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Abstract. Nucleation from the gas phase is an important We explain the higher effect of aerosol nucleation on Earth’s
source of aerosol particles in the Earth’s atmosphere, conradiative forcing over the oceans with the larger area covered
tributing to the number of cloud condensation nuclei, which by ocean clouds, due to the larger contrast in albedo between
form cloud droplets. We have implemented in the aerosol-clouds and the ocean surface compared to continents, and the
climate model ECHAM5-HAM a new scheme for neutral larger susceptibility of pristine clouds owing to the saturation
and charged nucleation of sulfuric acid and water based omf effects. The large effect of charged nucleation in our simu-
laboratory data, and nucleation of an organic compound andhations is not in contradiction with small effects seen in local
sulfuric acid using a parametrization of cluster activation measurements: over southern Finland, where cluster activa-
based on field measurements. We give details of the imtion proceeds efficiently, we find that charged nucleation of
plementation, compare results with observations, and invessulfuric acid and water contributes on average less than 10%
tigate the role of the individual aerosol nucleation mecha-to ultrafine aerosol concentrations, in good agreement with
nisms for clouds and the Earth’s radiative forcing. The re-observations.

sults of our simulations are most consistent with observations
when neutral and charged nucleation of sulfuric acid proceed
throughout the troposphere and nucleation due to cluster ac-
tivation is limited to the forested boundary layer. The glob- 1

ally averaged annual mean contributions of the irwli\/idualAerosol nucleation from the gas phase is an important source
nucleation processes to total absorbed solar short-wave ra- gasp P

diation via the direct, semi-direct, indirect cloud-albedo andOf aerosol particles in the Earth's atmosphere, contributing

cloud-lifetime effects in our simulations arel.15 W/n? for tzooglpe r\::hrinckr)]efrotr);]clccl)g: dcgrrl)delgé atﬁscr::;tlf) urfrzzlr?tﬁzzrfore
charged HSQ4/H,0 nucleation,—0.235W/n? for cluster ' pIEts.

activation, and—0.05W/n? for neutral HSOy/H,0O nucle- act upon cloud radiative properties, cloud lifetimes, and pre-
ation. Thé overall.effect of nucleation is2.55 W/nt, which cipitation rates v.ia the firsiwomey; 1977) and secondA{-
exceeds the sum of the individual terms due to feedbacksbreCht 1989 indirect aerosol effect. However, freshly nu-

. ; . . . cleated particles measure only a few nanometers in diameter,
and interactions in the model. Aerosol nucleation contributes P y

over the oceans with-2.18 W/n? to total absorbed solar and.n.eed t(.) grow to s1zes of tens of nanometers in order to
- participate in atmospherically relevant processes. Depend-

short-wave radiation, compared t0.37 W/n? over land. ! N i
ing on the availability of condensable molecules, this process

