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Abstract. The Norwegian Earth System Model (NorESM) is absorption of radiation). However, not all aerosols are cool-
evaluated against atmospheric observations of aerosol nuning: the same study bivlyhre et al.(2013 found a model
ber concentrations. The model is extended to include an exmedian direct forcing 0§-0.23 W n2 for black carbon (BC)
plicit mechanism for new particle formation and secondaryfrom fossil fuel and biofuel combustion, and a best estimate
organic aerosol (SOA) formation from biogenic precursors.of total BC forcing (including clouds and cryosphere) of
Three nucleation mechanisms are included in NorESM: bi-+1.1 W nT? was found byBond et al.(2013. Due to po-
nary sulfuric acid, activation type, and organic nucleation.tential high gains, the mitigation of climate warming by ef-
Ten model experiments are conducted to study the sensitivfective reduction in black carbon (BC) has been increasingly
ity of the simulated aerosol number concentrations to nu-discussed in recent years (efmenberg et a).2012).
cleation, SOA formation, black carbon size distribution and Although anthropogenic aerosols probably contribute to a
model meteorology. Simulated vertical profiles are evaluatechet climate cooling via aerosol direct effect, the human influ-
against 12 flight campaigns. Comparison of monthly aver-ence on Earth’s radiative balance is likely to be even stronger
aged aerosol number concentrations against 60 measuremeria the aerosol indirect effect. The IPCC reported that the
sites reveals that the model with explicit nucleation and SOAaerosol-induced modification of the cloud albedo causes a
scheme performs well in terms of correlation coefficient, negative forcing between2.2 to—0.5 W n 2 (Forster et al.
R?=0.41 and a bias of-6 %. NorESM generally overes- 2007, and the indirect effects beyond cloud albedo effect
timates the amplitude of the seasonal cycle, possibly due t@an be of similar magnitudé_.¢hmann and Feichte005.
underestimated sinks or exaggerated sensitivity to biogeni€ompared to the direct radiative effect, the aerosol indirect
precursors. effect is more difficult to estimate by modelling. In addi-
tion to a realistic description of cloud formation, the aerosol—
cloud interactions are very sensitive to the aerosol size distri-
bution, size-segregated composition information and aerosol
1 Introduction mixing state.

Information on the aerosol size distribution and number
Atmospheric aerosol particles affect climate not only by scat-concentration has been included in global aerosol models for
tering and absorbing radiation, but by acting as cloud con-mgre than a decadd&/gn Salzen et al.200Q Ghan et al.
densation nuclei (CCN) and affecting the dynamical and ra-p0p01. Adams and Seinfeld2002. However, aerosol mi-
diative properties of clouds. A recent multimodel effort in crodynamics are extremely difficult to model on the global
the AeroCom frameworkMyhre et al, 2013 found an-  gcale. First, many aerosol dynamical processes, such as co-
thropogenic direct radiative forcing estimates ranging fromagulation, are computationally demanding and need to be

—0.58 10-0.02WnT?, i.e. all 16 models estimate a climate simplified for modelling purposes. Second, some relevant
cooling effect from the direct aerosol effect (scattering and
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processes, such as atmospheric nucleation, remain poorfGent et al. 2011, Vertenstein et aJ.2010 developed at
understood and constrained. Even the discretization of théhe National Center for Atmospheric Research (NCAR).
aerosol population information is demanding: most globalNorESM differs from CCSM4 in several aspects. The ocean
aerosol models use either modal (&ger et al, 2005 Mann model POP2 is replaced with a Bergen-developed version of
et al, 2010 or sectional (e.gAdams and Seinfe|ld2002 MICOM (Ottera et al.2009, and the ocean biogeochemistry
Spracklen et al]2005 approaches, but the number of modes HAMburg Ocean Carbon Cycle model HAMOC®é&ier-
or bins is restricted by computational constraints. The degraReimer 1993 Maier-Reimer et a).2005 is coupled to the
dation of aerosol size distribution information begins alreadyocean model. The atmospheric model CAM4 is replaced by
at the point of emission, when models generally use simpleCAM4-Oslo (Kirkevag et al,2013. As CCSM4, NorESM1-
conversions from aerosol mass to number emission. Recentliyl includes the Community Land Model (CLM,Oleson
however, direct aerosol number emissions have also been agt al, 2010 and the Los Alamos Sea Ice Model (CICE).
plied on the European scaléduntoukis et aJ.2012 Kul- Interface between model components is handled via CPL-
mala et al, 2011). 7 coupler. This CMIP5 version of NorESMBéntsen et a.
Development of global aerosol models has both improved2013 has been evaluated in terms of climate response and
simulated aerosol number concentrations and revealed crduture scenariosl{ersen et al.2013. According toBentsen
cial information on the relative importance of aerosol pro- et al.(2013, NorESM1-M underestimates cloudiness by 13—
cesses in the atmosphere. Aerosols form either by emissioB4 % (ISCCP and CLOUDSAT, respectively) and continental
of primary particles or by formation of secondary aerosol near-surface temperatures by about 1.1 K globally averaged.
material in the atmosphere. To affect particle number con-The climate sensitivity of NorESM1-M is in the lower range
centration, secondary aerosol formation must lead to the forof CMIP5 models versen et al.2013.
mation of a new particle via nucleation. Globally averaged,
primary emissions dominate the atmospheric aerosol maséd.2 CAM4-Oslo
loading due to sea salt and dust emissions. With regard to par-

ticle number, however, atmospheric nucleation can explain a '€ @erosol modelin CAM4-Oslo describes the transportand

major fraction of concentrations in the boundary layer, andSiZé-resolved aerosol physics and chemistry of 20 aerosol
even 99% above 5 kmMerikanto et al, 2009. While an- components. The aerosol module combines a life-cycle
thropogenic emissions contribute only a small amount to the"0d€l, which describes the emissions, processing and trans-

total aerosol mass, the addition to aerosol number concentr20rt of aerosol mass, and look-up tables calculated by an off-
tion can be 35 %Nlakkonen et al.20128. line microphysics model. The look-up tables are used to cal-

In this paper we evaluate the aerosol number concentulate the physical and optical properties of the aerosol pop-

trations simulated by the Norwegian Earth System Modelulation. Aerosols are activated as cloud Qroplets fqllqwing
(NorESM). The model is extended to include an explicit APdul-Razzak and Gha{2000. A more detailed description
mechanism of nucleation and secondary organic aerosd?f ©AM4-Oslo can be found iKirkevag et al(2013. _
(SOA) formation. Model evaluation is performed against 60 S€@ salt emissions produce particles in three differ-
measurement stations, aerosol measurement campaigns, v&At modes: Aitken (median diameter=44nm), accu-
tical observations from flight campaigns and a compilation of Mulation ¢ =260nm) and coarsel(= 1480 nm). Dust is
marine aerosol number concentrations. With the help of sen€Mittéd in accumulationd(=440nm) and coarse modes
sitivity simulations, we investigate the relative roles of dif- (¢ =1260nm). Sulfate can condense on all these five modes.

ferent processes and emissions affecting the simulated nunC 1S included in five modes of CAM4-Oslo. First, fossil
ber concentration. The results will help assessing the perforiU€! émissions produce two types of BC particles: nucleation-

mance of the aerosol dynamics in NorESM. The compariso"0de Sized = 23.6 nm) and accumulation-mode size frac-
of the sensitivity simulations gives an indication of the rela- (& @gglomerates/(=200 nm). The nucleation-mode BC can

tive importance of secondary aerosol formation and primaryPecome coated with sulfate and moved to a larger, aged BC
aerosol emission to aerosol number concentrations. mode. The BC and organic carbon (OC) associated with

biomass burning are emitted to an internally mixed mode.
In addition to biomass burning emissions, this OC/BC mode
is used also for OC emissions from fossil fuels and the pro-
duction of SOA. The initial diameter of the OC/BC mode is
80 nm.

