is likely to be more
representative of the evolved size distribution of primary car-
Fig. 2. Normalised log-normal size distributions used in GLOMAP bonaceous aerosol measured at rural background sites. It
to calculate carbonaceous particle number concentrations from foss important to note, however, that the grid-box mean size
sil fuel (FF; solid line) and biofuel (BF; dashed line) emissions. distribution will not necessarily correspond to the measured
Shown are two sets of log-normal size distribution parametersparticle size at point locations. Measurement sites will be
(number median diameteD( and standard deviation) from AERO-  |gcated at varying distances from aerosol emission sources
COM'(Dentener et al2006 aqutier et al(2009 that are widely  \vhich means the average processing time of the primary
used in global aerosol modelling. aerosol will also vary between sites, thereby influencing the
physical properties of the particles measured. At sites where
) _ the observed patrticles are generally less processed than at
fromo =1.8100 =1.59, increases the emitted number con- giher sites, assuming a smaller initial size for BC+OC parti-
centration by a factor of- 1.8, if D were constant. Itis im-  ¢jeg may agree better with the observations and vice versa.
portant to note that in GLOMAP-bin, we are free to specify  \e encounter further uncertainty associated with the as-
any sr_\ape distribution within the resolutioq pﬁered by the 20 g;;med size distribution for primary BC+OC emissions when
size bins, but use the two valuescos specified above. The \ye consider the composition of the emitted particles. Many
difference in the parameters assumed3tier et al.(2003  4er0s0] models assume a homogeneous size distribution for
andDentener et al(2009 corresponds to an overall factor gmitted primary BC and OC (e.Gtier et al, 2005 Textor
~ 4.4 difference in the emitted number concentrations of fos-g¢ al, 2006 Table 4 and references therein), but the median
sil fuel BC+OC particles. sizes of the BC and OC components are likely to differ in re-
The mean size of primary FF emissions recommended bylity. The traffic-related ultrafine mode in the ranBg~3—
Dentener et al(200§ (Der=30nm) is based on kerbside 30nm is thought to be mostly made up of semi-volatile or-
and urban background measurements in several Europeaganic compounds formed during dilution and rapid cooling
cities (Putaud et a.2004 Van Dingenen et 812004, where  of exhaust emission gaseKittelson 1998 Baltensperger
traffic-related number size distributions were dominated byet al, 2002. These particles may also contain carbon com-
a mode atDp =20-30nm. Although the emitted mass is pounds Kittelson, 1998, and can be broadly classed as pri-
generally conserved during transport and dispersion over thénary organic matter (or OC) in the model. On the other hand,
GLOMAP grid box (~200km at European latitudes), the the peak emission diameter of the primary soot (BC) compo-
number size distribution of primary particles shortly after nentis more likely to be around50 nm or larger as observed
emission can be altered significantly by (sub-grid scale) atty Baltensperger et a{2002. A second mode, with a maxi-
mospheric dynamic processes such as dilution, condensanum in the rangeD,~40-120 nm, is observed in on-road,
tional growth, heterogeneous and self-coagulation, evapokerbside, and urban background number size distributions
ration, and nucleation (e.ittelson, 1998 Wehner et al.  (e.g.Kittelson et al, 200Q 2006 Geller et al, 2005 Casati
2002 Zhu et al, 2002 Zhang and Wexler2004 Zhang et et al, 2007 Wehner et a].2009 Weimer et al, 2009 and is
al,, 2004 Roldin et al, 2010. Explicit modelling of these  associated with direct emissions of soot (BC) particles from
subgrid-scale processes would be too computationally exdiesel and gasoline vehicles (ettprris and Maricg2003).
pensive for a global CTM, which is why an assumption of  |ndications of the number concentration and size of pri-
an initial size distribution is necessary for primary BC+OC mary particles from combustion sources (such as soot) can
particles. also be gathered from the non-volatile residues of the parti-
The sub-grid evolution of the primary carbonaceous par-cle number size distribution (e.gvehner et al.2004 Rose
ticle size distribution makes it difficult to constrain the ini- et al, 2006 Engler et al. 2007, Birmili et al., 2010. In
tial size and particle number concentration appropriate forthe urban atmosphere of Augsbumirmili et al. (2010
emission of BC+OC patrticles in a large model grid box identified a clear non-volatile particle mode having a ge-
from measurements obtained relatively close to the emissiommetric mean diameter between 60 and 90 nm in number
source. An 85 % increase in particle diameter from the streetepresentation and around 200 nm in volume representation,
canyon to the urban background was observedNahner  which Rose et al(2006 suggest is representative of direct

