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Abstract. The global aerosol-climate model ECHAMS5- cleation improves modeled aerosol number concentrations in
HAM was modified to improve the representation of new the boundary layer, the use of a global activation coefficient
particle formation in the boundary layer. Activation-type generally leads to overestimation of aerosol number. Over-
nucleation mechanism was introduced to produce observedstimation can also arise from underestimation of primary
nucleation rates in the lower troposphere. A simple andemissions.

computationally efficient model for biogenic secondary or-
ganic aerosol (BSOA) formation was implemented. Here we
study the sensitivity of the aerosol and cloud droplet num-
ber concentrations (CDNC) to these additions. Activation-

type nucleation significantly increases aerosol number con-, . .
Atmospheric aerosols are an important, yet poorly under-

centrations in the boundary layer. Increased particle numbertood’ part of the climate system, with largest uncertainties

concentrations have a significant effect also on cloud dropIeE : . : . :
. . eing associated with aerosol-cloud interactions (Lohmann
number concentrations and therefore on cloud properties. We

] . . . " ~'and Feichter, 2005; Penner et al., 2006; Forster et al., 2007;
performed calculations with activation nucleation coefficient Baker and Peter, 2008). The various effects of aerosols on
values of 210 's 1, 2x10%s 1 and 2«10 °s 1 to eval- : '

uate the sensitivity to this parameter. For BSOA we haveC“mate can only be addressed with the help of regional and

used yields of 0.025, 0.07 and 0.15 to estimate the amoun({JIObaI climate r_nodels. Most current global climate _mod_elg
o : include the main aerosol types but have a rather simplistic
of monoterpene oxidation products available for condensa-

. . . : treatment of the aerosol size distribution and associated mi-
tion. The hybrid BSOA formation scheme induces large re- : )
) ) o ! crophysical processes (e.g. Chen et al., 2007; Jones et al.,
gional changes to size distribution of organic carbon, and e . . .
: . ) 2007; Shindell et al., 2007). This is a serious shortcoming
therefore affects particle optical properties and cloud drople

number concentrations locally. Although activation-type nu-t[halt needs, and probably will, be improved in next-generation
Y- 9 yp climate models (Ghan and Schwartz, 2007; Textor et al.,

1 Introduction

2007).
The aerosol climate model ECHAM5-HAM (Stier et
Correspondence taR. Makkonen al., 2005) has a relatively detailed description of aerosol
m (risto.makkonen@helsinki.fi) microphysics, making it a promising tool for studying
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aerosol-climate interactions. However, like practically all schemes to simulate atmospheric SOA formation are being
other large-scale models, ECHAM5-HAM has a very crude developed continuously (e.g. Griffin et al., 2005, Tulet et al.,

presentation of atmospheric new particle formation and sec2006; Pun and Seigneur, 2007; Liu and Zhang, 2008), yet
ondary organic aerosol formation. In this study we will in- only a few global models are able to simulate SOA forma-

vestigate how simulated aerosol and cloud droplet numbetion explicitly (e.g. Chung and Seinfeld, 2002; Tsigaridis et

concentrations depend on the implementation of these twal., 2003; Guillaume et al., 2007; Hoyle et al., 2007; Goto et

processes in ECHAM5-HAM. al., 2008).