Sulfuric acid produced in the gas phase can either con-

The first version of the Norwegian Earth System Model, 4€ns€ on the pre-existing particle distribution or nucle-
NorESM1, is one of the Earth System Models participat- &€ 8S new particles. Nucleation-mode particles (initial
ing in the Coupled Model Intercomparison Project Phase 57 =23.6nm) can grow to Aitken-mode size if not lost by
(CMIP5). The median atmospheric resolution (1x32.5°) coagulation. Details of the nucleation process are presented

version of the model, NorESM1-M, is based on the CCSM4IN Sect2.4.1

2 Model description

2.1 NorESM1-M
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2.3 Emissions ally apply either ternary sulfuric acid—ammonia—water nu-
cleation Pierce and Adams2009, ion-induced nucleation
The anthropogenic emissions for year 2000 are used in al{Yu et al, 2008 or a semi-empirical nucleation parameteri-
simulations. The emissions are from the IPCC AR5 datazation (Makkonen et a].2009 to the model. Ternary nucle-
set Lamarque et a).2010. Emissions of sea salt are mod- ation has been shown to perform well in some caGeg/(los
elled interactively as a function of 10 m wind speed and sea-€t al, 2005 but generally produces too high number concen-
surface temperature accordingStruthers et a2011), with trations in the troposphereifcas and Akimotp2006). Here,
some updates as described Kiykevag et al.(2013. The  we have included activation-type nucleatidtu(mala et al,
dimethyl sulfide (DMS) and dust emissions are prescribed200§ Sihto et al, 200§
daily values based on AeroCom inventoeptener et al.
2006. Volcanic SQ emissions are modelled according to J2=AlH2S0u, (1)
the AeroCom emission inventorfpéntener et al2006 and  where the formation rate of 2nm particles, is a linear
distributed evenly throughout the year. function of the sulfuric acid concentration. The activation co-
The terrestrial biogenic volatile organic compound efficient A = 1.7 x 10 8s1 is taken fromPaasonen et al.
(BVOC) emissions of monoterpene and isoprene are(2010. The activation-type nucleation is restricted to the
taken into account. The BVOC emissions are prescribecboundary layer.
monthly averages calculated with MEGAN2, amounting to  The nucleated particles are of 1-2 nm diameter. To save
80 Tg(C) yr! for monoterpene and 530 Tg(C)yr for iso- computational effort, we do not include the nucleated par-
prene. A VOC source over oceans is not included, althougHicles directly in the aerosol model. Instead, we use the pa-
oceans are potentially a significant source of VOSkaw  rameterization by.ehtinen et al(2007) to calculate the for-
et al, 2010. However, NorESM does include a primary or- mation rateJ, of particles at the diameter of the nucleation

ganic aerosol source over oceam@rkevag et al, 2013, mode:
which is scaled to 8 Tgyr* as estimated iSpracklen et al. CoagSdnuo)
(2011). Jy = JnuceXp<_7/ 'dnuc%> ; (2)

While the BVOC, wildfire, biomass burning, DMS, dust
and sea salt emissions in NorESM have seasonal variatio¥hereds is the nucleation-mode sizéa.c is the nucleation
the anthropogenic fossil fuel emissions are annual averager§lte of dnyc sized particles, Coag$ is the coagulation sink
distributed evenly throughout the year. A diurnal emission (S~ ') and GR is the particle growth rate. The facjois a
cycle is only included in the interactive sea salt emission, Unction ofdnuc anddx

1 d (m+1)
2.4 Implemented modifications in NorESM y=—"7 <—> —1]. 3)
m+1 dnuc

We have developed NorESM1-M to include an explicit The exponent: depends on the background aerosol distribu-
mechanism for nucleation, nuclei growth and SOA forma-tion, and could be estimated from coagulation sinkg @t
tion. The details of the modifications are described below. andd, sized particlesl{ehtinen et al.2007. Here we as-
sumem = —1.6, which is in the typical range of atmospheric
2.4.1 Nucleation values [ehtinen et al.2007%).
Coagulation sink Coag&yc) for nuclei is calculated from
The NorESM version irKirkevag et al.(2013 includes an  NorESM aerosol modes. The above formula does not con-
implicit mechanism for new particle formation: after con- sider intramodal coagulation, which could be important if
densation, all excess sulfuric acid is assumed to form newnucleation rates are extremely highnttila et al, 2010. In
particles. Sulfuric acid is not a traced variable. The nucleatedhe case of activation-type nucleation (Eq.we calculate
particles are placed in the nucleation mode with an initial di- J, from formation rate ofd,,c=2nm sized particles, i.e.
ameter of 23.6 nm. Jnue = J2. By default, we convert the nucleation rates to for-
We have implemented the gaseous sulfuric acid as a progmation rates of 24 nm particled(= J24nm) Which are then
nostic variable, and included a mechanistic description ofimplemented in the nucleation mode of NorESM. The nuclei
the nucleation process. Binary homogeneous sulfuric acid-growth rate GR is calculated from concentrations of sulfu-
water nucleation is implemented in NorESM according toric acid and organic vapours (see Sex#.3 according to
the parameterization byehkamaki et al(2002. This mech-  Kerminen and Kulmal§2002.
anism is applied throughout the atmosphere, and has been The greater the difference in sizés,c andd,, the larger
shown to produce a band of particles in the upper tropospherare the values assigned feicausing the formation ratg to
and lower stratosphere (UTLS) (eldakkonen et a].2009. be relatively more sensitive to CoagS and GR than to the nu-
However, binary homogeneous nucleation cannot explain theleation rate itself. One sensitivity simulation is made to test
nucleation events observed in the boundary laggrécklen the effect of nucleation-mode diametgron aerosol number
et al, 2006. For this reason, global aerosol models gener-concentration.
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2.4.2 SOA formation which is slightly lower than the observed 4 nmth(Boy

et al, 2008. Overall, our approach seems to underpredict
In standard NorESM1-MKirkevag et al, 2013, SOA is particle growth to some extent, possibly due to unaccounted
introduced with a prescribed monthly surface source andvapours.
the SOA mass is included to the OM/BC mode with as- The fraction of formed SOA which does not partition
sumed initial diameter of =80 nm. The SOA formation in  to nucleated particles will form SOA the same way as in
NorESM1-M is 37.5 Tgyr! based on an estimate bjoyle Kirkevag et al.(2013: it is lumped together with OC from
et al. (2007. Seasonal and temporal variation follow the biomass burning, fossil fuel and marine organic emissions.
MEGAN?2 algorithm. To estimate the particle growth due to An initial diameter of 80 nm is assumed for the formed SOA.
organic vapours, we implement an improved SOA schemeAs such, the SOA model in NorESM is improved to take into
in NorESM. A biogenic source for monoterpenes and iso-account its possible role in nucleation and nuclei growth, but
prene is included as prescribed monthly emission fields, prethe model cannot capture the real nature of SOA formation.
calculated by MEGAN2Guenther et al2006. These SOA  While the implemented modifications are likely to improve
precursors are then oxidized in the gas phase by @H the simulated effect of SOA formation on particle number,
and NG. The formed SOA is assumed to be non-volatile, the total SOA production may still remain underestimated
and no gas phase tracers are included for the oxidation prodSpracklen et al2011).
ucts. Currently, only monoterpene is assumed to form SOA,
with a 15% vyield. It is further assumed that 50 % of the
monoterpene ozonolysis products are of low enough volatil-3  Sensitivity experiments
ity that they can partition to the nucleated particles (below
23.6 nm diameter) and also participate in nucleation itself.\We use NorESM to simulate aerosol number concentrations
This is in accordance witkli-Juuti et al.(2013) who showed  in a number of sensitivity experiments. The experiments are
a clear connection with nuclei mode growth and monoter-listed in Tablel and described in the following sections.
pene ozonolysis. The improved SOA model changes aerosol
formation in two ways: by changing the size distribution of 3.1 Black carbon size distribution
formed SOA and by allowing SOA formation outside the sur-

face level of the model. The size distribution and the mixing state of BC are strong
sources of uncertainty for modelled particle concentrations
2.4.3 Growth of nucleated particles (Reddington et al.2011, 2013. Reddington et al(2013

showed a clear underestimation of BC particle size as well as

Oxidation products of VOCs have been directly linked to the an overestimation of the number fraction of particles contain-
formation and growth of atmospheric particldsh et al, ing a BC core. They suggested that the uncertainties are due
2014. In many locations, the nuclei growth due to organic to erroneously modelled BC particle mixing state assump-
vapours can clearly exceed the growth by sulfuric acid. Fortions and too small emission size distribution for a global
example in Hyytidla, Finland, sulfuric acid can only ex- model scale. Unlike the model iReddington et al(2013,
plain less than 10 % of the particle growtRiipinen et al, NorESM includes two externally mixed modes for fossil fuel
2011). Experiments in the CLOUD (Cosmics Leaving Out- BC emission: a nucleation mode of diameter 23.6 nm and a
door Droplets) project at CERN (I'Organisation européennefractal agglomerate mode of diameter 200 nm. A small frac-
pour la recherche nucléaire) have shown that in the presendion of 10% of the BC emission is assumed to be agglom-
of organic vapour, organic volume fraction can increase fromerated particles. The median diameter of the BC nucleation
0.4 to 0.9 when the particles grow from 2 to 63 nKegki- mode is slightly smaller than the AeroCom recommendation
nen et al.2013. We assume that organic vapours can growfor fossil fuel BC (30 nm). However, the AeroCom recom-
new particles until they reach nucleation mode. We do notmendation does not include a separate agglomeration mode.
include a tracer for organic mass in the nucleation mode ofThe assumed BC diameter is smaller than used by many
NorESM: particles entering the aerosol module from nucle-global aerosol models: 60 nm 8tier et al(2005 andZhang
ation process are assumed to consist of sulfate. However, thet al.(2012, 100 nm inPierce and Adam&007).
nucleation-mode organic mass is very low compared to the We address the sensitivity of NorESM aerosol number
total organic aerosol mass. concentrations to fossil fuel BC emission size by simulations