0.001
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vehicular soot emissionsEngler et al.(2007) observe 2— We use the size distribution for primary sulphate modified
3 non-volatile modes in the rural background particle num-by Stier et al.(2005 from AEROCOM recommendations
ber size distribution, but the mode they associate with pri-for the year 2000 Dentener et al.200§ (road transport:
mary emissions from combustion has typical modal diam-D = 60nm, o = 1.59; shipping, industry and power-plant
eters between-70 and 90 nm. These observations suggestemissions: 50 % ab = 150 nm,oc =1.59 and 50% ab =
that although atmospheric processes (such as dilution witll.5 um, o = 2.0; wildfire, biofuel and volcanic emissions:
the background aerosol and/or aerosol dynamical processe8p % atD =60 nm and 50 % ab = 150 nm,c = 1.59). Pri-
remove the number distribution fingerprint of urban primary mary sea spray emissions are also included and are based on
emissions, the mode diameter of combustion generated so@ong et al(2003.
particles remains roughly betweerb0 and~90 nm moving
from the urban environment to the rural background. 3.3 Formation of secondary particles

The measurement studies discussed above suggest that . . - . .
the peak emission diameter of the BC component of traf—A S|_mple scheme for the formation of QX|d|sed blogemc_ or-
fic emissions is larger than the log-normal mode diame-92N'¢ cqmpounds or sgcond_ary organic aerosol (SQA) IS In-
ter recommended bentener et al(2008 for fossil fuel clude_d in all model s!mulanqns in this study. This pro-
sources, and that the mode diameter usedStigr et al. cess involves the reac;tlon of blogenlg monoterpengsmatho
(2005 (Dgr = 60 nm) may be more suitableYu and Luo OH and NQ@ (assuming the reactivity of alpha-pinene) to

(2009 come to a similar conclusion about both the FF andform a gas-phase oxidation product with a 13 % molar yield

BF emission sizes recommended by AEROCOM and assuméSprackIen et al.2009. This first stage oxidation product
values of Der = 60 nm andDgr = 150 nm ¢ = 1.8). How- can form SOA through condensing with zero vapour pres-

ever, assuming a larger emission size that is consistent witffure onto pre-existing aeros@racklen et al 2006 2008.

measurements of primary BC/non-volatile particles may rle_Anthropogemc volatile or intermediate-volatile organic com-

glect possible contributions to the total size distribution from PO“’_‘dS are also known to contribute to SOA formation (e.g.
ultrafine particles formed via homogeneous nucleation ancﬁ_obmson etaJ.Z_OO?; Hgnze_et al-2008, butwe do not con-
condensation processes in the vehicle exhaust gagul- sider their contrlbutlon.m th's. study. . .

Khalek et al, 2000 and/or combustion-generated nanopar- The role of ammonium nitrate aerosol_ls not S|mglated
ticles of OC (e.gSgro et al, 2008. It is important to note in GLOMAP. We recognise that the contribution of nitrate

that we class particles formed via homogeneous nucleatiofi‘ero;OI may be |m_porta;1)nt forl accumtélanﬁn-modef r;]artgll_e
shortly after emission (either in the vehicle tailpipe or in number co_n_cer_1trahons L.'t only towards the top O.t € bL,
where partitioning of semi-volatile gas phase species to the

the emission plume) as primary particles in the model, since™ ™
they are formed from emitted precursor gases on Sub_grid)amcle phase occurs at reduced temperature and enhanced

scales. With atmospheric dilution, semi-volatile particles relative humidity Morgan et al. 2010). We therefore assume

produced via this process may undergo gas-to-particle partithat the contribution to the total particle size distribution is

tioning; involving evaporation and possible re-condensationfalrly small at the majority of _the ground sites.
Secondary sulphate particles are formed through two

onto surfaces of larger particles in the exhaust plume e.g. hani - b h leati BHN) of
soot or background aerosol (e£hu et al, 2002 Zhang et mechanisms: binary homogeneous nucleation ( ) 0

al., 2004. These processes make it difficult to quantify their T}ZSFO_F"'HZS (Kulmala etl al, 19?8ft0 simulate nurc]:lea_ltlonbln d
contribution to the average BC+OC number size distribution"® FT; and an empirica particle ormat|c_m mechanism base
over the model grid box. on HSOy specifically to capture nucleation events observed

The appropriate emission size distribution to assume f0|jn the BL (Kulmala et al, 2006 Sihto et al, 2009. Pre-

primary carbonaceous particles in a global model remaing’'0YS GLOMAP studies have shown good agreement with

ambiguous. However, since the emission size distributionPServations at marine, continental and FT mountain sites
used byStier et al.(2009 and Dentener et al(2006 are using a combination of BHN and an empirical activation or
representative of how the global aerosol modelling commu—kg'gt'czgcl;dz%t'lon rre'(i/rranlsm in tTezgiSpﬁracklen e;[j al.