may proceed on time scales between minutes to days. Con-
currently, the aerosol particles that formed from the gas phase
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cloud lifetimes, and precipitation rates will depend to varioustance of reducing uncertainties in primary emissions for the
degrees on aerosol nucleation rates and on the individual nunavestigation of aerosol nucleation on the global scale, as pri-
cleation pathways. mary aerosol emissions bear strongly upon aerosol nucle-
Laboratory and field studies indicate that multiple nucle- ation by removing nucleating and condensable molecules.
ation mechanisms proceed in the troposphere (Bighkorn  Spracklen et al(2008 found that using nucleation due to
et al, 2002 O’Dowd et al, 2002 Lee et al, 2003 Love- cluster activation in a global model improves the modeled
joy et al, 2004 Zhang et al. 2004 Kulmala et al, 2006 particle size distribution and total particle number concentra-
and further references in the text), and no single mechanisntion compared to observations at three continental sites in Eu-
has been found to date which explains all available obserfope. LateiSpracklen et al2010 showed that using aerosol
vations. However, sulfuric acid plays an important role for nucleation greatly reduces model bias in aerosol concentra-
aerosol nucleation due to its very low vapor pressure in attions when compared to a comprehensive set of aerosol ob-
mospheric conditions: together with water it readily nucle- servations covering the glob&lerikanto et al.(2010 have
ates in cold temperaturesl@nson and Lovejgy2006, such  investigated the effects of boundary layer particle formation
as in the upper tropospherBrock et al, 1995 Clarke and  on cloud droplet number and diagnosed the resulting effect
Kapustin 2002. At warmer temperatures, additional nu- on cloud albedo, and found that aerosol nucleation plays a
cleating agents may be required: ubiquitous ions, producedimilar role in pre-industrial to present-day conditions on the
by galactic cosmic rays and by Radon decay stabilize smalglobal scale, but with substantial regional effectdakko-
H2SOu/H»0 clusters, and may initiate nucleatiobogejoy nen et al.(2009 used nucleation via cluster activation as
et al, 2004. Other compounds such as organic moleculesparametrized byihto et al.(2006 together with neutral nu-
(Zhang et al. 2004 Kulmala et al, 2006 and ammonia cleation of sulfuric acid and wate¥¢hkanéki et al, 2002
(Coffman and Hegdl 995 Ball et al, 1999 have been shown in the ECHAM5-HAM model Gtier et al, 2005. They
to nucleate together with sulfuric acid, although the contribu-found that aerosol particle number concentrations and, per-
tion of ammonia is controversiaGékurai et al.2005 Gay- haps more importantly, cloud droplet number concentrations
dos et al. 2005 Yu, 2005 Jung et al. 2008 Sihto et al, in the ECHAM5-HAM model are sensitive to the aerosol nu-
2009. lodine has been shown to drive aerosol nucleationcleation mechanism used.
in coastal regions@'Dowd et al, 2002 Burkholder et al. Global model studies have progressed to investigate the
2004. Amines (Makeh et al, 200L Murphy et al, 2007, effect of nucleation from the gas phase on Earth’s radia-
Kurtén et al, 2008 and organic nitratesHy et al, 2009 tive budget via the response of clouds to aerosélang
have been discussed as nucleation agents as well. Organand Pennef2009 conducted simulations for pre-industrial
molecules may also nucleate in the absence of sulfuric aciénd present-day conditions with different implementations
(Burkholder et al.2007). For a more detailed discussion of of aerosol nucleation in an aerosol-climate model. They es-
aerosol nucleation in the troposphere Beeil et al. (2008 timated a climate forcing from pre-industrial to present-day
and references therein. conditions via the first indirect aerosol effect ranging from
The importance of nucleation from the gas phase for—1.22 to—2.03W/n? due to various treatments of aerosol
aerosol on a global scale has been investigated in previousucleation. This large variation shows the importance of well
model studies:Spracklen et al(2006 presented a first as- quantifying aerosol nucleation in global models. In addition,
sessment of the contribution of aerosol nucleation in theWang and Pennefiound that the inclusion of cluster acti-
boundary layer and of primary emissions to global and re-vation in the model improved the comparison of cloud top
gional concentrations of ultrafine aerosol (defined as parti-droplet number concentrations from the model with satellite
cles with dry diameter-3 nm): using the parametrization of observations over the Southern Oceans, a result that is con-
nucleation via cluster activatiorK¢imala et al, 2006 de- sistent withSpracklen et al(2006.
veloped bySihto et al.(2006, Spracklen et alwere able to In several global studies, nucleation due to cluster acti-
well reproduce the occurrence and intensity of aerosol for-vation, parametrized based on measurements in the forested
mation events in Hyy#la, Finland. Furthermoré&pracklen  boundary layer in Hyy#la, Finland Sihto et al, 2006
et al. found that particle concentrations in polluted conti- has been used throughout the troposphere or in the global
nental regions are dominated by primary particles, while re-boundary layer. However, nucleation due to cluster acti-
mote continental regions are dominated by nucleated parvation Kulmala et al, 2006 requires organic molecules to
ticles, and predicted enhancements in boundary layer ulproceed, which are found at lower concentrations over the
trafine aerosol due to nucleation over the remote Southermceans and in the free troposphere compared to the forested
Ocean. Yu and Luo (2009 assessed that nucleation from boundary layerRinne et al(2009, e.g., report 250-500 ppt
the gas phase contributes to aerosol concentrations in exf isoprene in Hyytla, while Matsunaga et al2002 ob-
cess of 80% in most parts of the troposphere, Medikanto  serve concentrations between 7.2 and 110 ppt of this com-
et al. (2009 estimated that 45% of global low-level cloud pound in marine air. While we do not exclude the possibil-
cloud condensation nuclei are derived from aerosol nucleity that cluster activation, and more generally nucleation in-
ation. Pierce and Adam$2009 demonstrated the impor- volving organics do proceed over the oceans and in the free
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troposphere, itis plausible that owing to the lower concentra-2 Model description
tions of organic molecules, they proceed there at lower rates
than observed in the forested boundary layer. This consid2.1 Brief overview of ECHAMS-HAM
eration is supported by the work detzger et al.(2010,
who obtain a good agreement of ultrafine aerosol in a globall he microphysical aerosol module HANB{{er et al, 2009
model simulation over the continental United States and inin the general circulation model ECHAMR(eckner et a/.
its outflow when nucleation involving organics proceeds pre-2003 predicts the evolution of an ensemble of seven inter-
dominantly in the lower troposphere, rather than farther aloft.acting internally and externally mixed log-normal aerosol
Therefore, the parametrization of nucleation due to clustefmodes. In the current setup, the components comprise sul-
activation Gihto et al, 200§, which was developed from fate, black carbon, particulate organic matter, sea salt, and
measurements in the forested boundary layer, may overegnineral dust. The modes are composed either of hydropho-
timate the corresponding particle formation rates at locationdic compounds or of an internal mixture of hydrophobic and
with low concentrations of organic molecules. hydrophilic compounds. The aerosol microphysics module
Nucleation mechanisms that do not require organicM7 (Vignati et al, 2004 calculates coagulation among the
molecules, such as neutral and charged nucleation of sulfuaerosol modes, the water uptake of the aerosol particles, and
ric acid and waterl{ovejoy et al, 2004 Hanson and Love- their growth by condensation of gas phase sulfuric acid. An
joy, 200§ may be more efficient at locations low in organ- improved time integration scheme for gas phase sulfuric acid
ics than nucleation mechanisms that do require orgaivics. is used in ECHAM5-HAM, described in detail iKokkola
et al. (2008 have investigated ion-mediated aerosol nucle-€t al. (2009, who also compare the modal approach of M7
ation of sulfuric acid and water in a global chemical trans- With sectional schemes in ECHAM5-HAM. The uptake of
port model, and showed, based on a comprehensive conater is calculated in the present ECHAM5-HAM using the
parison with observations that this process may account fox-Kohler theory method aPetters and Kreidenwe{2007).
many of the observed boundary layer nucleation events. In & his approach assigns a hygroscopicity parametereach
detailed modeling study and comparison with field data, substance. The overall value of an internally mixed par-
and Turco(2008 found that ion-mediated nucleation may ticle is obtained by the volume weighting of its component
even play a dominant role in new particle formation in the species. The growth factor is calculated as a function of tem-
forested boundary layer. perature, relative humidity (of the cloud-free fraction of the
Here, we investigate in a global climate model three grid box), particle dry diameter, and the overall Sulfate,
aerosol nucleation processes that are described based on |g##a salt and organics may contribute to water uptake; their re-
oratory or field measurements. Neutral and charged nucleSpectivec values are taken as the mean growth factor derived
ation of sulfuric acid and watet ovejoy et al, 2004 Hanson  values presented iRetters and Kreidenwe(2007).
and Lovejoy 2006, and nucleation of an organic compound ~ With the exception of sulfur compounds, aerosol mass
and sulfuric acid via cluster activatioKigimala et al, 2006 originates from primary emissions in the present version of
were integrated into the aerosol-climate model ECHAM5- ECHAMS5-HAM. This is a realistic assumption for most of
HAM (Stier et al, 2009. Neutral and charged nucleation the treated species, but may result in an underestimation
of sulfuric acid and water proceed in the model throughoutof particulate organic matter. The sulfur cycle modég{
the troposphere at rates calculated from the underlying labichter et al, 1999 of ECHAM5-HAM treats the prognos-
oratory thermochemical data with the methodkafzil and  tic variables dimethyl sulfide (DMS), sulfur dioxide (20
Lovejoy (2007). Nucleation from cluster activation is lim- and sulfate (S§), and their gas and aqueous phase reaction
ited to the forested boundary layer and proceeds at rates dgpathways using pre-calculated monthly mean oxidant fields
termined by a parametrization of field measurements in the(Stier et al, 2005.
boreal forest$ihto et al, 2006. Aerosol radiative properties, as well as the sink pro-
The purpose of this study is to identify the role of new par- cesses dry deposition, sedimentation, and wet deposition are
ticle formation from these nucleation mechanisms for aerosoparametrized in dependence on the prognostic aerosol size
concentrations, cloud properties, and Earth’s radiative forc-distribution, composition, and mixing state and coupled to
ing, and to assess their ability to explain observations. Thehe ECHAMS5 meteorology. Aerosol radiative properties are
paper is organized in the following way: a brief description calculated in the framework of Mie theor$ffer et al, 2005
of ECHAM5-HAM and an account of the implementation of 2007). The effective complex refractive indices and the Mie
aerosol nucleation in the model is given in S&tThe sim-  size parameters for each mode serve as input to look-up ta-
ulations are introduced in Se&, and their results discussed bles for the aerosol radiative properties that are provided on-
and compared to observations in Sett. Conclusions are line to the ECHAMS radiation scheme.
given in Sectb. Aerosol wet deposition is parametrized in terms of
the aerosol size distribution and mixing state via mode-
specific scavenging ratios, specifying embedded and inter-
stitial aerosol fractions in the cloudy part of a grid box and
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Table 1. Grid of parameters on which the particle formation rate from neutral and charg®@4H,0 nucleation is defined. Sulfuric

acid concentrations up 105610 cm3, although not common in the atmosphere, are covered in order to accommodate the model spin-up
phase, when the $50, condensation sink is very small angd$0, concentrations high. The relative humidity lower limit of 1% covers
locations up to a pressure level 880 hPa, above which nucleation is negligible in background conditions. For stratospheric applications,
e.g. simulations of large volcanic eruptions, a grid extending to relative humidities below 1% is required.