With the above setup, the modelled growth rates (GRs)with two emission diameters, 23.6 nm (default for original
are close to observations. For June, NorESM growth ratetNorESM1-M) and 47.2 nm. The difference of a factor of 2 in
at Hyytiala vary from 1.6 to 4.2 nmt}, while the medians the emission diameter leads to a factor of 8 times smaller
of observed June GRs are 2, 4 and 8 nthfor particle size  emitted number of BC particles, which can lead to a no-
ranges 1.5-3, 3—7 and 7—20 nm, respectivElirJuuti et al, table effect in heavily polluted regions. The difference in BC
201]). In the US Rocky Mountains, NorESM simulates a number concentration will also affect new particle formation:
similar range of GR, from 1.0 for 2.6 nnth (June-July), the lower (higher) coagulation sink with larger (smaller) BC
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Table 1. Simulated sensitivity experiments. The simulated climate is identical in all experiments except ActNuc_BC48_Online, where
aerosol—climate interactions are switched on.

Short name Nucleation BSOA B diameter Additional information

NorESM1-M orf On 23.6nm As irkirkevag et al(2013
NoNuc_BC24 Off On 23.6nm

NoNuc_BC48 Off On 47.2nm

ActNuc_BC24 Eq.D On 23.6nm

ActNuc_BC48 Eq.D) On 47.2nm

OrgNuc_BC24 Eq.4) On 23.6nm

ActNuc_BC24_NoSOA Eq.J) Off 23.6nm

ActNuc_BC48 NoSOA EqJ) Off 47.2nm

ActNuc_BC48_Online Eq.d) On 47.2nm Aerosols affect model meteorology
ActNuc_BC48_Nucl10 Eql) On 47.2nm S04 nucleation-mode diameter set to 10 nm

* Original NorESM1-M assumed that after condensation, all excess sulfuric acid nucleates as new particles.

particles will act to increase (decrease) the survival of nucle-wise nucleate, can now condense on the pre-existing particle

ated particles. This is taken into account in the calculation ofpopulation, making particle aging more efficient. One addi-

coagulation sink in Eq.2). tional simulation is performed with a smaller diameter (10
It should be noted that the applied emission inventory doesam) for the nucleation mode (ActNuc_BC48_Nuc10).

not include any intra-annual variation for the fossil fuel emis-

sions. This lack of emission seasonality stems from the emis3.3  Particle growth

sion data set construction and might reduce the correlation

between simulated and observed concentrations. Monthlylobally, organic vapours account for a large portion of nu-

variation of anthropogenic emissions has been included irclei growth. With more vapour available for growth, more

certain emission data sets (e.g. ECLIPB#p://eclipse.nilu.  nucleated particles will survive to reach the detection limit

no), but are not yet widely used in global aerosol modelling. of the CN counter or the nucleation mode of NorESM. We

investigate the role of BVOCs on particle number by simu-

lations without SOA formation. In NorESM, this will affect

Although lobal dels tend t tivation-t number concentrations in two ways: decreasing the growth
ough many global models tend to use activalion-ype,.q Eq. 2) and the formation of the “primary” OC parti-

nucleation by sulfuric acid as the default option, the ac-jag
tual mechanism behind atmospheric nucleation is still unre-"
solved. There are indications that organic vapours play a rol
already in the nucleation procedddtzger et al.2010, and
including an organic vapour into the nucleation parameter-
ization might lead to a better correlation with observations
(Paasonen et al2010. We test the sensitivity of simulated
number concentrations to nucleation rate by an additiona
simulation with organic nucleation:

3.2 Nucleation

$.4 Simulation setup

For all simulations, we use anthropogenic emissions for
the year 2000. The sea-surface temperatures are prescribed
FAMIP—Ster run). The model is integrated for 5years after
1year spin-up. Monthly averages are calculated as multi-year
climatological means over 5 simulation years.
Jo = Asi[H2SOu] + Asy[ORG. (4) We create one experiment to test the sensitivity to mod-
elled meteorology. In all other simulations, the meteorol-
The activation coefficients are 6<10°7 and ogy is unaffected by the CAM4-Oslo aerosols — that is, the
0.39x 10 's™! for As; and Asp, respectively Paaso- meteorology in the various experiments is identical. How-
nen et al. 2010. We assume that the organic vapours ever, the simulated climate can be very different from that
participating in nucleation in Eq4J are the same as those affecting observed number concentrations. Additionally, the
involved in nuclei growth, i.e. a 50 % fraction of monoter- observations at different stations cover different time peri-
pene ozonolysis products. Using organic nucleation willods. The experiment ActNuc_BC48_Online couples the ra-
change the spatial distribution of particle formation. Also the diation, clouds and model meteorology to the CAM4-Oslo
spatial correlation between particle formation and organicsaerosols, thereby rendering the meteorology different from
available for particle growth might lead to increased survival other experiments. The changes in meteorology affect the
of nuclei Makkonen et al.20123. transport and deposition of aerosols. There is no reason to
An additional simulation is performed with nucleation assume that the meteorology in any of the included simula-
turned off. In this case, the sulfuric acid which would other- tions would be closer to the real-world meteorological state

www.atmos-chem-phys.net/14/5127/2014/ Atmos. Chem. Phys., 14, 58152 2014
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during the aerosol observations, but this approach can pro- e p—
vide some estimate of uncertainty. 7= 44@‘3\__‘

R
=N

.

4 Aerosol observations

4.1 Observations at measurement sites

We compare NorESM aerosol number concentration against
observations from 60 surface sites: 51 in the Northern Hemi-
sphere and 9 in the Southern Hemisphere. Where available
we use several years of observations to achieve a repre T eee—
sentative distribution of aerosol number concentration. As mo o o

NorESM is not simulated using reanalysed meteorology andrigure 1. Annual mean surface-level aerosol number concentration
emissions of year 2000 are used in all simulations, year-to{cm™3) from ActNuc_BC24 simulation.

year comparisons are not feasible. While some stations are

representative for a large surrounding region, some stations " .
are affected by a local aerosol or precursor source. Local eft: PEMT-A, PEMT-B), North Pacific (INTEX-B Hawaii,
fects (e.g. plumes from power plant) could be filtered out of INTEX-B Alaska), Arctic (ARCTAS) and North Amer!ca
measurement data to some extent. However, we have used 4[MPEX, INTEX-A, INTEX-B Houston). The observation

available data from each station. Although NorESM cannotCUtoff diameter was 12-14nm in ACE-Asia and PEMT-A,
reproduce the effects of local pollution, the simulations can@nd 8-12nm in other campaigns. The monthly average sim-

provide meaningful information on the background aerosolulated fields are sampled over the regions indicatetlanke

at the site. The names, locations and altitudes of the station@"d Kapusqr(ZOlQ a”‘?' Fig4, .hence.‘ the footprint of verti-
are listed in Tablet. The aerosol observation data are col- €&l Profiles is notidentical in simulations and measurements.

lected from three data bases (EBAS, WDCA and NOAA) and
separate publications, as indicated in Table

The experimental setup varies from one location t0 an-1q stydy aerosol number concentrations over oceans, we
other, and aerosol number concentrations are measured With,5juate NorESM against the data compiledHgintzenberg
either condensation particle counters (CPCs), differential ory; al.(2000. The data set covers all major ocean regions, in-
scanning mobility particle sizers (DMPS/SMPS) or diffu- ¢|yding data from both remote ocean and coastal sites. How-
sion aerosol spectroscopes (DASS). The lower diameter Cutgyer, the data set does not include concentrations from the
off ranges from 3 to 15nm in different stations. Even with Northwestern Pacific, which is a major contributor to parti-
15nm cutoff diameter the measured particle size range coVg|e concentrations in NorESM. We mask out coastal regions

ers basically all aerosol modes in NorESM, as the Sma”eSESupplement Fig. S1) in NorESM and focus on remote ocean
NorESM modes have a median diameter of 24 nm by defau“regions.