nity treats the emission of carbonaceous aerosol: we use thef008 2008 2010. In Metzger et al(2010, we tested an

here in our sensitivity study. We therefore have two scenariosemp'r'caI nuc!eat:jodn m echanism 'nr\ll.orllmr? IOW(;VOIa““ty odr—
for the size of BC+OC patrticles at emission: small particlesganlc vapour in addition to $5Q, which showed very goo

(BCOC sm; AEROCOM,Dentener et a.200§ and large agreement for the whole vertical profile of observed particle
particle; (éCOGg' Stier' et al, 2009 T.he emitted num- number concentrations, without being restricted to the BL.

ber concentrations predicted by these two experiments can In_ this _study, we test four nucleation mechan_lsms (sum-
be viewed as rough upper and lower limits to the modelledmar'sed in Table?) intended to capture nucleation events
primary BC+OC particle number concentration. observed in the BL, while allowing BHN to occur through-

To account for sub-grid production of sulphate partic- out the atmosphere in all model simulations. The activation

ulates, we assume that 2.5% of S®om anthropogenic mechanism (ACT) is described by:
and volcanic sources is emitted as sulphuric acid particles/nyc= A[H2SOy] D

Atmos. Chem. Phys., 11, 1200122036 2011 www.atmos-chem-phys.net/11/12007/2011/



C. L. Reddington et al.: Primary vs. secondary contributions to PN concentrations 12015

The sulphuric acid kinetic mechanism (KIN) is described by: whereg; is the transitional correction for the condensational
) mass flux Fuchs and Sutugji971), r; is the particle radius
Jnue= K[H2SCy] (2) andN; is the particle number concentration. The condensa-

The combined organic and sulphuric acid (kinetic-type) tion sink, CS (s7), is calculated using CS

mechanism ofMetzger et al.(2010, which we call here, cg_— 47 DcCS )
ORGL1, is described by:

_ where D¢ is the vapour diffusion coefficient. Once a clus-
Jnuc=k[H2S04] [organid (3)  ter has formed, subsequent growth in the model arises from

We assume that the concentration of organic vapour ([Or_condensatmn of sulphuric acid vapour up to a particle size of

ganic]) can be represented by the the gas-phase concentrg-nm and then growth to larger sizes through the condensa-

tion of the first stage oxidation product of monoterpenes (de-tlon of both sulphuric acid and SO&pracklen et al2008.

scribed above). We also test a new empirical mechanism o?lucleated particles are added to the model at 3 nm diameter.
Paasonen et a(2010 involving kinetic-type nucleation of
sulphuric acid both homomolecularly and heteromolecularly

with low-volatility organic vapours, which we term ORG2:  The aerosol distribution set-up used in this study has been

2 . modified from that used in e.gSpracklen et al.(2006
Jnue=k1[H2SQs]" + k2 [H2SCyl[0rganig () 2008 2010 so as to track the number concentration of non-
For this study, we have restricted the ACT and KIN nucle- volatile (BC-containing) particle cores separately from the
ation mechanisms to the model BL, but allow the ORG1 andother species for comparison with observations. We note that
ORG2 mechanisms to occur throughout the atmosphere.  Sea salt particles also contribute to the non-volatile aerosol

The nucleation rate coefficients (see Tabjdor the ACT  fraction as observed at the coastal site, Mace Héewrings
and KIN mechanisms have been constrained with worldwideand O’Dowd 1990 O’'Dowd and Smith1993. But for this
observations$pracklen et al2010 and lie within the range ~ study, we assume the non-volatile particle number concen-
derived independently from measurements of particle formatration (Dp>14 nm) measured by the DLR Falcon aircraft is
tion events at European ground sit&iginen et al, 2007.  dominated by primary BC (soot) particle®dse et al.2006
The rate coefficients for the ORG1 and ORG2 mechanismd=ngler et al. 2007 Birmili et al., 2009 and that the contri-
are consistent with the studies Mfetzger et al (2010 and bution of sea salt particles to the number concentration aloft
Paasonen et a(2010), respectively. The value of the rate Over continental Europe is relatively small (eRgitaud et aJ.
coefficient is fixed globally in any simulation. 2004.

To take into account scavenging losses of freshly nucle- The model was set up with two externally mixed parti-
ated clusters and condensable gases during growth in the Bgle distributions: distribution 1 contains BC, OC and sul-
nucleation model simulations, the production rate of mea-Phate; and distribution 2 contains sulphate, sea salt, BC, and
sureable particles (or “apparent” nucleation ratgp) is con- OC. Primary BC+OC particles are emitted into distribution
trolled in the model by the cluster formation ratg() and 1 and the particles can grow by irreversible condensation of
the pre-existing particle surface area following the approxi-SOA and hSQs, with the SOA being associated with the

3.4 Set-up of aerosol distributions

mation ofKerminen and Kulmal#002): OC component in the particles. Nucleated particles are emit-

ted into distribution 2, along with primary sulphate and sea

Tapp= Jnuc exp[0.23<i _ i) %] (5) spray, bu_t B§:+OC particles enter o.nly tr_lrough qoagulgtion
dapp  dcrit ) GR with distribution 1. The smaller particles in this distribution

tend to be nucleated sulphate particles and the larger particles
are a mixture of all components.