Both observations and model studies have shown that at- |n this work, we will run ECHAM5-HAM with both
mospheric new particle formation is a significant sourcepinary water-sulphuric acid and activation-type nucleation
of aerosols in the global troposphere (e.g. Kulmala et al.,schemes. Simulations with and without explicit treatment of
2004; Spracklen et al., 2006). At present, parameterizaSOA formation will be conducted. Our main objectives are to
tions for modeling purposes are available for binary water-investigate how sensitive simulated aerosol and cloud droplet
sulphuric acid nucleation (e.g. Vehkaki et al., 2002), number concentrations are to the nucleation mechanism, and
ternary water-sulphuric acid-ammonia nucleation (Napari ethow important it is to simulate the distribution of SOA over
al., 2002; Merikanto et al., 2007), ion-induced nucleation in- the particle size spectrum explicitly as compared with treat-
volving sulphuric acid and water (Modgil et al., 2005), com- jng SOA as part of the primary organic aerosol emissions.
bined ion-induced and neutral formation of sulfate aerosols
(Kazil and Lovejoy, 2007), and for so-called “activation-
type” and “kinetic-type” nucleation involving sulphuric acid
as a driver (Kulmala et al., 2006; Riipinen et al., 2007; 2 Methods
Kuang et al., 2008). Most large-scale models include only ) )
binary water-sulphuric acid nucleation, which leads to a se2-1 ECHAMS-HAM general circulation model
rious underestimation of new particle formation in continen-
tal boundary layers (e.g. Stier et al., 2005; Lucas and Ari-We use the ECHAMS general circulation model (GCM) with
moto, 2006). The existing ion-induced nucleation mecha-the HAM aerosol model (Stier et al., 2005) for global simu-
nisms seem to suffer from the same problem (Kazil et al.,lations. AEROCOM emission inventories for year 2000 are
2006; Lucas and Arimoto, 2006). Ternary water-sulphuric used for sulphur compounds, black carbon and organic mat-
acid-ammonia nucleation appears to perform reasonably weller. Emissions of mineral dust, sea salt and oceanic dimethyl
in certain urban centers (e.g. Gaydos et al., 2005), but hasulfide (DMS) are calculated online. Emissions are consid-
a tendency to produce too many particles throughout mosered as primary emissions, except for sulphur compounds,
of the global troposphere (Lucas and Arimoto, 2006). Thefor which 97.5% of the emitted mass is in the form of sul-
activation-type nucleation, while not yet detailed enough tophur dioxide. The remaining 2.5% is modeled as a primary
take into account all the influencing factors (e.g. Sihto et al.,emission to estimate subgrid-scale nucleation. The aerosol
2006; Riipinen et al., 2007), appears to be a good candidaténodule HAM includes a chemistry model that treats DMS,
for describing boundary-layer nucleation in global model- sulphur dioxide and sulfate.
ing frameworks (Spracklen et al., 2006). Large-scale models HAM uses M7 microphysics model to describe aerosol dy-
cannot usually deal with small clusters formed by nucleation,namics (Vignati et al., 2004). M7 includes double-moment
so it is desirable to combine the used nucleation parametemodal microphysics scheme, where the population is com-
ization with another parameterization able to deal with theposed of seven log-normal distributions. M7 describes the
initial growth of nucleated clusters to a few nanometers (Ker-aerosol distribution with one soluble nucleation mode, and
minen and Kulmala, 2002; Kerminen et al., 2004; McMurry both soluble and insoluble Aitken, accumulation and coarse
et al., 2005; Lehtinen et al., 2007). modes. Standard deviations of the modes are kept constant

Secondary organic aerosol (SOA) constitutes a substantigl2.00 for coarse modes, 1.59 for others) and thus advection
fraction of submicron particulate matter in the global tropo- of only number and mass concentrations is calculated. The
sphere (Tsigaridis et al., 2003; Lack et al., 2004; Fuzzi et al. upper limits for particle radius are 5nm, 50 nm and 05
2006), in addition to which it plays a central role in coupling for nucleation, Aitken and accumulation mode, respectively.
atmospheric new particle formation and production of newThe processes in M7 include nucleation, coagulation and
cloud condensation nuclei (Lihavainen et al., 2003; Kermi-condensation. More details on size ranges and dynamics are
nen et al., 2005; Laaksonen et al., 2005; Tunved et al., 2006available in Stier et al. (2005) and Vignati et al. (2004). The
Spracklen et al., 2008). Most of the atmospheric SOA is be-most important factor of HAM/M7 regarding this study is the
lieved to originate from biogenic sources, even though alsdfact that particles have the possibility to grow from one mode
anthropogenic precursor compounds may constitute a signifto another by condensation, thus a physical connection be-
icant contribution (Volkamer et al., 2006; de Gouw et al., tween nucleation mode (newly formed particles) and larger
2008). Modeling SOA formation in the global atmosphere is modes (potential cloud condensation nuclei (CCN)) can be
subject to large uncertainties (Kanakidou et al., 2005). Newmade.
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We have implemented a new nucleation mechanism andormed particles, therefore information of the early growth of
the hybrid BSOA formation scheme in M7. Nucleation for- particles is lost. In this study, we use a formulation by Ker-
mulations were done by changing the nucleation subroutinesninen et al. (2004) to estimate the formation rate of particles
keeping the dynamics of M7 otherwise as in ECHAMS5- of 3nm in size. This was done using the equation (Kerminen
HAM. For the BSOA condensation experiment, three newand Kulmala, 2002; Kerminen et al., 2004):
tracers were introduced to include organic matter in solu- 1 1 cs’
ble nucleation and insoluble accumulation and coarse modesls,;, = Jnuc X exp[y X ( ) X } , (2
These modifications had only a minor effect on model com-
putational efficiency. where Jnue (cm3s71) is the nucleation rate of particles of

All experiments were conducted with T42 horizontal reso- sizedpc (nm), J3,..,,(cm™3 s71) is the formation rate of 3 nm
lution, which corresponds to approximately 2.8 grid.  sjze particlesy (nm? m?h—1) is a function of ambient con-
Vertically, 19 hybrid levels were used, extending up to ditions, properties of the nuclei and pre-existing particle pop-
10hPa. Atime step of 30 min was used for most calculationsy|ation andGR (nm hour2) is the particle growth rateCS’
including chemistry and aerosol microphysics. For each ex{m~2) is proportional to the condensation sink and can be
periment, we performed a model spin-up for six months tocalculated from
initialize aerosol fields, and continued with a one-year sim- 1 d, iN;(1+ Kn;)

; ; ; ; ot / p.jtNj J
ulation for analysis. To estimate inter-annual variations, oneCS’ = — Z ,
experiment was simulated for a five-year period. Resulting 245 1+0.377Kn; + 1.33Kn;(1+ Knj)
statistics are calculated from model output resolution of six
hours.