If particle size distribution information has been available
for a station, we have omitted the possible smallest size bins
(3—10 nm) from the measured station data. The implemente® Results and discussion
cutoff diameters are listed in Table
Even with the relatively high number of stations, the spa-5-1 General features of simulated number
tial coverage of aerosol number concentration observationsis ~ concentrations and responses to perturbations
rather poor. Most of Europe and parts of North America are__
rather well represented, while e.g. most of South Americal'9ure 1 shows a map of annual-mean (5-year average)

and Africa lack long-term observations of aerosol number.9round-level aerosol number concentration from a simula-
To make up for the unavailability of long-term data sets, wetion with activation-type nucleation and small BC particles
use campaign data to fill some of the spatial gaps (ActNuc_BC24). Highest concentrations are found in Asia,

peaking at 10 000-50 000 crh. Most land areas are covered
4.2 \ertical observations by concentrations above 1000T#) while pristine regions

in Greenland and Antarctica reach concentrations as low as
To complement the limitations of spatially fixed site obser- 100 and 10 cm?, respectively. The model simulates a strong
vations, we use airborne measurements to evaluate the vertiand—ocean contrast (Tab® with number concentrations
cal distribution of NorESM aerosol concentrations. The flight ranging between 890 and 3250cfover land and between
campaign data are extracted from a compilationigrke 250 and 660 cm® over ocean in the NoNuc_BC48 and Act-
and Kapustin(2010, which includes flight campaigns along Nuc_BC48_Nuc10 simulations, respectively.
Asian coastlines (ACE-Asia, TRACEP), South Pacific (ACE-

4.3 Marine boundary layer
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The four panels in Fig2 show the sensitivity of aerosol Table 2. Global average surface-level number concentrations
number concentration to nucleation, SOA formation, BC (cm~3) from model experiments.
emission size and nucleation parameterization.

Nucleation is relatively least effective in the high wind- Global Land Ocean
speed bgnd around ?SS (Fig.2a), vvhich is dominated by sea NOrESM1-M 1534 2230 587
salt particles. Otherwise, nucleation increases aerosol num- NoNuc BC24 973 1489 271
ber concentration over oceans by more than 20 % in large ar- NoNuc BC48 618 890 248
eas. Some continental regions with high primary emissions, ActNuc_BC24 1444 2205 409
such as parts of Asia, show a sensitivity-eb6 % to nucle- ActNuc_BC48 1179 1754 398
ation. In most cases, the increase in aerosol number due to OrgNuc_BC24 1519 2340 403
nucleation is more than 20 %, or even 100-150 % in North ActNuc_BC24_NoSoa 1238 1858 396
America and regional hotspots around volcanoes. The sen-  ActNuc_BC48_NoSOA 960 1384 384
sitivity of aerosol number concentration to nucleation in a ActNuc_BC48_Online 1163 1738 381

certain area is the result of a combination of background ActNuc_BC48_Nuc10 2155 3254 660

particle sink and available vapours (sulfuric acid and organ-
ics). If the background sink is lowered, the relative impor- a
tance of nucleation increases. This can be shown by com-
paring simulations ActNuc_BC24 and ActNuc_BC48 with
their respective _NoNuc counterparts: with a lower sink, nu-
cleation increases continental aerosol number concentratior
by 90% (ActNuc_BC48 vs. NoNuc_BC48), while a higher
background sink shows a lower sensitivity of 50 % to nucle-
ation (ActNuc_BC24 vs. NoNuc_BC24). If SOA formation
is turned off, the sensitivity is further suppressed to 40%
(ActNuc_BC24 NoSOA vs. NoNuc_BC24 NoSOA), illus-
trating the importance of organic vapours for new particle
formation and growth.

As shown in Table2, turning on nucleation increases Figure 2. Surface-level aerosol number concentration differ-
global average number concentration by 560 8nwith ence fields (%) from sensitivity simulations, due (a) nu-
larger BC particles (24 nm), but only by 470 chh with cleation (ActNuc_BC24-NoNuc_BC24)(b) SOA .folrmatlc.)n
smaller BC particles due to increased coagulation sink. De(ACtNuc_BC24-ActNuc_BC24_NoSOA)(c) BC emission size
creasing the SPnucleation-mode diameter to 10 nm in the (.ACtNUC—BC24'ACtNUC—BC48) andd) m.Jdeat'on parameteriza-

. tion (ActNuc_BC24-OrgNuc_BC24). Differences are calculated
tr‘?i;)t(i:ioenlSalmost doubles the simulated global number CONCeNyainst ActNuc_ BC24 simulation (Fig).

In many areas, the organics make a significant contribu-

tion to the increased survival of nucleated particles until they(orgNuc_BC24) can lead to 5-50 % higher concentrations,
the sensitivity of aerosol number concentrations to SOApy sulfuric acid only (ActNuc_BC24). In areas dominated
formation. Since we have not implemented SOA precursolpy anthropogenic emissions, activation-type nucleation (Act-
emissions over oceans, the land-ocean contrast of SOA sefyyc_BC24) leads roughly to 5% higher concentrations than
sitivity is large (Fig.2b): only the Arctic Ocean and westerly organic nucleation. Unfortunately, the spatial distribution of
outflow from South America show concentration increasesine effect of organic nucleation (Figd) corresponds to ar-
above 5 % over ocean. eas with poor coverage of observation stations included in

Decreasing the emission diameter of fossil fuel BC parti-thjs study, rendering it difficult to evaluate the role of organ-
cles from 24 to 12 nm leads to an increase in number concenes on nucleation rate.

tration of about 50—100 % in central Europe and 100-150 %

in polluted Asian regions (Figc). The effect of changesin 52 Comparison to site observations

BC size is generally confined to areas near continental emis-

sion sources, although some signal can be seen in the maiRigure3 shows the locations of the 60 sites used in the anal-

shipping routes in the North Atlantic and Pacific Ocean. ysis. We investigate the performance of NorESM with re-
Although the global aerosol number concentration isspectto number concentration bias, defined as the difference

not sensitive to the choice of nucleation parameterizatiorbetween simulated and observed monthly average aerosol

(5%, Table2), Fig. 2d shows interesting spatial differences number concentration. We also calculate the correlation co-

from ActNuc_BC24 and OrgNuc_BC24 simulations. In ar- efficients R? between the simulated and observed monthly

eas with strong biogenic VOC emissions, organic nucleatiormean concentrations to evaluate the simulated intra-annual
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variation of concentrations. The colour code of each stationing in many global aerosol models. However, marine VOC
in Fig. 3 indicates the number concentration bias in simula-emissions are neglected. In the NorESM version used in this
tion ActNuc_BC48 (blue: bias —20 %, red: bias- 420 %). study, the DMS emissions are prescribed daily fields for each
The contours in the background show simulated aerosogrid box, hence they are not affected by model meteorology.
number concentrations from the ActNuc_BC48 experiment. The number concentrations at Samoa, Sable Island and
The stations are divided into six groups. First, we sep-Cape Point are rather well simulated, if nucleation is included
arate stations in the Arctic (Pallas, Varrid, Zeppelin andin the model. In marine sites, switching on nucleation turns
Point Barrow) and Antarctic (Dome C, South Pole, Troll and the negative bias 0f 53 to —31 % (no nucleation) to a pos-
Neumayer). Next, we group stations located at high altitudeitive bias of 25-39 % (nucleation on). With the exception of
(1000 ma.s.l.). However, some high-altitude stations belongSable Island, the seasonal cycle is not improved by including
to other groups based on their location or representativenesgither nucleation or SOA formation in the simulation. Dur-
Finally, we group remaining stations as marine, remote oring the period January—May, nucleation is needed to explain
rural. We use the classifications 8pracklen et al(2010 concentrations in Cape San Juan; however nucleation over-
andHenne et al(2010 as guidance. While some stations are estimates concentrations during the rest of the year.
representative of a rather homogeneous region, other stations The model fails to simulate the seasonal concentration
might exhibit diverse concentrations depending on e.g. windvariation at Mace Head in the Northern Hemisphere and at

direction. Cape Grim in the Southern Hemisphere: at both locations,
NorESM clearly overestimates the concentrations during
5.2.1 Arctic sites summer and underestimates during winter. However, the ob-