In our previous studies, the BC+OC particles in distribu-
(ai)on 1 were moved to the equivalent size section of distri-

ution 2 if they accumulated a monolayer 0§$0, in one

model time step — commonly referred to as a parameterisa-
tion of particle ageing. Here, sulphate is allowed to accu-
mulate on particles in distribution 1, and their number con-
centration is depleted by coagulation with particles in both
distributions. Both distributions are treated as hydrophilic
and all particles can act as CCN and undergo wet removal
processes.

wheredapp (NM) is the diameter of the measureable particles
(here we assuméapp= 3 nm) anddcit (nm) is the diame-
ter of the critical cluster. We assunagi; = 0.8 nm for the
ACT and KIN mechanisms and assume sizes of 1.5nm an
2nm for the ORG1 and ORG2 mechanisms as useld oty
zger et al.(2010 and Paasonen et a{2010, respectively.
The growth rate of the nucleated clusters, GR (nhhis
assumed to be constant betwekp anddapp The reduced
condensation sink, C§m~2), is calculated by integrating
over the aerosol size distributioKiflmala et al, 2001). In

the model, CSis calculated by summing over the aerosol
size bins;j (Spracklen et al20086:

CS=Zﬂjerj (6)
i
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Table 2. Summary of the GLOMAP model simulations used in this study. All model simulations include primary aerosol emissions and
binary homogeneous nucleation 0$$0;,—H,0 (Kulmala et al, 1998 to simulate nucleation in the FT (see Sexfor details). Modelled
campaign (May 2008) mean particle number concentratitfs-@ nm) in the European BL{2000 m a.s.l.) are given for each simulation.

The European domain is considered as the area between the longi68éS N and~32.1° N, and latitudes-22.5° W and~36.6° E.

#

Simulation
name

Size distribution of
primary fossil fuel
and biofuel emissions

BL nucleation

mechanism and rate

Mean particle number
concentration in the
European BL (cf)

10

BCOCIg

BCOCsm

ACT-BCOClg

ACT-BCOCsm

KIN-BCOC.Ig

KIN-BCOC.sm

ORG1-BCOClg

ORG1-BCOCsm

ORG2-BCOClg

ORG2-BCOCsm

Large size:
Dpp=60nm
Dgp=150nm
(Stier et al, 2009

Small size:
Dpp=30nm
Dgp=80nm
(Dentener et a) 2006

Large size:
Dpp=60nm
Dgg=150nm
(Stier et al, 2009

Small size:
Dpp=30nm
Dgp=80nm
(Dentener et al2006

Large size:
Dpp=60nm
Dgg=150nm
(Stier et al, 2009

Small size:
Dpp=30nm
Dgr=80nm
(Dentener et al2006

Large size:
Dpp=60nm
Dgp=150nm
(Stier et al, 2009

Small size:
Dpp=30nm
Dgrp=80nm
(Dentener et al2006

Large size:
Dpp=60nm
Dgp=150nm
(Stier et al, 2005

Small size:
DFp=30nm
Dgp=80nm
(Dentener et @) 2006

None

None

ACT
A=2x106g"1

ACT
A=2x10"6g"1

KIN
K =2x10712cm3s 1

KIN
K =2x10"12¢mds 1

ORG1
k=5x10"18cmis1

ORG1
k=5x10"13cmis1

ORG2

k1=8.2x10"15¢cm3s1
kp=7.0x10"14cm3s1

ORG2

k1=8.2x10"15cm3s71
ky=7.0x10"14cmis1

760

1483

1350

1871

1868

2226

1967

2312

1670

2076
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3.5 Description of model simulations 1000000 T T T
The model aerosol fields were generated from an initially "%
aerosol-free atmosphere initialised on 1 February 2008 and
spun-up for 90 days to produce a realistic aerosol distribu-%
tion (Spracklen et a).20053. The model was set up to out-
put 3-D fields every hour over a European domain. A wide
range of sensitivity runs were completed to understand the ef-
fect of uncertainties in the emission size of primary BC+OC
particles (Sect3.2) and in the mechanism and rates of BL
nucleation (Sect3.3). The model experiments used in this ;
study are detailed in TabRand are split into those with and 0.01L . . .
without BL nucleation. 10 100 1000