minimum maximum number of grid points
Temperature 180 K 320K 40
Relative humidity 1% 101% 40
H,SOy4 concentration ®ecm3 5x10%cm3 40
H,SOy condensation sink  0& 0.1s1 40
lonization rate 1cm3s1 55cnm3s1 20

in convective updrafts. The actual wet deposition is calcu-is defined is given in Tablé. Similar tables as used here
lated from the resulting embedded aerosol content based ohave been developed byu (2006, Yu et al. (2008, and
the precipitation formation and re-evaporation calculated byYu (2010. The formation rate of particles with 1580,
the ECHAMS cloud scheme. Aerosol and gas dry depositionmolecules is used instead of the nucleation rate, as the latter
velocities are calculated based on a serial resistance approagould require the interpolation of an additional table giving
(Stier et al, 2009. the bSOy content of the nucleating particles, resulting in an
The stratiform cloud scheme in ECHAM5-HAM consists increased computational burden and additional interpolation
of prognostic equations for the water phases (vapor, lig-errors. The number of 15330, molecules for the forming
uid, solid), bulk cloud microphysicd.6hmann and Roeck- particles was chosen because it covers th8®j content of
ner, 1996, and an empirical cloud cover schenBufdqvist  the critical bSOs/H20 cluster in atmospheric conditions in
et al, 1989. The cloud microphysics scheme includes phasewhich nucleation is efficient; our calculations show that the
changes between the water components and precipitatiofucleation rate is negligibly small when the critical cluster
processes (autoconversion, accretion, aggregation). Morecontains more than 15430, molecules. However, in such
over, evaporation of rain and melting of snow are consid-conditions, the table would give the formation rate of sub-
ered, as well as sedimentation of cloud ice. It also in-critical particles; we then set the tabulated particle formation
cludes prognostic equations of the number concentrationgate to zero.
of cloud droplets and ice crystals and has been coupled The removal of nucleating particles with fewer than
to the aerosol scheme HAM.¢hmann et al. 2007). It 15H,SO4 molecules by pre-existing aerosol and the result-
assumes that cirrus clouds form by homogeneous freezingng reduction of the particle formation rate is accounted for

of supercooled solution dropletédhmann et al. 2008, in the calculation of the particle formation rate table using
which is the dominant freezing mechanism for cirrus cloudsthe HLSO; condensation sink onto pre-existing aerosol via
(Karcher and Stm, 2003. the formula Kazil and Lovejoy 2007
L __ki(p,D) )
2.2 Aerosol nucleation in ECHAM5-HAM 5; R m s, l<i<15 Q)
1(p,

Neutral and charged #¥$Os/H20 nucleation in ECHAM5-  The s; are sinks for coagulation of particles containing
HAM is implemented based on thermochemical parame-H>SO4 molecules onto pre-existing aerosol, ancp, D) the

ters (entropy and enthalpy change) for the uptake and losgate coefficients for Brownian coagulatioRuchs 1964 of

of H,SO, and HO molecules by small neutral and nega- these particles with a particle with the mass dengitstnd
tively charged HSO4/H2O clusters, measured in the labo- the diameterD, which represents the pre-existing aerosol
ratory (Curtius et al. 2001 Froyd and Lovejoy2003 Han- population. The valueg =2 gcm 3 and D=165 nm, which

son and Lovejoy2006. These thermochemical data were are consistent with observations of marine aerost#gg
used in the method oKazil and Lovejoy(2007) to gen- et al, 1997 Heintzenberg et 312000 have been used in
erate a table of steady-state formation rates of neutral anthe calculation of the particle formation rate table. While
charged HSO4/H,0 particles with 15 HSO, molecules, as  this approach reduces the information on pre-existing aerosol
a function of temperature, relative humidity, gas phase sulneeded to calculate the particle formation rates, it may result
furic acid concentration, $50, condensation sink onto pre- in errors if the choice op and D used to describe the pre-
existing aerosol, and ionization rate. The table is interpo-existing aerosol in the calculation of the particle formation
lated in ECHAM5-HAM to obtain the particle formation rate rate table does not well describe the pre-existing aerosol in a
in given ambient conditions. The grid on which the table model run. The errors could become most pronounced when
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the pre-eX|-st|nglaerqsoI A d's”'bu“‘?” (W'th agiversidy Table 2. List of simulations. Filled circles indicate that a given
condensation sink) in the model run is dominated by very paricle formation mechanism is used in a simulation.
small particles (diameterg 100 nm), when the loss of nu-

cleating clusters onto the pre-existing aerosol takes place in Sref S0 Snon Smoc Snoact  Sact
the free molecular regime, while the assumed diameter of ,

. . H2SOy/H20 nucleation
D =165 nm used for the calculation of the tabulated particle neutral . . .
formation rate implies less rapid loss (at the sam&®, charged . . .
condensation sink) in the diffusion-limited regime. The C':Jrfiﬁreigtr'(‘a’;“e%”boundaw ayer o .. .
impact of the assumed mass densityand diameterD of elsewhere in the troposphere .

pre-existing aerosol on the ability of the model to reproduce
observations is discussed in Sekt.

Nucleation via cluster activatioriK(iimala et al, 2006 is the PLOTINUS code@'Brien, 2005 for heliocentric poten-
implemented in ECHAM5-HAM using the parametrization tials (Gleeson and Axford1968 of 464/1346 MV, respec-
of Sihto et al.(2006: the nucleation raté, of clusters con- tively. gmin andgmax are tabulated as functions of the mass
taining one HSO; molecule and an organic compound is column density (10-1100gcm) and vertical cutoff rigid-
calculated as ity (0—14.9 GV) and interpolated for the model grid volume

centers. The GEOPACK 2005 software suitesy{ganenkp

Ja=A-[H2SQu] @) 2005 and the IGRF-10 coefficientdaus et al, 2005 for
where A=10"%s"1 is the median coefficient determined the period 1965 to 2010 are used to calculate the orientation
from particle formation rates and sulfuric acid gas phase con®f the Earth magnetic dipole for a given date and the cor-
centrations during the QUEST Il campaign in Hyféi (Sihto ~ responding transformation between geographic and geomag-
et al, 2006. This formulation does not represent a possible Netic coordinates. For dates before 1965 and after 2010, the
dependence of cluster activation on the concentration of ga¥GRF-10 coefficients for the year 1965 and 2010 are used,
phase organic molecules, and may overestimate the resulfespectively. The modulation of the GCR ionization rate
ing nucleation rate at locations where organic molecules ar®y the decadal solar activity cycle is parametrized as
scarcer than in the boreal forest, such as in the free tropo-  (1—a) gmin+ (14+4a) gmax
sphere and over the oceans. We therefore limit cluster actid = 2 @)
vation to the forested boundary layer: in every model gridWith the solar activity parameter
volume below the boundary layer height, the number of par- '

ticles from cluster activation is scaled by the fraction of land a=cos2r = 1991) 4
covered by forest. The forest fraction is taken from a land~ 1 7
use table. wherer is the time in years. This approach does not capture

The number and mass of the newly formed particles fromshort-term variations in the GCR intensity and ionization rate

the different nucleation processes are committed to the nuand the variability in the length of the decadal solar activity
cleation mode of the ECHAMS5-HAM aerosol microphysics cycle.

module M7 Yignati et al, 2004 in cloud-free portions of

the model grid volumes, while in the cloudy portions, all gas

phase HSOy is removed by condensation and distributed 3 Simulations

onto the aerosol modes, with no nucleation taking place. ) ) . )