servations at Mace Head and Cape Grim are highly variable,
The comparison against Arctic sites is shown in FigThe  with even a factor of 3—4 between observed monthly mean
simulations capture the seasonal variation in the Arctic withand median concentrations. The coastal areas at Mace Head
correlation coefficients ranging from? = 0.25 without nu-  are a source of iodine compounds, which have been sug-
cleation to R? =0.51 with nucleation included. The Arc- gested as precursors for nucleati@@owd and Hoffmann
tic sites Barrow and Zeppelin show very similar observed2005. These iodine nucleation events are not included in the
number concentration patterns with annual maximum (mini-model, which can account for a large fraction of the discrep-
mum) in July (October). In the Arctic, larger BC particles im- ancy between NorESM and observations. For Cape Grim, the
prove correlation with observations as compared to smallesimulations without nucleation correlate well with the ob-
BC size. Although Pallas and Varrid are high-latitude sites,served monthly median values, but all model experiments fail
they are heavily influenced by terrestrial biogenic emissionsito reproduce the mean concentrations. ASracklen et al.
when turning SOA production off in the model, the num- (2010, the model has difficulties in simulating the high mean
ber concentrations decrease to the same level as in simwoncentrations observed at Cape Grim during winter months:
lations without nucleation. The model simulations includ- in Spracklen et al(2010, the model results are generally
ing nucleation and SOA formation overestimate the summeroutside one standard deviation of the observations during
number concentrations in Pallas and Varrid, perhaps indithe period May—September, although it seems that increas-
cating too high sensitivity of new particle formation to or- ing the primary sulfate emissions slightly improves the sim-
ganic vapours. On the other hand, simulations without nu-ulated winter concentrations. The winter concentrations in
cleation or SOA formation underestimate the concentrationdNorESM are fairly insensitive to the simulated experiments.
and magnitude of the seasonal cycle. At Point Barrow, theHowever, the observed variability of aerosol concentration at
model simulates two distinct concentration peaks in April- Cape Grim is considerable, and simulations without nucle-
May and July—August, while only the latter is found in the ation can capture the median concentrations throughout the
observations. The concentrations at Zeppelin are well reproyear. The model also has trouble reproducing the relatively
duced, although winter concentrations are somewhat overesonstant concentrations at Trinidad Head, where the over-
timated. The aerosol concentrations in the Arctic are sensiestimation of intra-annual variation is largely due to SOA:
tive to transport, and the simulation ActNuc_BC48_Online the _NoSOA experiments are almost identical to simulations
with different meteorology yields the highest correlation co- without nucleation.
efficient of R> =0.62 and a bias 0#-22 %, mostly due to
differences at Point Barrow and Zeppelin stations. 5.2.3 Antarctic sites

5.2.2 Marine sites The Antarctic aerosol loading is affected by natural emis-
sions of sea salt and DMS as well as long-range transport of
NorESM has difficulties in simulating the number concen- dust and anthropogenic pollutioKyro et al, 2013. Local
trations in marine areas (Fi§), where R? varies between and regional new particle formation can also increase num-
0.09 and 0.17. NorESM includes a natural primary organicber concentrations in the AntarctiKyro et al, 2013. The
aerosol marine sourc&ifkevag et al, 2013, which is miss-  simulated Antarctic number concentrations are dominated by
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Table 3.Mean bias (%) and correlation coefficieR€ calculated over all stations and six regions.

All Arctic Marine Antarctic High altitude Remote Rural
BIAS (%) R? BIAS(%) R? BIAS(%) R? BIAS(%) R? BIAS(%) R? BIAS(%) R2? BIAS (%) R?

NorESM1-M 33 038 39 043 47 017 16 0.88 88 0.49 -8 0.36 20 0.27
NoNuc_BC24 —27 0.30 —-24 0.25 —31 0.09 —47 0.82 —45 040 -34 032 -6 0.8
NoNuc_BC48 —64 0.35 -37 031 -53 0.15 —47 081 —69 0.39 -66 0.35 -69 0.31
ActNuc_BC24 20 0.40 38 0.48 39 013 -39 0.83 22 050 11 038 27 034
ActNuc_BC48 -5 041 31 051 25 0.12 -39 0.83 9 051 -11 0.38 -18 0.38
OrgNuc_BC24 20 0.39 54 0.43 41 013 -39 083 20 0.49 12 0.36 25 0.34
ActNuc_BC24_NoSOA 2 038 -15 0.30 11 0.15 —40 0.83 10 0.47 -17 048 17 0.29
ActNuc_BC48_NoSOA —-25 0.42 -24 041 -5 015 —-41 0.83 -3 048 —41 053 -31 0.38
ActNuc_BC48_Online -8 043 22 062 23 015 -36 0.76 4 051 -11  0.40 -20 0.39
ActNuc_BC48_Nuc10 81 0.38 349 047 160 0.10 17 053 94 0.45 48 0.38 31 037

10000

1000

o Z | o0

i | . i 1
180°W 120°W 60°W 0° 60°E 120°E 180°W
Figure 3. Locations of the sites used in this study coloured based on median number bias calculated from ActNuc_BC48. Red (blue)

indicates a positive (negative) number bias higher than 20 %, while green shows stations with low2ii@); The background contour
shows number concentrations (cf) from ActNuc_BC48 simulation. Size and outline colour of selected markers is adjusted for readability.

organic aerosol originating both from the Southern Oceanmonthly correlations against observations. The correlation
and continental sources, with some contribution from nucle-coefficients averaged over all 14 sites range from 0.39 to
ation occurring at higher altitudes and transported to ground.51. While simulations without nucleation clearly underes-
level. The simulated number concentrations in the Antarc-timate concentrations, including nucleation improves model
tic (Fig. 7) are rather insensitive to the performed model pa-bias and increases correlation coeffici&itfrom 0.39-0.40
rameter perturbations, although the simulations with originalto 0.50-0.51 (ActNuc_BC24 and ActNuc_BC48).
NorESM1-M setup and experiment ActNuc_BC48 Nucl0 The model strongly exaggerates the intra-annual variation
are somewhat separated due to strong nucleation in sunmin Storm Peak Laboratory site, while the model can only
mer. All simulations show very high correlation with obser- explain about 10% of the wintertime concentrations. The
vations, withR? ranging from 0.76 to 0.88 (excluding Act- Storm Peak measurement station is located very close to the
Nuc_BC48 Nucl0). Except for the South Pole site, the sumNiwot Ridge station. Although the measurements at Niwot
mer concentrations are generally underestimated. The exRidge station were heavily influenced by local pollution from
tremely low observed winter concentrations of few tens tolower elevations, the simulations with nucleation (including

100 cnt 2 are well reproduced by NorESM. NorESM1-M) reproduce the observed concentrations very
well except for an overestimation during late summer. In
5.2.4 High altitude sites many high-altitude sites the annual average concentrations

are well reproduced, but the rise in number concentrations
é'n early spring is usually underestimated (Jungfraujoch, Puy

From the six categories in this study, the model performanc . . -
g Y P de Db6me, Zugspitze, Moussala, Mount Washington, Monte

for high-altitude sites (Fig8) is second-best in terms of
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similar in model results, while the simulated wildfire eventin
May is observed only in Tomsk.

5.2.6 Rural sites

With the high anthropogenic emissions at the rural sites,
the model performance is highly sensitive to the selected
model parameters (Figd0 and 11). The R? ranges from
0.21 with NoNuc_BC24 to 0.38 with ActNuc_BC48 and
the bias ranges from a clear underestimatior-69 % with
NoNuc_BC48 to+31% with ActNuc_BC48_Nucl0. Al-
though improving model bias, decreasing the BC emission

0° 60°E 120°E 180°W 120W 60°W 0° size from 24 to 12 nm decreases the correlation coefficient
[ T from 0.38 to 0.34 and from 0.31 to 0.18 with and without nu-
100 1000 10000 cleation, respectively. The original NorESM1-M has a bias of

Figure 4. Locations of flight observation campaigns used in this +20 %, and including a mechanistic model for new particle
study. The regions and flight observation data are f@arke and ~ formation can significantly improve the modelled seasonal
Kapustin(2010. Background colour corresponds to aerosol numbercycle. Also, disabling SOA formation in the model degrades
concentration (cm3) in simulation ActNuc_BC48. the simulated seasonal cycle.

NorESM can clearly not reproduce the high concentrations
in the Po Valley or Ispra during wintertime, possibly due
to omitted seasonality of anthropogenic emissions, overes-
timated scavenging or difficulties in simulating the bound-
%ry layer structure and topography with the coarse spatial

2 _
\t/\r/]en reprodtjc?dk —0.47 for ,Iﬁlxctl\ll_u;:ﬁBC4g_Nuglo)i t;“t resolution of NorESM. Although NorESM can capture the
€ concentrations are generally sightly uhderestimated. transport of pollutants from Northern Africa to 1zafia, the lo-

. There is a strong cpntras_t bef(we_en model ?”d observaéal sources (vehicles, ships) dominate the observed number
tions at Mauna Loa: simulations indicate very high concen-

: . : concentrations at the urban sitednzalez et al.2011). The
trations, mainly from nucleation (even90 %), whereas the « a 3

: A L concentrations at the Indian Himalayan station are well sim-
observations show very little intra-annual variation and low

concentrations. The SCemissions from Mauna Loa vol- ulated without nucleation (NoNuc_BC482 = 0.62). Turn-
cano have beén reported declining, falling under detectioning on nucleation (ActNuc_BC48) does notimprove the cor-
o P 9, gL . ._relation between measurements, but leads to a slight overes-
limits by the year 2000. However, the volcanic emissions in

R timation. The location is very much affected by local emis-
NorESM, based on the AeroCom emission inventory, show y y

high SG emission from the Kilauea volcano. Also, Mauna sions in the simulations: decreasing BC emission size to
9 5 . N ' 12 nm increases the simulated number concentrations by as
Loa stations is located at near 4000 m altitude, and model re-
much as a factor of 4.
sults from NorESM show strong transport from the western
United States towards Mauna Loa during the summer (se

comparison to INTEX-B Hawaii in Sech.4).