Dry diameter (nm)

100.00

10.00

dN/dlog,oD (cm

10000

Fig. 3. Campaign-mean modelled total humber size distribution
4 R | ddi . averaged over all ground sites in Talle Model experiments,
esults and discussion BCOC.sm and BCOdg, are described in Tabt2

4.1 Analysis of ground site observations . ] .
Number concentrations in these size ranges are poorly cap-

In this section, we analyse surface-level aerosol measurdtired in the experiment with large primary particle emis-
ments from 15 EUSAAR and GUAN ground sites (Tallje  Sions (BCOCIg), resulting in a large negative bias between
over the EUCAARI May 2008 campaign. Summary statis- the modelled and observed multi-site campaign-m&gn
tics for total particle number concentration®y>15nm; ~ (NMB=—69%; m = 0.23). The overall spatial pattern of
Nio) and number concentrations in three size ranges typicaiVtot is captured well with BCOGg (R? = 0.64). By re-
for CCN; Dp>50nm (Nso), >100 nm (Viq), and>160 nm ducing the emission size of the primary BC+OC particles

(N160) are given in Tabl&. (BCOC._sm), the negative bias of the model is decreased con-
siderably (NMB =28 %; m = 0.73) and the predicted spa-
4.1.1 Analysis of the monthly-mean particle size tial pattern is improved furthe? =0.71).
distribution Including a BL nucleation mechanism in the model (sim-

ulations 3-10, Tabl@) increases particle concentrations in

Figure 3 shows the May 2008 modelled number size distri- the nucleation and Aitken modes at the large majority of
bution averaged over the 15 ground sites. The mean sizsites, leading to better agreement with the observed size dis-
distribution predicted by model experiments BCOM and  tributions at small sizes. In experiment BCAE; the mean
BCOC.g (simulations 1-2, Tablg) is unimodal despite the modelled Nyt over Europe increases by a factor -of.6—
bimodal emission size distribution of BC+OC particles (BF 1.9, resulting in a smaller model bias of betweesi3 % and
and FF emissions; Fi@). The primary BC+OC particles un- —40% depending on the BL nucleation mechanism (ACT,
dergo condensation growth, coagulation, and dry/wet depoKIN, ORG1 or ORG2). In the BCOGm experiment, the
sition after emission resulting in a modelled size distribution model bias becomes small (rangel9 to —11 %), partic-
that looks very different from the emitted size distribution. ularly with the ORG1 mechanism. When smaller primary
We are therefore not only testing the emitted size of primarypatrticles are emitted, the increase in meag over Europe
carbonaceous aerosol, but the emitted size combined witfrom BL nucleation is less pronounced20-30 %) due to
other microphysical aerosol processes in the model. The sizthe higher number concentration of pre-existing primary par-
distribution predicted by these experiments will also includeticles.
contributions from primary emissions of the other simulated The BCOCsm experiment tends to agree better with ob-
aerosol species (sulphate and sea salt), and secondary slervations ofVy; averaged over the IOP, suggesting higher
phate particles from BHN. simulated number concentrations are needed than achieved

Figure 4 compares the total modelled and observedwith the BCOCIg experiment, despite the large emission
campaign-mean number size distribution at each of thesize agreeing better with measured roadside and urban BC
ground sites for all model simulations in Talle The gen-  particle size distributions (Sec3.2). Including BL nucle-
eral shape of the observed size distribution inthe rar@@-  ation in the BCOCQg experiment reduces the low bias of
1000 nm is well reproduced by the primary aerosol experi-the model, but does not fully explain the shortfall Mq;.
ments, in particular the overlapping Aitken and accumula-In addition, the magnitude of the slope of the linear regres-
tion modes typically observed at continental BL sites. At sion between modelled and obsernég; remains low g2 =
the majority of sites, relatively high particle concentrations 0.22—-0.26) and there is a decrease in the spatial correlation
were observed in the nucleation and lower-Aitken modes.between model and observations with the OR®4 4 0.35)
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Fig. 4. Campaign-mean simulated (colour) and observed (black) total number size distributions at each ground site. Model experiments

10 100 1000

Dry diometer (nm)

10000

10 100 1000

Dry diometer (nm)

10000

10

Observations

BCOC_sm BCOC_Ig
ACT-BCOC_sm ACT-BCOC_lg
KIN-BCOC_sm KIN-BCOC_lg

ORG1-BCOC_sm
ORG2-BCOC_sm

ORG1-BCOC_lg
ORG2-BCOC_lg

listed in the legend are described in TaBle

100 1000
Dry diometer (nm)