None of the nucleation processes is preferred in terms of* S€ries of ECHAMS-HAM simulations (Table) will be
the mass or number of the particles produced: the differenfvaluated for the role of the considered particle formation
nucleation mechanisms in ECHAM5-HAM operate with the _mechanlsms for clouds and radiative forcing and their abil-

same sulfuric acid gas phase concentration, and the loss d@/ 10 €xplain observations. The simulations cover the year
nucleating particles by self-coagulation and onto pre-existing?000 With @ spin-up period of three months, and were nudged

aerosol is accounted for during their growth. (Jeuken et a].1996 towards ERA-40 reanalysis datgifn-
mons and Gibsar2000 in order to produce the same large
2.3 Galactic cosmic rays scale meteorology (wind fields and temperature). Without

nudging, averaging over longer simulation periods would be
Galactic cosmic rays (GCR) are, together with the decay ofrequired to eliminate internal variability of the model to sin-
Radon the main source of ions in the troposphere. The GCRyle out aerosol effects on clouds. Monthly mean AMIP |l sea
ionization rate is anti-correlated with the decadal solar ac-surface temperatures and sea ice coVaylor et al, 2000
tivity cycle (Forbush 1954 Neher and Forbusi958. In were used. Anthropogenic sulfur is emitted with 97.5%
the present implementation, ECHAM5-HAM determines theas SQ and 2.5% as particulate §Jollowing the Aero-
GCR ionization rate; based on solar minimum and maxi- Com recommendationDentener et al.2006. Other pri-
mum GCR ionization rateg,;, and g, calculated with  mary aerosol emissions include dust, sea salt, and black and

www.atmos-chem-phys.net/10/10733/2010/ Atmos. Chem. Phys., 10, 10073%2-2010
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Table 3. Contributions of individual particle formation processes to a model quaitigalculated from the simulations listed in Talle

Process Contribution tQ@
absolute relative
i _ O(Sret) = 0(So)
All nucleation O (Sref) — 0(So) 0Sa)

Neutral bSO4/H20 nucleation  Q(Sref) — Q(Snon) QO(Sret)— O(Snon)

ref)

Charged HSOy/H50 nucleation  Q(Syef) — O(Snoc) W

Cluster activation 0(Sref) — O(Snoach W

2003 Petters et a].2006 Jimi et al, 2008 Venzac et al.
2008, and due to the non-linear nature of nucleation pro-
cesses. However, nucleation events may also occur over spa-

Longitude (°E) Latitude (°N) tial scales of several hundred kilometesr(nili et al., 2003

minimum  maximum  minimum  maximum Vana et al.2004 Qian et al, 2007 in favorable meteorolog-

Northern Pacific 190 240 20 =0 ical conditions. Therefore, measurements of aerosol nucle-
Tropical Pacific 150 270 _20 20 ation and of the resulting particle concentrations that are lim-
Southern Pacific 135 270 ~70 —20 ited in space and time need not be representative of the same
guantities on scales which global models resolve. A data set
for the evaluation of aerosol nucleation in a global model will
organic carbon Stier et al, 2005. The model domain is therefore ideally cqv_erlarge regions_ where n_u_cleation_ occurs
resolved with 19 vertical levels (L19) between the surfacefrequently un_der3|m|larmeteorologlcal conqmons which are
and 10 hPa, a horizontal grid with a mean resolution of 2.g°réPresented in the modeClarke and Kapustif2003 have

(spherical harmonics triangular truncation at wave numbe/coMpiled a comprehensive set of altitude-resolved measure-
42, T42), and a time step of 1800s. ments of ultrafine aerosol particles (defined as particles with

In a reference simulationS{es), new particles form from dry Qjameter>3 nm) from the years 1990 to 1999 over the
the gas phase due to neutral and charge8@®/H,O nu- Pacific Ocean. These aerosol profiles are shaped by aerosol
cleation, and due to cluster activation in the forested boungnucleation in convective outflovi{arke and Kapustir2003
ary layer. In test simulations, individual nucleation processes2nd cover large areas with a comparably homogeneous mete-
were modified (Tabl®), and the response of model quanti- orology, hence constitute ideal reference values for evaluat-
ties evaluated, as well as the ability of the test simulations"d the aerosol nucleation schemes in ECHAMS-HAM. This
to explain observations. The contribution of an individual dat@ set has the additional advantage that it covers regions

process to a model quantity is estimated by subtracting thé(vhere nucleation m_echan_isms that are not _accounted for_in
results with the process switched off from the results of thetiS Study, such as involving ammonia, amines, or organic
reference simulation (see Tal8p This approach is an ap- nitrates are less likely to proceed due to the distance to the

proximation, as switching off a process may reinforce orimportant land-bound sources of these compounds.
dampen the effect of the remaining processatiet et al Figure 1a compares aerosol concentrations from the ref-

20086), but allows ranking the processes in terms of relevance €r¢Nce S_imU|ati0f$ref, integrated over their size d?stribu-
resolved by location and time. In addition to the simulations O Starting at the measurement cutoff (3 nm dry diameter),

in Table2, sensitivity studies with modifications of the model fOr three regions of the Pacific (Tab#, with the data of
were conducted which will be discussed in the text. Clarke and Kapustirf2003. The model overestimates the
particle concentrations, most strongly over the northern and

southern Pacific, and less so in the tropics, but the increase

Table 4. Regions of the Pacific Ocean over which model results are
compared with observations; land areas are excluded.

4 Results, comparison with observations, and of concentrations with altitude is consistent with the obser-
discussion vations. Near-surface aerosol concentrations are very well
reproduced. Possible reasons for the overestimation of the
4.1 Ultrafine aerosol ultrafine aerosol include overestimated S&@ncentrations,

underestimated loss rates onto aerosol and cloud patrticles,

Aerosol nucleation often occurs on spatial and temporal,, o etimated particle formation rates, and specifics of the
scales that are smaller than those typically resolved by globaj;7 4erosol microphysics module, which we discuss in the
models, due to specific meteorological, topographic, andfollowing

transport phenomenad{Dowd et al, 1998 Weber et al.
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South Pacific Tropical Pacific North Pacific
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> 3 nm (dry) aerosol #cm?@STP > 3 nm (dry) aerosol #cm*@STP > 3 nm (dry) aerosol #/cm>@STP
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Fig. 1. Comparison of annual mean model results from simulafii with observations in three regions of the Pacific Ocgaj)Model
concentration of ultrafine aerosol particles, and observatiGtesKe and Kapusti?002). (b) Model SQ number mixing ratio and obser-
vations fromThornton et al(1999, grouped in the altitude bands 0-0.5 km, 0.5-4 km, 4-8 km, and 8-12 km, indicated by vertical bars, in
blue (arithmetic mean) and red (geometric mean).

Thornton et al.(1999 give SGQ measurements over the not only leads to a lower $80Oy production, but concur-
Pacific for the years 1991-1996 from campaigns that alsaently to a reduced aerosol sulfate mass, and consequently to
contributed to theClarke and Kapustin(2002 ultrafine a reduced aerosol 430, condensation sink (Figc). This
aerosol data. We use thiéhornton et al.(1999 SO, data  blunts the response of aerosol nucleation rates because the
grouped in four altitude bands (0—0.5 km, 0.5-4 km, 4—8 km,lower H,SO4 condensation sink reduces the loss of gas phase
and 8-12 km) and in the latitude and longitude bands giverH>S0O, and of nucleating particles. This is seen in the&Siay
in Table4. Figurelb compares S@from the reference sim- concentrations (Fig2d), which respond with a lower relative
ulationSyef in the three regions of the Pacific given in Tallle  decrease than SQFig. 2a) to the reduced SOemissions.
with theThornton et al(1999 data. The model significantly We therefore conclude that the high ultrafine aerosol concen-
overestimates Sfabove 4 km. Below this altitude, the com- trations in the model are most likely not caused by overes-
parison is mixed: the model matches the observations fairltimated SQ emissions, nor by underestimated dry and wet
well in the south Pacific, less so in the tropics, and underesdeposition of SQ, as increasing the rate of these processes
timates the S@in the north Pacific. would also reduce the aerosop$O, sink.