Cimone). The only South American station in this evaluation

$.2.7 Global-scale analysis against station observations

Mean (median) correlation coefficients (TaB)eof monthly
5.2.5 Remote sites averages calculated over all stations range from 0.30 (0.23) in

NoNuc_BC24t0 0.42 (0.50) in ActNuc_BC48 _NoSOA. The
At all remote stations except Listvyanka and Preila, theonline meteorology simulation ActNuc_BC48 Online (me-
observed winter concentrations are well captured by thedian R2 =0.46) performs somewhat better than the offline
model (Fig.9). However, the summer concentrations are gen-version ActNuc_BC48 (mediafR? = 0.43), which could in-
erally overestimated (underestimated) by simulations withdicate that the meteorology (transport, deposition) in the
(without) nucleation. Since the seasonal cycle is generallyonline simulations is on average closer to the actual me-
overestimated in simulations with nucleation, turning off teorology during observations. Averaged over all stations,
SOA formation actually improves the correlation coeffi- larger fossil fuel BC particles (BC48) result in better corre-
cient (fromR? = 0.38 toR? = 0.48-0.53). Still, simulations lation than the smaller 12 nm particles. Without nucleation,
without SOA formation underestimate overall concentrationsthe mean (median) correlation is increased from 0.30 (0.23)
with a bias of—17 to —41 %. The local concentration mini- to 0.35 (0.31) when doubling of the BC emission size
mum, observed during July—August at Birkenes, Aspvreten(NoNuc_BC24 vs. NoNuc_BC48). With nucleation turned
Hyytiala and Vavihill, is not reproduced in the model simula- on in the model, the respective mean (median) correlation
tions. The neighbouring stations Listvyanka and Tomsk seentoefficient increases from 0.40 (0.39) to 0.41 (0.43) due
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Figure 5. Comparison against Arctic site observations. The year range used for observation averaging is indicated at the top of each panel.
The vertical axis is not scaled to include simulation ActNuc_BC48_Nucl0. The pie charts indicate the relative contribution of aerosol
components to number concentration in NorESM simulations (ActNuc_BCA48) in February, May, August and November. Included aerosol
components are sea salt, sulfate, mixed OM/BC mode, dust and fossil fuel BC. For a detailed description of the NorESM aerosol model, see
Kirkevag et al.(2013.
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Figure 6. As Fig.5, but for marine sites.
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Figure 7. As Fig. 5, but for Antarctic sites.

to doubling of BC emission size. Again, it is important to  There are several stations where the correlation between
remember that the anthropogenic emissions, such as fosbserved and measured monthly averages is pRok(0.1):
sil fuel BC, do not include any intra-annual cycle, which Botsalano, Marikana, Mace Head, Cape Grim, K-Puszta,
can affect the resulting correlation. Although FRyshows  Trinidad Head and Lulin. At all of these stations except
the strong effect from nucleation itself, the performance of Trinidad Head and Marikana, the2 also varies less than
activation-type and organic nucleation are rather similar, re-0.07 between experiments. It is clear that the performed sim-
sulting in a bias 0f-20 % and correlation coefficients of 0.39 ulations and sensitivity experiments cannot capture the un-
(OrgNuc_BC24) and 0.40 (ActNuc_BC24). certainties related to the discrepancy between model and ob-
Simulations without nucleation lead to a low bias-e64 servations. On the other hand, there are locations where the
and—27 % and the smallest correlation coefficients of 0.35 R? varies more than 0.5 between simulations: Indian Hi-
and 0.30 for NoNuc_BC48 and NoNuc_BC24, respectively.malaya, Bondville, Sable Island, Ut6 and Thompson Farm.
Turning on nucleation in the simulations reduces the bias
to —5 and+20% and increases the correlation coefficient5.3 Campaign observations
to 0.41 and 0.40 for ActNuc_BC48 and ActNuc_BC24, re-
spectively. Averaged over all stations, SOA formation doesLangley et al.(2010 presented aerosol humber and CCN
not have a large effect on the seasonal cycle: the meanoncentrations from ship cruises in the North Pacific Ocean.
(median) R? is 0.42 (0.42) and 0.41 (0.43) with Act- The average aerosol number concentration observed between
Nuc_BC48_NoSOA and ActNuc_BC48, respectively. How- 9 and 27 July 2002 was 500 ¢y which is close to the
ever, with large BC emission size, simulations without SOA July average of 575 cn? found in the ActNuc_BC48 sim-
formation clearly underestimate the observed number conulation. Rissler et al.(2006 investigated results from the
centrations. LBA-SMOCC campaign in Amazon, Brazil. Total aerosol
Although the mean bias oft33% for the original number concentrations of 114406790, 555Gt 3170 and
NorESM1-M setup indicates clear overestimation of aerosol2070+1790cn? were found for dry (11 September—
number, the number of stations with a bias betwe@® % 8 October), transition (9-30 October) and wet season
and +30% is almost identical (28-29) in NorESM1-M, (31 October—14 November), respectively. The correspond-
OrgNuc_BC24, ActNuc_BC24 and ActNuc_BC48. On the ing simulated concentrations from the ActNuc_BC48 simu-
other hand, the median bias calculated over all ten experilation are 24 000, 6000 and 2600€mlthough the dry sea-
ments exceeds$-30 % at 12 stations and is belon30% at ~ son number concentration is overestimated by the model, the
21 stations. While there are more stations where NorESM untransition to wet season is well reproduced.
derestimates aerosol number concentrations, the overestima-
tions for certain stations are considerable. Averaging over alb.4 Vertical observations
stations in the Northern Hemisphere, all model experiments
generally underestimate aerosol number concentrations duiFhe vertical aerosol number concentrations profiles are com-
ing October—May and overestimate in the summer time. pared againsClarke and Kapustirf2010 in Fig. 12. The
comparison covers 12 flight campaigns over Asia, the Pacific
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Figure 8. As Fig.5, but for high-altitude sites (over 1000 ma.s.l.).

Ocean, the Arctic, North America and the Atlantic. The areasticle size leads to a slight overestimation of particle num-
are shown in Fig4. ber above 3km. In TRACE-P and INTEX-A, the simulations
In Asian (ACE-Asia, TRACE-P) and North American are generally within one standard deviation of observations.
(INTEX-A) outflow regions the shape of the vertical pro- In these three regions, the observed increase in concentra-
file and the number concentrations are well simulated, with aions with altitude above 4-5km is successfully simulated
steep gradient between the surface and 3 km altitude. Eveanly for INTEX-A, and to some extent for TRACE-P in sim-
with a factor of 3 difference in simulated concentrations, ulations with smaller diameter for nucleated particles (Act-
NorESM underestimates the observed high concentrationdluc_BC48 Nuc10).
below 1 km altitude in TRACE-P and INTEX-A. Although The observed gradient between 3 and 6km in ACE-1 is
the high mean concentrations at low altitudes in TRACE-Preproduced by NorESM, even though the concentrations are
and INTEX-A are not captured, the median vertical profiles generally underestimated. The simulated low-level concen-
in the three regions including ACE-Asia are well simulated. trations are greatly affected by continental Australian emis-
In ACE-Asia, including nucleation or using small BC par- sions, which are not sampled during ACE-1 flights. NorESM
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Figure 9. As Fig. 5, but for remote sites.