10000

and ORG2 R? = 0.59) mechanisms. These results suggest When we assume a small initial size for primary BC+OC
possible errors in the modelling of nucleation events (dis-particles (BCOCsm), we find good agreement with sur-
cussed in Sect.4), which may be a reason why BL nucle- face observations ofVsg (NMB=—-18 %, m = 0.80) and
ation is unable to explain the shortfall. N100 (NMB = —1%, m = 0.81) averaged over the IOP. With
The dependence of modelled concentrations on the asghe BCOCIg experiment the model is biased low fdiso
sumed size of the primary particles decreases with the size dfNMB = —52 %, m = 0.44) andN1o0 (NMB = —29%, m =
particles being considered. For example, the mean modelle@.64). For Nigo, the model bias is small in experiment
Nso increases by~60% in the European BL between the BCOCsm (NMB =9 %,m = 0.65), but in contrast to com-
BCOC.Ig and BCOCsm experiments, whil&/109 and N1 parisons with observe@dVigp, N5so and Ny, we find the
increase by-~45 % and~20 %, respectively. The model sim- best agreement with observéteo over the IOP is with the
ulations without BL nucleation compare well with the obser- BCOC.Ig experiment (NMB =-1%,m = 0.74).
vations ofNs5o, N1go and N1go (Table3), confirming that the Including BL nucleation in the model increases the cam-
underpediction ofViot is largely due to an underprediction of paign meanVsg and N1gg in the European BL by 23-36 %
number concentrations in the range 15-50 aHp). Fig- and 14-20 % respectively in the BCAE experiment, and
ure5 shows the normalised mean bias between hourly-meaiby 8-12 % and 5-8 % respectively in the BCGf exper-
modelled and observelN _so and Nsg (NMBhoyrly) at each  iment. The increases in particle number concentrations de-
site for the I0P. The spatial pattern &%, N100, @ahd N1go pend on the nucleation mechanism (the smallest increase in
over Europe is captured well by the mod&P(= 0.47-0.86). Nsg and N1go is achieved with the ACT mechanism; the
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Table 3. Summary statistics for total particle number concentratidig(15 nm; Niot) and for concentrations of particles in three size-
ranges typical for CCNDp>50 nm (V50), >100 nm (V100) and>160nm (V1gg). The normalised mean bias (NMB), slope of the linear

regressions) and correlation coefficient®?) are calculated between the simulated and observed campaign-mean number concentrations at
each ground site.

Model NMB (%) m R2

Experiment Niot  Nso  Nioo Niso Nwot Nso Nioo Niso Nt Nsop  Nipo  Nieo
BCOClg -69 -52 -29 -1 0.23 044 0.64 0.74 0.64 0.82 0.86 0.71
BCOC.sm —-28 -18 -1 9 073 080 0.81 0.65 0.71 086 0.77 0.47
ACT-BCOClg -53 43 -22 -1 0.24 0.44 0.65 0.75 0.68 0.87 0.83 0.69
ACT-BCOC.sm -19 -13 4 10 0.71 0.82 0.83 0.67 0.72 0.86 0.76 0.49
KIN-BCOC.Ig -43 -38 -19 -1 0.26 045 0.66 0.74 063 0.88 0.81 0.71
KIN-BCOC_sm -13 -11 6 9 070 0.80 0.84 0.67 0.71 0.87 0.77 0.49
ORG1-BCOClg -40 -37 -17 -0.1 0.22 0.45 0.68 0.73 0.35 0.87 0.82 0.65
ORG1-BCOCsm -11 -11 7 8 0.67 081 0.86 0.65 066 087 0.77 0.48
ORG2-BCOClIg —-46 -40 -20 0.1 025 044 0.74 0.70 059 0.87 0.82 0.67
ORG2-BCOCsm -—-15 -12 6 10 0.69 081 0.84 066 0.70 0.86 0.78 0.48

largest with the ORG1 mechanism). These results are similaporting evidence, these results would suggest that the model
to the mean enhancements to CCN foundSlipyacklen etal.  is able to explain the observed number concentrations of
(2008; CCN number concentrations at 1% and 0.2% super-CCN-sized particles averaged over the IOP reasonably well,
saturation (CCN (0.2 %)) were found to increase by 30 % andwithout the need for BL nucleation, if a small initial size is
6-15 % respectively at European ground sit€8erce and assumed for emitted BC+OC particles.