In order to evaluate the role of the high S€r the high Conversely, an underestimation of processes in the model
ultrafine aerosol concentrations, we have repeated the simwhich reduce S concentrations on the one hand and in-
ulation Syef with global SG emissions reduced by a factor crease sulfate aerosol mass and thus the aere&DiHcon-
of 0.5 (Fig.2). This reduction leads to a much improved densation sink on the other could explain the high ultrafine
agreement of simulated and observedb$Elg. 2a), but the  aerosol concentrations. The two such processes are gas and
resulting lower S@ concentrations have only a small effect aqueous phase oxidation of 8OWe have conducted test
on the ultrafine aerosol concentrations (F2g). This lim- simulations in which we increased individually the rate of
ited sensitivity can be explained as follows: the reduced SO these processes by a factor of two. In the simulation with
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Fig. 2. Annual mean model results from simulatiSps with default SQ emissions (black) and emissions reduced by a factor of 0.5 (green)
in three regions of the Pacific Oceaa) SO, number mixing ratio(b) Ultrafine aerosol concentratiofc) HoSO4 condensation sink(d)
H>S0Oy concentration.
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Fig. 3. Comparison of annual mean aeros@3®, condensation sink from simulatiafies (black) with Sg (green) in three regions of the
Pacific Ocean.

faster gas phase oxidation of §Qhe SQ concentrations pared with the observations Glarke and Kapusti{2002.
were in much better agreement with the observations, how- Systematic errors in the experimental data (entropy and
ever, in neither simulation were the ultrafine aerosol concenenthalpy change) measured in the laboratory that are used
trations significantly reduced. to calculate the formation rates of the neutral and charged
We can also exclude that the loss of$0, and of freshly  H,SO4/H,O particles could be a reason for the overesti-
nucleated particles onto primary aerosol is too low in themation of the ultrafine aerosol concentrations in the model
model and thereby causes the overestimation of the ultrafinas well. Froyd and Lovejoy(2003 give an estimated to-
aerosol particles: cloud processes in (deep) convection artal uncertainty of+1kcalmol! in the measured Gibbs’
extremely efficient in removing sea salt particles, which arefree energy changAG® for the uptake of HSO4 by neg-
the predominant primary aerosol over the Pacific. As a con-ative HbSO4/H>0 clusters, representing both precision and
sequence, primary aerosol particles do not contribute signifsystematic error. We have re-calculated the particle for-
icantly to the SOy condensation sink (Fig): in the sim-  mation rate table using enthalpy change valved° for
ulation Sp, where nucleation is switched off, and all aerosol the uptake of HSO, by neutral and negative 430,/H20

particles originate from surface emissions, thg58y con- clusters Froyd and Lovejoy 2003 Hanson and Lovejqy
densation sink is negligible compared to the reference simu2006 that were increased by 1 kcal md| thereby increas-
lation Srer. A similar result is obtained in the study Io- ing AG° by the same amount and reducing the stability of

rhonen et al(2010, who show that injection of artificial sea the H,SO4/H,O clusters and their formation rates, and re-
spray aerosol near the ocean surface has no effect8@H  peated the simulatio§es. However, the resulting ultrafine
and aerosol concentrations above 4 km. aerosol concentrations were only mildly reduced (Hia),
Another possible explanation for the high ultrafine aerosollikely because most of these particles form when gas phase
concentrations in the model are overestimated particle forH2SOy is sufficiently high so that nucleation takes place in
mation rates due to errors in their implementation. We havethe kinetic regime, where it is comparably insensitive to the
mentioned in Sec® that the particular choice of mass den- cluster formation thermochemical parameters.
sity p and diameteD (Eq.1), which are used to describe the  However, nucleation parametrizations may exhibit errors
pre-existing aerosol population in the calculation of the parti-in excess of one order of magnitude due to underlying un-
cle formation rate table, may lead to errors when thésd D certainties. We have repeated simulatiig; with neutral
do not well describe the aerosol size distribution in the modeland charged k504/H20 particle formation rates reduced to
run. To investigate this, we have re-calculated the particlel/10 of their original values. With this reduction, the ultra-
formation rate table using the combinations 1.2 gcnt3, fine aerosol concentrations agree much better with the obser-
D=165nm, andp=2gcnT3, D=5nm, and repeated the vations in the south and tropical Pacific, but are still too high
simulation Srer.  This change has no effect on the annual in the north Pacific (Figdb). In fact, switching off charged or
mean ultrafine aerosol concentrations that are compared witheutral nucleation entirely does not eliminate the overestima-
the observations dflarke and Kapustif2002). tion of the simulated ultrafine aerosol concentrations relative
A related source of errors may be a too coarse resolutiorio the observations, indicating a general bias of the model
of the particle formation rate table (Tablg. We have re- that is independent of the nucleation scheme.
calculated the table with the resolution increased by a factor Consequently, while the reasons discussed so far may con-
of 1.5 in each dimension. This change has no effect on thdribute to the observed discrepancy, they do not to explain it,
annual mean ultrafine aerosol concentrations that are comand other model components are likely responsible for the

www.atmos-chem-phys.net/10/10733/2010/ Atmos. Chem. Phys., 10, 10073%2-2010



10742

km

km

km

C

J. Kazil et al.: Aerosol nucleation, clouds, and Earth’s radiative forcing in ECHAM5-HAM

South Pacific Tropical Pacific North Pacific

12 y 12 T u 12 T T
10 10¢

8 8t

6 £ s

4 4+

2 2t

0 f n 0 n L 0 ! L

10° 10° 10° 10° 10 10° 10° 10° 10°

>3 nm (dry) aerosol #cm>*@STP > 3 nm (dry) aerosol #/cm>@STP > 3 nm (dry) aerosol #/cm>@STP

—— ECHAM5-HAM, S,
ECHAMS5-HAM, S, H,SO,/H,0 cluster stability reduced by 1 kcal/mol
Clarke and Kapustin (2002) + one standard deviation

South Pacific Tropical Pacific North Pacific

12 T 12 T T 12 T T
10 10¢

8 8t

6 £ 6

4 4}

2 2t

0 f " 0 f " 0 f .

10° 10* 10° 10° 10* 10° 10° 10* 10°

>3 nm (dry) aerosol #cm>*@STP > 3 nm (dry) aerosol #/cm>@STP > 3 nm (dry) aerosol #/cm>*@STP

—— ECHAMS-HAM, S,
ECHAM5-HAM, S, neutral and charged nucleation of H,SO,/H,0 reduced by factor of 0.1
Clarke and Kapustin (2002) + one standard deviation

South Pacific Tropical Pacific North Pacific

12 T 12 T T 12 T T
10 10f

8 8t

6 £ 6

4 4

2 2t

0 f . 0 A . 0 f .