fails to reproduce the steep gradient in the free troposphere Further north over the Pacific Ocean are the INTEX-B
over the Pacific Ocean (PEMT-A and PEMT-B), where ob- Alaska and more continentally influenced IMPEX profiles.
servations show aerosol concentrations increasing by a fad@bservations in both INTEX-B Alaska and IMPEX show
tor of 2-5 between 1 and 8 m. Only the experiment with a steep gradient between surface and 3—6 km altitude. Al-
increased sensitivity to nucleation (ActNuc_BC48_Nucl0)though simulations are in the uncertainty range of observa-
shows some increase in concentration with altitude abovdions, NorESM has difficulty in reproducing the observed
4 km. However, ActNuc_BC48_Nucl0 clearly overestimatesprofile in either region. In IMPEX, nucleation and SOA for-
concentrations below 3km in PEMT-B. The simulated peakmation increase particle number concentrations at 0—2 km
between 1 and 2 km in PEMT-A originates from South Amer- altitude by as much as 250 and 50%, respectively, but
ican OC emissions and is not visible in averaged observedhe model still underestimates the observed concentrations.
concentrations. However, the observed variation in PEMT-In both INTEX-B and IMPEX, decreased nucleation-mode
A is large Clarke and Kapustin2010. North of PEMT-A  size (ActNuc_BC48_Nucl0) increases number concentra-
and PEMT-B, the region of INTEX-B Hawaii receives sig- tions below 2 km, but the model still likely underestimates
nificant concentrations via long-range transport from bothsurface sources. In INTEX-B Alaska, the simulated pro-
Asia and North America, which is visible also in Fig.Even  file is dominated by long-range transport from Asia and
though the amount of observed profiles in INTEX-B Hawaii is almost the opposite of the observed profile. The ARC-
is the lowest ofClarke and Kapustii2010, the concentra- TAS campaign region is located just north of INTEX-B
tions around Hawaii are rather well simulated. Alaska. NorESM simulates rather well the observed con-
centrations increasing with altitude in ARCTAS, although
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Table 4.Description of surface sites used in the model evaluation. Source of data: EBAS (E), WDCA (W), NOAZp(bigklen et al(2010
(S), published data (P). The minimum cut-off diametegiglps well as covered measurement years are indicated for each station.

Station Long Lat MASL Years dpt (nm)  Source  Reference

Aspvreten 17.4E 588N 25 2000-2006 10 S Tunved et al(2009

Point Barrow 156.6W 713N 11 1997-2011 14 E Bodhaine(1989

Birkenes 8.2E 584N 190 2006, 2008-2011 10 E Amundsen et al(1992
Bondville 88.24W 40.0°N 213 1997-2003 14 E Delene and Ogre(2002
Boone 8L.YW  36.2N 1100 2009-2011 10 E Kelly et al. (2013

Bosel 79E 53.0N 17 2010-2011 10 E Birmili et al. (2009h
Botsalano 25.8E 258%S 1424 2006-2007 12 P Laakso et al(2013
Cabauw 4.9E 520N 60 2009-2010 10 E Russchenberg et §2005
Cape Grim 1449E  406S 94 2002-2005 3 w Gras(1999

Cape Point 18.5E 34.£S 230 2006-2011 10 E Brunke et al(2012); Labuschagne et (2012
Cape San Juan 65.8V 18.#N 66 2005-2011 10 E Gioda et al(2011)

Cape St. James 132w 519N 92 2005 10 N

Castle Springs 718N 43PN 406 2001-2008 7 S

Dome C 1234E 75.PS 3200 2007-2009 10 P Jarvinen et al(2013
Finokalia 25.7E 353N 250 2009-2010 10 E Mihalopoulos et al(1997)
Harwell 1.3W 51.8N 126 2006-2007, 2010 10 E Charron et al(2007)
Hohenpeissenberg 1.8 47.8 N 980 1998-2000 10 E Birmili et al. (2003

Hyytiala 243 E 61.9N 180 1997-2000 10 E Hari and Kulmalg2005
Ispra 8.6E 458N 209 2008-2010 10 E Gruening et al(2009

Izana 16.8W 283N 2373 2006-2010 10 E Rodriguez et al2009; Garcia et al(2013
Jungfraujoch 8.9E 46.% N 3580 2008-2009 10 E Weingartner et al{1999
Kosetice 15.1E 49.6N 534 2009-2011 10 E Zikova and Zdima{2013; Asmi et al.(2011)
K-Puszta 19.6E 47.0N 125 2006-2007 10 E Kiss et al.(2002

Listvyanka 104.9E 519N 750 2005-2006 3 S Dal Maso et al(2008

Lulin 1202E 235N 2862 2008-2012 10 E Wai et al.(20089

Mace Head 9.9W 53.3N 5 2002-2010 10 E O’Dowd et al.(1998
Marikana 278E 25 7S 1170 2008-2010 12 P Laakso et al(2013

Mauna Loa 1558W 19.5N 3397 1999-2003 14 E Bodhaine(1983

Melpitz 12.9E 51.5N 84 1996-1997, 2003 3 S Engler et al(2007)
Montseny 24E 418N 720 2009 10 E Pandolfi et al(2011)

Monte Cimone 10.7E 442N 2165 2010-2011 10 E Bonasoni et al(2000; Marinoni et al.(2008
Mount Washington 718W 443N 1910 2002-2005 10 S Venzac et al(2009
Moussala 23.8E 422N 2925 2009-2010 10 E Nojarov et al.(2009

India Himalaya 79.6E 29.#4N 2180 2005-2008 10 S Komppula et al(2009
Nepal C.O. 86.8E 27.9N 5079 2007-2008 10 S Venzac et al(2008; Bonasoni et al(2010
Neumayer 8.3W 70.7S 42 1995-2010 14 E/W  Weller et al.(201])

Niwot Ridge 105.8W 40.0°N 3000 1993-1995 10 N Veltkamp et al(1996

Pallas 241E 68.0N 340 2008-2010 10 E Komppula et al(2003

Pico Espejo 71aW 8.5°N 4775 2007-2009 10 S Schmeissner et a(2017)

Po Valley 11.6E 44PN 11 2002-2006 3 S Hamed et al(2007)

Preila 21.2E 558N 5 2009-2010 10 E Ulevicius et al(2010

Puy de Déme 30E 458 N 1465 2009-2011 10 E Venzac et al(2009

Sable Island 600W 439N 5 1996-1999 10 E Delene and Ogre(2002
Samoa 1708w 14.3S 77 1997-1999, 2004-2006 14 E Bodhaine and DeLuigi1985
Schauinsland TE 47.9 N 1205 2006-2010 10 E Birmili et al. (2009H
Southern Great Plains 978/  36.66 N 320 1997-2003 10 E Delene and Ogre(2002
South Pole 2438W 90.00S 2810 1997-2003 14 E Bodhaine et al(1989

Storm Peak 106°W 40.4£N 3210 1998-2010 10 E Hallar et al.(2011, 2013
Taunus Observatory SE 50.2N 810 2008-2009 10 S

Thompson Farm 28°E 43.PN 75 2001-2009 7 S Ziemba et al(2006

Tomsk 85.2E 56.% N 170 2005-2006 3 S Dal Maso et al(2009
Trinidad Head 1242W 41.0°N 107 2002-2011 14 E Allan et al.(2004

Troll 25°E 72.0S 1309 2007-2009, 2011-2012 10 E Hansen et al(2009

Utd 21.48E 59.8N 8 2003-2006 7 S Dal Maso et al(2008
Varrié 29.6E 67.8 N 400 1998-2006 8 S Dal Maso et al(2008
Vavihill 13.2°E 56.0N 172 2010-2011 10 E Kristensson et a(2008
Waldhof 10.8E 52.8N 75 2009-2011 10 E Birmili et al. (20098
Weybourne 11E 53.0N 21 2005 10 S

Zeppelin 11.9E 789N 474 2000-2010 20 P Strém et al(2003; Tunved et al(2013
Zugspitze 11.0E 478N 2650 2004-2007 12 E Birmili et al. (20093

all experiments likely underestimate the observed concenshows concentrations of 170 and 240¢in March and

trations. The original NorESM1-M performs best in terms April, respectively (Fig5). The March concentration in Bar-
of concentration gradient and absolute concentrations. Theow is well simulated in all experiments, but the April con-
study region of ARCTAS contains the Barrow station, which centration is overestimated by the NorESM1-M simulation.
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Figure 10.As Fig.5, but for rural sites.