Adams(2009 also show a~5% increase in BL CCN (0.2 %)

over Europe when activation BL nucleation is included in 4.1.2 T-statistics at each ground site

their model. o

) ) _ ) The NMB between modelled and observed multi-site
The impact of BL nucleation on CCN-sized particle num- 5 1n4i9n-mean number concentrations can be misleading if

ber concentrations is considerably smaller than Mt here is cancellation of positive and negative biases at dif-
(given above) and for the total particle number concentraserent ground sites or if day to day variability is poorly simu-

tion with Dp>3nm (see Tabl@, column 5). The dampened |3taq. To overcome the possibility of a cancellation of biases,
response 0iVsp and N1op to BL nucleation arises from an e have analysed the statistical significance of the differ-

increase in coagulation and condensation sinks from an adsce petween the model and the observations at each ground
ditional source of secondary particles, thereby reducing thej; using the hourly data. Here, we include an analysis of

survival probability of ultrafine particles and reducing the N_s0, since the underprediction d¥i; with the BCOCIg

cc_)ndensational growth of these particles to CCN sizes (e.94,9 BCOCsm experiments is largely due to an underpredic-
Pierce and Adam007 Kuang et al.2009. tion of number concentrations at the small end of the size
Including BL nucleation in the BCO®@ experiment re-  distribution.
duces the negative model biasizg and N1gg; the smallest For this analysis, we calculated a pairet@st of the hourly
bias in bothVsp (—37 %) andN100 (—17 %) is achieved with  time series of particle concentrations in the different size
the ORG1 mechanism. In the BCOsin experiment, the bias windows and calculated the significance at the 99 % confi-
in Nsgis also reduced by including BL nucleation; the small- dence level. To take into account temporal correlation in the
est bias £11 %) is achieved with the KIN and ORG1 mech- modelled and observed time series we adjusted-8iatistic
anisms. However, foN10p all nucleation mechanisms lead by calculating an “effective sample size” for each site, using
to a slightly larger model bias (although the NMB remains the method ofWilks (1997 for second order autoregressive
smaller than 10%). The impact of BL nucleation dgo (AR(2)) data. We found the hourly time series were best fit
is fairly negligible (increasing mean concentrations over Eu-with an AR(2) process, using a Durbin-Watson tétibin
rope by less than 1%), resulting in small changes in theand Watson1950Q to examine the residuals of the series. The
model bias in this size range. AR(2) process best accounted for the diurnal variability and
When BL nucleation is included, there is little improve- random variations visible in the observed and modelled time-
ment (if any) in the slope of the linear regression and corre-S€res.
lation coefficient between simulated and observed multi-site
campaignh-meamVsg, N1go, and N1go. Without further sup-
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Fig. 5. Normalised mean bias (NMB) between hourly-mean modelled and observed particle number concentrations at each ground site.
NMB is shown for model experiments 1-4, Tallléor number concentrations in the size rande$;Dp = 15-50 nm angb) Dp>50 nm.

In this section, we essentially test the significance of alliment. At these 3 sites, the NMBuny is very small (range
the plausible primary aerosol experiments and BL nucleation—7 to 5%). But at the remaining 12 sites (with a significant
experiments and so group the model simulations into thoselifference) the model bias is still fairly small (Figh): for all
without BL nucleation (simulations 1-2, Tak# and those 12 sites the bias is smallest with the BCG@ experiment
with BL nucleation (simulations 3-10, Tab®. The range (between—43% and 21 %).
in the first set of experiments represents the uncertainty in \When some form of BL nucleation is included, the model-
the assumed emission size distribution for primary BC+OCgbservation difference imvso becomes insignificant at an
and the range in the second set of experiments represents thglditional 7 sites. For these sites, BL nucleation makes
uncertainty in the empirical BL nucleation parameterisationan important contribution tVso. At Jungfraujoch (where
used in the model. The results of the significance tests argne difference was insignificant with experiments BC&@
summarised in Figo. and BCOCIg), including BL nucleation increases the model

For N_sp, we find that without BL nucleation, the model- bias, but at the 99 % confidence level the model-observation
observation difference is statistically significant at all of the difference remains statistically insignificant. Overall, with
ground sites. Figur&a shows that at 12 of the 15 sites the BL nucleation the difference between modelled and observed
NMB hourly is fairly large and negative (BCQ®@, range—98  Nso is insignificant at two thirds of the ground sites. Thus,
to —83%; BCOCsm, range—77 to —33%). The excep- the model with BL nucleation is in better agreement with the
tions are at Cabauw and Finokalia where the modeliegy observations than the model without BL nucleation.
spans the observations (concentrations are underpredicted For Nigg, we find that at 12 sites there is a statisti-
with BCOC.g and overpredicted with BCOEm), and at  cally significant difference between the model and obser-
the high altitude site, Jungfraujoch, where the m@arso  vations in experiments without BL nucleation. At the 3
is overpredicted by a factor 0f2.0. This overprediction at sites where model-observation difference is statistically in-
Jungfraujoch was also found in our global analysis of particlesignificant, again it is the BCOSm experiment that cap-
number concentration$pracklen et al2010. When some  tures the observations. This is the same proportion of sites
form of BL nucleation is included, the model-observation as for Nsg, but at the sites where the difference is signif-
difference becomes insignificant at 6 sites, showing that, staicant the NMBhoury is generally smaller foiVigo. For 9
tistically, nucleation is an important process affectifigso  sites the bias is smallest with the BCG@h experiment (be-
at at least 40 % of the ground sites. tween—19 % and 18 %), and for 2 sites the bias is smallest