10° 10* 10° 10° 10* 10° 10° 10* 10°

>3 nm (dry) aerosol #cm®@STP > 3 nm (dry) aerosol #cm®@STP > 3 nm (dry) aerosol #/cm*@STP

—— ECHAMS5-HAM, S, max nuc. mode geom. dia. = 10 nm
ECHAMS5-HAM, S, max nuc. mode geom. dia. =5 nm
Clarke and Kapustin (2002) + one standard deviation

Fig. 4. Comparison of annual mean ultrafine aerosol concentrations from simufagidiblack) with modifications (green) in three regions of
the Pacific Ocean(a) Stability of neutral and charged#S04/H,0 clusters reduced by 1 kcal n1dl. (b) Neutral and charged 4504/H,0
particle formation rates reduced by a factor of O(t) Maximum geometric mean diameter for the nucleation mode in the M7 aerosol
microphysics module reduced from 10 to 5nm.

overestimation of the ultrafine particle concentrations. Webrings the ultrafine aerosol concentrations into much better
will limit our investigation to one part of the implementation agreement with the observations in the south and central Pa-
of aerosol processes in the M7 aerosol microphysics modeific, with a less pronounced effect in the north (Fig).

ule of ECHAM5-HAM: the ranges in which the geometric This model parameter has therefore a much stronger effect
mean diameters of the M7 aerosol modes are allowed moveon the results than possible errors in the physical/chemical
In the default setup, the maximum geometric mean diameteprocesses discussed so far, nearly as much as a reduction of
for the nucleation mode is 10nm. We have repeated simuthe particle formation rates to 1/10 of their original values
lation Syef With this maximum value reduced to 5nm. This (Fig. 4b). Observations show a pronounced gap at 10 nm in
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Fig. 5. Comparison of annual mean ultrafine aerosol concentrations from different simulations with observations in three regions of the

Pacific Ocean(a) Syef (black), simulationSact (green).(b) Syef (black), simulationSnoact(green). A maximum geometric mean diameter
of 5 nm for the nucleation mode in the M7 aerosol microphysics module was used here.

the size distributions of marine ultrafine aerosol (Fig. 6 in centrations, seen i and in the observations. The ver-
Froyd et al, 2009, which suggests that the reduced value istical gradient in the ultrafine aerosol concentrationsSig
more appropriate. We therefore use in the following 5 nmtherefore exhibits distinctly different characteristics com-
as the maximum geometric mean diameter for the nucleatiopared with the vertical gradient in the observations. Inter-

mode.

estingly, when nucleation from cluster activation is switched
off entirely (Snoac), Near-surface aerosol concentrations in
the south and tropical Pacific are underestimated, while in the
original simulationS;ef, where cluster activation proceeds in
Figure5a compares simulatiofiact, Where cluster activation  the forested boundary layer, they agree well with the obser-
is the only nucleation mechanism throughout the model doations (Fig.5b). This suggests that aerosol nucleation in
main, and the reference simulaticier, where neutral and  the forested boundary layer and subsequent transport of the
charged nucleation proceed throughout the model domaingerosol particles over the oceans contributes to near-surface
and cluster activation in the forested boundary layer only,marine boundary layer aerosol concentrations, a finding that
with the Clarke and Kapusti20029 observations. In the jnvites future investigation.

lower tropospheregSact shows a higher bias towards high  Qverall, neutral and charged,BO4/H,0 nucleation, to-
values compared tSref, and in particular overestimates ul- gether with nucleation due to cluster activation in the forested
trafine aerosol concentrations near the surface of the tropicaloundary layer produce, despite a general positive bias, ul-
Pacific, where low nucleation rates would be expected due t@rafine aerosol concentrations that are more consistent with
the warm local temperatures. On the other hand, the ultrappservations over the ocean than cluster activation as the sole
fine aerosol concentrationsdfctdecline with altitude inthe  npucleation mechanism throughout the troposphere.

south and north Pacific upper troposphere, where low tem-

peratures favor a very efficient neutral nucleation of sulfu-

ric acid and water, and thereby higher ultrafine aerosol con-

4.2 Cluster activation
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Ultrafine aerosol in the PBL continental site (366N, 262.5 E) (Dong et al, 2009, and
(contribution of charged H,SO,/H,0 nucleation in %) from a compilation of marine low-level cloud measurements
[ ; : ‘ ‘ ‘ at various locationsMliles et al, 2000 for evaluation of the

e model. While the data possibly undersample the continental

50 and marine cloud droplet populations, and due to their focus
20 on low-level clouds may not fully cover their vertical extent,
20 they represent a benchmark for a first assessment of cloud
-10 droplet concentrations in the model. TalBleompares the
-20 model annual mean CDB at 36.8, 262.5 E with the mean
CDB at the continental location, and the model annual mean
CDB over oceans with the mean observed marine CDB.
In the reference simulationSfes), where neutral and
0 6'0 1ﬁ0 1é0 2"10 3(')0 charged nucleation of Y80, and. HzQ proceed throughout
Longitude (‘E) the troposphere, and cluster activation in the forested bound-
ary layer only, the simulated continental CDB is in very good
Fig. 6. Contribution of charged p5Os/H,0 nucleation in simula- ~ agreement with the observations. The model overestimates
tion Syef to the annual mean concentration of ultrafine aerosol (par-marine CDB, however. In order to determine whether nu-
ticles with >3 nm dry diameter) in the planetary boundary layer.  cleation is responsible for the high CDB of marine clouds in
the model, we compare results from simulati€y) where all
nucleation processes are switched off, with the observations.
4.3 Charged nucleation of sulfuric acid and water The positive bias in marine CDB is reduced in simulatifan
but still exceeds one sample standard deviation; the continen-
Figure 6 shows the contribution (defined in Tab® of tal CDB on the other hand is underestimated. This indicates
charged HSOy/H20 nucleation to the concentration of ul- that aerosol nucleation can at most explain a part of the pos-
trafine aerosol (particles with dry diameteB3nm) in the itive bias in the marine CDB, while the contribution from
planetary boundary layer. The contribution is most signifi- another model component to the bias is required.
cant over the oceans, in particular at mid- and high latitudes, Nucleation from cluster activation does not reproduce the
where this process may form locally up to 70% of the ultra- observations as well: in simulatia$yc, where cluster acti-
fine aerosol, assisted by cold temperatures and higher ionvation is the sole nucleation mechanism in the troposphere,
ization rates in these regions. Conversely, at tropical lati-both continental and marine CDB exhibit a higher positive
tudes over the oceans the contribution to the particle conbias compared to the reference simulati®g, where cluster
centrations is smaller due to warmer temperatures and loweactivation proceeds in the forested boundary layer only, and
ionization rates. Over most of the continents, the contribu-neutral and charged nucleation of sulfuric acid everywhere
tion of charged nucleation of sulfuric acid and water is com- (Table5).
parably small, typically<20%, as here, particles form effi- The model results discussed here were obtained with a
ciently via cluster activation. Over southern Finland, we find maximum geometric mean diameter of 5nm for the nucle-
that charged nucleation of sulfuric acid and water contributesation mode in ECHAM5-HAM, as introduced in Sedtl
on average less than 10% to the ultrafine aerosol concentrdor reference, we compare them with results from simulation
tion (Fig. 6). This is in good agreement with measurements S, where a maximum value of 10nm was used (Td)le
in Hyytiala in southern Finland, whei@agre et al.(2008 The model substantially overestimates both continental and
found a median contribution of 6.4% to particle® nm in marine CDBs in this case. The better agreement obtained
size from charged nucleation during one year of measurewith the reduced maximum geometric mean diameter sup-
ments. Contributions of a similar magnitude were obtainedports its use in ECHAM5-HAM, as suggested in SdcL
by Boy et al. (2008 in a modeling study of the boundary =~ To summarize, we find that neutral and charged nucleation
layer, who found that charged nucleation of sulfuric acid andof H,SO; and HO throughout the troposphere, and clus-
water contributes between 0.5 to 12% to the total amount oter activation limited to the forested boundary layer produce
newly formed particles inside the mixed layer in Hyfé. CDBs that agree well with observations at a continental site,
Yu and Turco(2009 on the other hand explained a majority while overestimating marine CDBs due to a model bias that
of nucleation events at the Hygta site with ion-mediated cannot be explained with nucleation only. Cluster activation