The MIRAGE and INTEX-B Houston observations cover The increase in number concentration due to nucleation at
a similar area around Mexico, and show high concentrations88 km altitude ranges from-50% at INTEX-B Hawaii and
(e.g. from Mexico City) near surface as well as above 2 kmACE-Asia to+400 % at INTEX-A.
altitude. The model shows high concentrations near surface The sensitivity simulations for the assumption of BC par-
(over 4000 cm®), but is still underestimating the observed ticle size apply only to fossil fuel emission diameter. Hence,
values. Only the original NorESM1-M can reproduce the ob-the effect of BC particle size is large close to surface near
served maxima around 3-4 km to some extent. It should beemission sources and higher up in the atmosphere of main
kept in mind that the NorESM profiles are monthly averages.transport regions. Indeed, decreasing the BC particle size

Overall, most simulations produce similar shapes of verti-from 24nm to 12nm (ActNuc_BC24 vs. ActNuc_BC48)
cal profiles for the cases studied here. Eighty per cent of thaloubles the near-surface (0—1 km) particle number concen-
simulated concentrations are within one standard deviatiorirations in ACE-Asia and TRACE-P. Transported BC par-
of measured concentrations; however, the model is genetticles are important in ARCTAS, INTEX-B Hawaii and
ally biased low. Nucleation is relatively efficient in increas- INTEX-B Alaska, where the decrease in BC patrticle size
ing number concentrations near surface (below 2 km) and irincreases number concentrations by 25 % (at 5 km), 30 % (at
the upper troposphere. Nucleation can increase concentr&km) and 25 % (at 4 km), respectively. In other regions, the
tions near surface by a factor of 5 at INTEX-A, MIRAGE effect of BC size is rather insignificant.
and INTEX-B Houston (ActNuc_BC48 vs. NoNuc_BC48).

Atmos. Chem. Phys., 14, 5125152 2014 www.atmos-chem-phys.net/14/5127/2014/



Castle Springs, 2001-2008

10000
9000
8000
7000
6000

CN (cm™3)

4000

3000 F

2000
1000

5000 f,

0
J

FMAM]J] ] ASOND
Marikana, 2008-2010

nog o0

FMAM]J] ] ASOND
India Himalaya, 2005-2008

FMAM]J) ] ASOND

Thompson Farm, 2001-2009

. Makkonen et al.: NorESM aerosol number concentrations 5143

Taunus Observatory, 2008-2009 Montseny, 2009

12000 ‘ . . ‘ 9000

10000 8000
7000

% 6000

55000

Z 4000
3000
2000 F=
1000F..

@ 8000

5

= 6000

(&}
4000
2000

0 0
] FMAM)] ] ASOND ] FMAM)] J] ASOND
Botsalano, 2006-2007 Harwell, 2006-2007, 2010

2888 o o () o 10000} @ o o ()
7000
& 6000
£ 5000
Z 40007
3000
2000
1000

0 0
J] FMAM])] ] ASOND J] FMAM])] ] ASOND
Bondville, 1997-2003 Southem Great Plains, 1997-2003

12000 8000
@ © o o e e e o

10000
6000

m

£ 5000

= 4000

=2

“ 30001}

& 8000

£

S 6000

© 4000
2000

0
J FMAM) ] ASOND

10000 ‘ . . . X  Observation (mean)

8000
& 6000
£
S 4000f
= 3

2000

O  Observation (median)

NorESM1-M
NoNuc_BC24
NoNuc_BC48
ActNuc_BC24
ActNuc_BC48
OrgNuc_BC24
ActNuc_BC24_NoSOA
ActNuc_BC48_NoSOA
ActNuc_BC48_Online

ActNuc_BC48_Nucl0

Figure 11.As Fig.5, but for rural sites (continued from Fig0).

With the current implementation of SOA formation mech- 5.5 Number concentration over oceans
anism, the effect of SOA on number concentrations in Eiy.
is generally below 50 %. With SOA precursor emissions in a
region with significant nucleation, the organic vapours canFigure 13 shows the comparison of remote ocean number
greatly increase particle survival rates. Figshows rather  concentrations from NorESM against the data set compiled
high sensitivity of number concentration to SOA formation by Heintzenberg et al(2000. Even over remote ocean ar-
in the region of ARCTAS. However, the ARCTAS campaign eas, the simulated concentrations are very sensitive to nucle-
was conducted in March—April, when the BVOC emissions ation and BC size. SOA formation has virtually no impact in
are rather low. The effect of SOA formation is 15-30 % be- simulations without nucleation, but in simulations with nu-
low 1km in ARCTAS, 5-8% between 2 and 8km. Due to cleation the SOA formation increases number concentrations
transport from South America to the region of PEMT-B, the by 15-20 %. All simulations fail to match even the observed
effect of SOA can be seen to be increasing with altitude,uncertainty range between 40228 which could be due
reaching a maximum of 15 % at 8 km.

to coastal influence in the observations (South Africa, Aus-
tralia). Also, the concentrations near the Antarctic are some-
what low compared to observations, which was also observed
in the Neumayer and Troll stations. The underestimation in
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Figure 12. Comparison of NorESM aerosol number concentrations against flight observations compiiliedieyand Kapustif2010. The
observed mean values (black crosses) are surrounded by one standard deviation, and observed median value is denoted by black circles. Lit
colouring is explained in legend in top-left panel.

the Southern Hemisphere and overestimation in the Northeraverage number concentrations ranged from 10%cmear
Hemisphere was also found 8pracklen et al(2010. the South Pole to over 10 000 crhin polluted environments.
The aerosol module in NorESM1-M was further devel-
oped to improve the representation of atmospheric nucle-
ation and SOA formation. Evaluating NorESM against site
6 Conclusions observations revealed information on the relative importance
of several processes contributing to aerosol number concen-

The Norwegian Earth System Model, NorESM1-M, was trations. Simulations with nucleation switched off showed

evaluated against atmospheric observations of aerosol nunf large negative bias{64 %, NoNuc_BC48). The bias can
ber concentration. The measurement data consisted of 68€ reduced (te-26 %, NoNuc_BC24) by adjusting the size

stations with varying data amounts, flight observation cam-of emitted fossil fuel BC primary diameter from 47.2 to

: : . 2 ;
tion of marine aerosol concentrations. The observed monthlypeasonal cycleR” decreases from 0.34 to 0.29). Introducing

Atmos. Chem. Phys., 14, 5125152 2014 www.atmos-chem-phys.net/14/5127/2014/



R. Makkonen et al.: NorESM aerosol number concentrations 5145

o~ 1400 210x 280km at the Equator. The model can therefore not
§1200 g 8gservat@on gmedia)n) take into account e.g. complex topography around mea-
servation (mean . . . .
'Elooo NorESM1-M surement sites. Also, the 60 stations included in the study
g g0 - mgmg-ggig present varying degrees of spatial footprint: some stations
§ 600 —— ActNuc_BC24 are strongly influenced by local point sources, while others
£ o T oL Beas are surrounded by rather homogeneous environment. Some
5 ool W LTI DR e ActNuc_BC48_NoSOA of the local source effects could be removed by e.g. filtering
2 ==:+ ActNuc BCA8 Online out aerosol observation from certain wind sectors, which was
80 -60 40 -20 0 20 40 60 80 not accounted for in this study.

Latitude
One inherent model deficiency is the lack of intra-annual

Figure 13.Comparison of NorESM simulations against the data setygriation in the anthropogenic aerosol and precursor emis-

compiled byHeintzenberg et a(2000. The model data is masked  sjons in most global emission inventories (e.g. AeroCom).

to include only remote oceans (see Supplement Fig. S1). which could have a significant effect on aerosol number con-

centrations on some of the studied stations. The applied emis-
sions are for the year 2000, and might not adequately repre-

explicit nucleation parameterizations in the model improvessent the actual emissions during the observations.

both seasonal cyclerR€ =0.40-0.42) and model bias (to  Although the study was able to utilize aerosol observation

—5-21 %). Although generally overestimating observed con-data from 60 stations with varying amount of data, the role

centrations (bias- +33 %), the aerosol microphysics in the of long-term aerosol measurements for model evaluation re-

original NorESM1-M reproduced the seasonal cycle rathemrmains critical. In many cases a point-by-point comparison

well (R2 =0.37). between a global aerosol model and observation is not feasi-
Considering the difficulties in modelling the dynamics of ble, which limits the applicability of campaign data for model

aerosol population in a global climate model, the NorESM evaluation. Also, the airborne observations of aerosol verti-

performs well compared to several other mod&précklen  cal profiles are extremely useful when analysing the overall

etal, 2010 Makkonen et a|.20123 with global median cor-  performance of model transport coupled with aerosol micro-

relation coefficient oR? = 0.40 and bias= —6 % inthe Act-  physics.

Nuc_BC48 simulation. Coupling aerosols to model physics

affected the atmospheric circulation, resulting in somewhat ) S ] )

improved resultsR? = 0.42). However, the model has clear The Supplement related to this article is available online

difficulties in explaining number concentrations in certain lo- &t d0i:10.5194/acp-14-5127-2014-supplement

cations. A dominant problem of the model is overestimation

of the seasonal variation over continents, which is possibly

both due to overestimated sensitivity to biogenic emissions

and underestimated sink for condensing vapours and smalcknowledgementsR. M. acknowledges CRAICC and EU FP7
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