For Nso, the model-observation difference is statistically With the BCOCIg experiment {32 % at Cabauw and 9%
significant at 12 of the 15 sites without BL nucleation. At the at Finokalia). At 1 site (Jungfraujoch), there is a large neg-
3 sites where the model-observation difference is insignifi-ative bias with both model experiments (BCG36), —69 %;
cant (Jungfraujoch, Melpitz and Cabauw), itisthe BC&@  BCOCIg, —81%).
experiment that captures the observations. The observations When BL nucleation is included, the model-observation
at Jungfraujoch are also captured with the BClg@xper-  difference inN1gg is no longer significant at an additional
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(@) N.so (b) Ngp (€) Nygo BL nucleation. In total, the difference between the model
without BL nucleation and observation&10 %) is statisti-
cally insignificant at 8 sites foN5g and 10 sites foV1go.
Including BL nucleation in the model, the observations can
be captured withint10 % at an additional 4 sites favsg
(Hyytiala, Mace Head, Vavihill, and Schauinsland) and an
additional 2 sites folN1gg (Hohenpeissenberg and &etice).
Therefore at the majority of ground sites, it is difficult to de-
tect the contribution of BL nucleation 859 and N1gg within

the uncertainty of the observations.

If we adjust the interval of the modelled and observed time
series to better represent the average residence time of air
in the model grid box£5-20 h), the results of the signif-
icance tests are improved but the conclusions regarding BL

nucleation remain unchanged. If we compare the model to

® Not significant a 20-h running average of the measurements, the number of

Fig. 6. Statistical significance between hourly-mean modelled sites \,Nhere _th_e d'ﬁerence_ ,betwe_en, modelied and observed
and observed particle number concentrations in three size range§Y<50_ is statistically insignificant is 'ncre‘?‘sfad t9 12 out of
Dp=15-50nm W_s50), Dp>50nm (Vso), and Dp>100nm 15.3|tes, but at all bu't 2 of these sites it is still necessary
(N100). The red dots show site locations where the difference be-t0 include BL nucleation to capture the observations. For
tween the model and observations is statistically significant at theNso and N1go the number of sites with an insignificant dif-
99 % confidence level; the black dots show the locations where thderence is increased to 12 and 13 sites respectively, but BL
difference is insignificant(a), (b) and(c) show results for model  nucleation is only needed to capture the observations2at
experiments without BL nucleation (1-2, Taldk (d), (e)and(f)  of these sites. These results confirm the conclusions from
show results for the experiments including BL nucleation (3-10, {he hourly time series analysis; to capture ground-based ob-
Table2). servations ofV_so we need to include BL nucleation in the
model, but for CCN-size number concentrations only a fairly
small contribution from BL nucleation (if any) is needed to

4 sites (Hyytéla, Vavihill, Monte Cimone and Aspvreten). !
However, at 1 of the 3 sites where the difference was insignif-Capture the observations.

icant with experiment BCOGm (Schauinsland), adding  We recognise that BL nucleation may be important for
BL nucleation results in an overprediction 8o and the ~ N<s0, Nso and Nioo at more than the number of sites dis-
model-observation difference becomes significant. In total,cussed above, but that the observed nucleation events may

the model with BL nucleation is able to capture the observa-not be adequately modelled for this period by the mecha-
tions at almost half of the ground sites. nisms applied in this study (Seet.4). The sites at which

BL nucleation is needed in the model to capture the hourly
observations ofV_s5g, Nsg, and N1gp are summarised in Ta-
ble 4.

We conclude from these time series comparisons that fo
number concentrations at the small end of the size distribu
tion, N_s0, we need to include BL particle formation for the
difference between model and observations to be statistically
insignificant at roughly half of the ground sites. It is possi- 4.1.3 Analysis of particle concentration frequency
ble that a larger contribution from BL nucleation is needed distributions
in the model to capture the observations at some of the re-
maining sites. The observed.sp may also be influenced by  Normalised histograms of the frequency distribution of mod-
local sources, particularly at the more polluted sites (Ispraglled and observei¥sq are shown for each site in Fig. As
Cabauw and Melpitz), or by diurnal cycles in aerosol at thejn Gilardoni et al(2011), we calculate the degree of overlap
mountain sites Jungfraujoch\gingartner et al.1999 and  petween the modelled and observed frequency distributions
Puy de bme {fenzac et al.2009), that t