Latitude ("N)

BN [ [T 1T [
4o a A
[SR=R=K-]

nucleation in a detailed modeling study. as the sole nucleation mechanism in the troposphere is less
compatible with observed cloud droplet burdens than neutral
4.4 Cloud droplet burden and charged nucleation of;80, and HO throughout the

troposphere, with cluster activation limited to the forested
We use the cloud droplet burden (CDB) from a long term boundary layer.
time series (1997-2002) of low-level cloud observations at a
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Table 5. Comparison of simulated annual mean cloud droplet burdens hra02), with 5 or 10 nm maximum geometric mean diameter
for the nucleation mode, with observations. Sample standard deviations calculated from the data in the referenced sources are given ir
brackets.

Observations Sref So Sact Sref Model location
Gnm) (BGnm) (5nm)  (10nm)

Dong et al(2005,

1997-2002 average

at a continental site

(36.6° N, 262.5 E)

daytime 18.1 (16.0) o
nighttime 17.4 (15.5) 19.0 7.4 22.4 30.0 36%6N, 262.5 E
Miles et al.(2000,
marine low-level
stratiform clouds

at various locations

2.6 (1.6) 6.1 45 6.5 7.2 Ocean average

4.5 Individual nucleation processes, aerosol, clouds and Figure9 shows the vertical and meridional structure of the
radiation contribution of cluster activation to particle concentrations in
_ _ _ _ the nucleation, Aitken, and accumulation mode in simulation
Here we examine, using the approach described in 3ect. .. This process contributes most strongly to the nucleation
how the nucleation mechanisms considered in the model aftwith up to 90%) and Aitken mode (with up to 50%) in the
fect aerosol concentrations, clouds, and the Earth’s radiativgropical and sub-tropical lower troposphere (Fg.and b),
forcing on an annual mean basis. For reference in the follow-where it exceeds the contribution from charged nucleation
ing discussion, the annual and zonal mean concentrations @b these modes (Figa and b). The contribution of cluster
particles in the nucleation, Aitken, and accumulation modeactivation to the accumulation mode is strongest in the lower
in simulationSret are given in Fig7. troposphere of the northern hemisphere (B, with values
Figure8 shows the vertical and meridional structure of the petween 1 and 5% in the zonal mean. The contribution of
charged HSO4/H20 nucleation contribution to particle con- nycleation due to cluster activation to coarse mode particle
centrations in the nucleation, Aitken, and accumulation modeconcentrations is small, and not shown here.
in simulationSyer. The contribution is strongest in the nucle-  aerosol particles in the ECHAM5-HAM model are ac-
ation mode (Fig8a), where charged nucleation contributes tjyated and may become cloud dropletolimann et al.
the majority of particles below 300 hPa, except in the trop-2007. The number and size of cloud droplets determine
ical and sub-tropical lower troposphere, where an efficientine radiative properties of the cloud: clouds with more
formation of particles from cluster activation takes place, dis-p,;t smaller cloud droplets, which formed at higher aerosol
cussed belov_v. The negative contrib_utions seen in the tropicaoncentrations, have a higher albedo and reflect more in-
and sub-tropical lower troposphere in Fgg.are likely due to coming solar radiation into space at a fixed liquid wa-
feedback effects in the model. Above 300 hPa, the contribuyg, path Twomey, 1977, thus reducing the net top-of-the-

tion of charged nucleation is strongly suppressed as neutrgymosphere short-wave radiation (TOASW), which is equiv-
nucleation of HSQu/H20 becomes efficient due to its highly - gjent to the total absorbed solar short-wave radiation. Using
non-linear increase with decreasing temperatures. the definition in Tables, we quantify the contribution of the

~ Inthe Aitken mode, charged nucleation contributes mostyjfferent aerosol nucleation processes to cloud properties and
in the lower troposphere outside of the tropics (F8b), TOASW.

where up to 50% of the Aitken mode particles form due g e 10 shows the individual and combined contribu-

to charged nucleation. Interestingly, in the same regions;,ng of the three aerosol nucleation mechanisms considered
the contribution of charged nucleation to the accumulation;, this work to the cloud drop burden. Charged nucleation

mode is negative (Fig8c). We explain this by a slower 1 50,/H,0 contributes more strongly to the cloud drop
growth of Aitken mode particles into the accumulation mode , 4oy over the oceans than over continents, in particular in

when charged nucleation contributes to particle formation,o southern hemisphere, with peak values between 15-20%

as sulfate needed for growth is distributed onto more partivrjg 10a). The weaker contributions over the continents are
cles. Charged nucleation contributes only very little to coars§jyely due to competition with cluster activation and primary

mode concentrations (not shown), as these particles originatg,issions. Cluster activation on the other hand contributes
largely from surface emissions (sea salt and dust). more strongly over continental regions, where forests occur,
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. . ) . Fig. 8. Contribution of charged §50O4/H,>0 nucleation in simula-
F_lg. 7. Annual and z_onal mean concentrations (in a_mblent CON-tion Sref to the annual and zonal mean concentratiotedfucle-
ditions) of (a) nucleation,(b) Aitken, and(c) accumulation mode 445 (b) Aitken, and(c) accumulation mode particles. The contri-

particles in simulatioSref. bution to coarse mode particles (not shown) is very small.

and downwind thereof, with peak values between 15-20%0f all nucleation processes in the model is shown in Eagl;

but its impact is weaker over the open oceans (Eigh). over large areas of the globe aerosol nucleation accounts for
The contribution of neutral nucleation 0bBOy/H,O isvery  in excess of 20% of the cloud droplet burden.

small (Fig.10c), because it proceeds efficiently mainly inthe  Figure 11 shows the individual and combined contribu-
upper troposphere, from where the nucleated particles neetions of the three aerosol nucleation mechanisms to TOASW.
to descend to lower altitudes; during this transport they areThe strongest contribution comes from charged nucleation of
depleted before being activated. The combined contributiorsulfuric acid and water, which contributes most strongly over
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Nucleation mode concentration ture of charged nucleation, aided by nucleation from cluster
(contribution of cluster activation in %) activation (Fig-lld)-
30 ‘ ‘ ‘ ‘ ‘ % The globally averaged annual mean contributions of
501 L M5 the individual processes to TOASW via the direct,
_ - semi-direct, indirect cloud-albedo and cloud-lifetime ef-
§ 100 - 3 gg fects are—1.15W/n? for charged HSO4/H,O nucleation,
° 10 —0.235W/nt for cluster activation in the forested boundary
7 2007 - O layer, —0.05 W/n? for neutral HhS0O4/H-O nucleation, and
£ 288: CE® —2.55W/n? for their combined effect, which exceeds the
500 1 L B-50 sum of the individual terms due to feedbacks and interac-
680 + x - W tions in the model. Over the oceans, aerosol nucleation has
o0l JSENSRNCswe.  | a larger impact on Earth’s radiative forcing, with a contri-
0 e bution of —2.18 W/n? to TOASW, compared to land with a
a _ _ contribution of—0.37 W/n¥.
Aitken mode concentration The general high bias in ultrafine aerosol concentrations
(contribution of cluster activation in %) in the model may lead to an overestimation of the fraction
30 50 of cloud droplets that have formed from aerosol nucleation.
507 "l This in turn may result in an overestimation of the contri-
= 100 | 20 bution of aer_osol nucleation to n_et_TOASW. The mode_l re-
= 10 sults are subject to other uncertainties, e.g. due to the limited
< 2001 L i spatial and temporal resolution of the model: global mod-
g 3004 | o els do, e.g., generally not represent the vertical temperature
O 400 LB profile with a resolution that is sufficient to accurately re-
238: | produce boundary layer clouds. In particular, this may lead
970 ‘ | i - ; 0 to errors in mixing between the boundary layer and the free
-60 30 0 30 60 troposphere, which affects cloud properties. Another uncer-
b Latitude (°N) tainty is imposed on our results by the specific aerosol acti-
Accumulation mode concentration vation scheme used. We used the parametrizatidinodnd
(contribution of cluster activation in %) Leaitch(1997), as inLohmann et al(2007). Other activation
30 : : : : : - schemes, such as the parametrizatiorAbglul-Razzak and
50 L Lo Ghan(2000, need not produce identical results. The sensi-
. tivity of the role of aerosol nucleation for radiative forcing to
§ 100 - LT the aerosol activation scheme used will be investigated.
:._J/ —1
Z 200+ F Ll
8 300- : 5 Conclusions
& 400 | =5
228, L mpte Three aerosol nucleation mechanisms, described based on
970 ‘ ‘ , : : L laboratory or field measurements, were incorporated into the
60 -30 Latituge ‘N 30 60 aerosol-climate model ECHAM5-HAM: neutral and charged
C nucleation of HSOy and HO, and nucleation of an organic

compound and sulfuric acid via cluster activation. In a series
Fig. 9. Contribution of cluster activation in simulatiafief to the ~ of simulations, ultrafine aerosol concentrations and cloud

annual and zonal mean concentratior{@fnucleation(b) Aitken, droplet burdens were compared with observations, and the
and (c) accumulation mode particles. The contribution to coarserole of the individual aerosol nucleation processes for clouds
mode particles (not shown) is very small. and the Earth’s radiative forcing was investigated.

We find that despite a general high bias of ultrafine aerosol
concentrations in the model, neutral and charged nucleation
the oceans, with up te4 W/nm? (Fig. 11a). Cluster activation  of H»SO4 and HO proceeding throughout the troposphere,
contributes mainly over and downwind of continents, whereand cluster activation limited to the forested boundary layer
aerosol particles that formed in the forested boundary layegive ultrafine aerosol concentrations and cloud droplet bur-
are transported (Fid.1b), with peak values betweenl and  dens that are more consistent with observations than cluster
—1.5W/n?. The contribution of neutral nucleation of sulfu- activation as the sole nucleation mechanism throughout the
ric acid and water is negligible (Fid.1c). The contribution troposphere. This finding can be explained with the con-
of all nucleation processes is dominated by the strong signasideration that organic molecules, such as emitted by trees,
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Fig. 10. Contribution of(a) charged HSO4/H,0 nucleation(b) cluster activation(c) neutral HSO4/H>O nucleation, an€d) all nucleation
in simulationS;ef to the annual mean cloud drop burden. The data were smoothed using a box-shaped, area-weighted low-pass filter covering
four latitude and eight longitude points.

which are responsible for nucleation due to cluster activationthan 10% to ultrafine aerosol concentrations, in good agree-
are typically found in highest concentrations in the boundaryment with observations. Neutral nucleation of sulfuric acid
layer over forests. While we do not exclude the possibil-and water plays the least important role of the three aerosol
ity that cluster activation, and more generally nucleation in-nucleation mechanisms, and its contribution to net top-of-
volving organics do proceed over the oceans and in the fre¢he-atmosphere shortwave radiation is very small. The glob-
troposphere, it is plausible that owing to the lower concentra-ally averaged annual mean contribution of aerosol nucleation
tions of organic molecules, they proceed there at lower rateso net top-of-the-atmosphere shortwave radiation via the di-
than observed in the forested boundary layer. Consequentlygect, semi-direct, indirect cloud-albedo and cloud-lifetime ef-
at locations with low concentrations of organic molecules, fects is—2.55W/n¥ in our simulations, which exceeds the
other nucleation mechanisms, including neutral and chargedum of the contributions of the individual nucleation mecha-
nucleation of sulfuric acid may play a more important role. nisms due to feedbacks and interactions in the model.

In our model study, charged nucleation of sulfuric acid Finally, we find that aerosol nucleation plays a more im-
and water exceeds cluster activation and neutral nucleatioportant role for Earth's radiative forcing over the oceans than
of sulfuric acid and water in terms of relevance for cloud over land, with a contribution of-2.18 W/n? to net top-
properties and Earth’s radiative forcing: in the global mean,of-the-atmosphere short-wave radiation over oceans, com-
charged nucleation contributes to net top-of-the-atmospher@ared to a contribution 0£-0.37 W/n¥ over land. We ex-
shortwave radiation with-1.15W/n?. Cluster activation in  plain the higher effect of aerosol nucleation on Earth’s ra-
the forested boundary layer contribute®.235 W/n? glob- diative forcing over the oceans with the larger area covered
ally, although its contribution to ultrafine aerosol concen- by ocean clouds, due to the larger contrast in albedo between
trations and cloud drop concentrations over continental arclouds and the ocean surface compared to continents, and the
eas and downwind thereof is higher than the contribution oflarger susceptibility of pristine clouds owing to the saturation
charged nucleation. The large effect of charged nucleation i®f effects.
not in contradiction with small effects seen in local measure-
ments: over southern Finland, where nucleation via cluster
activation proceeds efficiently, we find that charged nucle-
ation of sulfuric acid and water contributes on average less
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Net TOA short-wave radiation
(contribution of charged H,SO,/H,0 nucleation in W/m?)

Latitude (°N)
Latitude ('N)

120 180 240
Longitude (°E)

0 60

Net TOA short-wave radiation
(contribution of neutral H,SO,/H,0 nucleation in W/m?)

Latitude (°N)
Latitude ('N)

0 60

c d

120 180 240
Longitude (°E)

300

10749

Net TOA short-wave radiation

(contribution of cluster activation in W/m?)

120 180 240
Longitude (°E)

0 60

Net TOA short-wave radiation
(contribution of nucleation in W/m?)

120
Longitude (°E)

180 240 300

Fig. 11. Contribution of(a) charged HSO4/H,0 nucleation(b) cluster activation(c) neutral HSO4/H>O nucleation, an€d) all nucleation
in simulationS;ef to the annual mean net top-of-the-atmosphere short-wave radiation. The data were smoothed using a box-shaped, area-
weighted low-pass filter covering four latitude and eight longitude points.
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