3.0nm  dyye

GR

®)

whered, ; (nm) is the particle diameter in size bjn Kn;

is the Knudsen number and; (cm~3) is their number con-
centration. Two assumptions were made in calculating the
growth rate of sub-3-nm particle&R) in Eq. (2). First, only

Modeled aerosol fields are used to calculate CDNC accorgSulphuric acid was assumed to condense on particles smaller

ing to Lohmann et al. (2007). Aerosols are activated as cloudhan 3nm, and second, the condensational flux of sulphuric
droplets according to Lin and Leaitch (1997) using acid can be described with the free molecular regime formu-

lation. With these assumptions, we obtain (Kerminen and

1 Now 127 Kulmala, 2002):
Onucl = maX[E (0-1 <—> - Nl,old) ) O:| (1) )

W+ aNa 3.0 x 100
GR%.—ZEiMiCia (4)
where Qnuel (M—3s71) is the cloud droplet nucleation rate, Pnuc f

N, (m~3) is the number concentration of the aerosol particles . 1 N :
with wet radit>0.035xm, w (ms™1) is the vertical velocity, whereGRis in nm hour™, pnuc (kg m™) is the density of the

At (s) is the time stepN; oig is the CDNC from the previ- nuplei,é,» (m s*l)lis'th.e average molec'ular speed of Sg"‘?hu”c
ous timestep and=0.023 cr s~L. Vertical velocity is cal- acid, M; (gmol™) is its molecular weight and; (cm™) is

S . . its vapor concentration. The term 300~° contains all the
culated from turbulent kinetic energy, convectively available ) .
constants and conversion factors between the units. Our as-

otential energy and mean vertical velocity. The above pa- . . )
P 9y v P gmptlons may lead to an underestimation of the valugmf

rameterization is based on observational data. Because the§eI0w3 nm. As a result, for a given nucleation rafg, and
observational data do not distinguish between soluble and. ) ' 9 )

insoluble aerosols, Lohmann et al. (2007) use all aerosol§'“€ @”“C.)’ a conservative estimate Bnm V\."” be.obtamed.
. : L In activation-type nucleation, sulphuric acid molecules
irrespectively of their mixing state for cloud droplet nucle- , . ” " .

. T activate” pre-existing clusters for further growth. For this
ation. However, the aerosol module HAM distinguishes sol-t e of nucleation, the actual nucleation rdige can be pos-
uble/mixed from insoluble particles. Thus we also CondUCttﬁlpated Simplv as ('Kulmala et al., 2006) fic P
experiments assuming that only soluble fraction of particle Py N
population is activated. The lower limit of CDNC is setto J,,. = A x [H2SQy] (5)

40 cnT 3. We did not investigate any potential impact on ice
clouds.

2.2 Cloud droplet activation scheme

The activation coefficient contains information about the
concentration of the background clusters and dynamics be-
2.3 New particle formation due to nucleation in atmospheretween them and sulphuric acid molecules. The coefficient
A varies from one location to another, and for example
Modeling new particle formation is not an easy process toin Hyytiala conditions it is reported to be on the order of
consider in a modal model. Freshly nucleated particles carl06s~1 (Sihto et al., 2006; Riipinen et al., 2007). Few mea-
have sub-nanometer sizes. These particles grow by condesurements are available that can provide information about
sation, but still remain inside the nucleation mode until theythe spatial distribution of the activation coefficient, so we
reach a radius of5 nm. A single lognormal distribution can have to assume a constant coefficiarnfior the whole atmo-
not keep track of aged nucleation mode particles and freshlgphere. In this study, we assumed a valuexof@ °s~1, but
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we tested the sensitivity of aerosol and cloud droplet concen- Although fully kinetic frameworks for simulating the
trations to this coefficient. We also assumed that the radiughemistry and gas/particle partitioning of organic com-
dnuyc Of activated clusters is 1 nm. pounds have been developed (e.g. Camredon et al., 2007;
Binary nucleation in the ECHAM5-HAM is based on Chan et al., 2007), their use in atmospheric SOA models
Vehkaniki et al. (2002) parameterization of homogenousis not yet feasible. Most large-scale models constructed so
water-sulphuric acid nucleation. In order to select a realisticfar simulate atmospheric SOA by using the so-called two-
implementation of activation-type nucleation together with product approach, in which all SOA is described with one
binary nucleation, the following model configurations were “low-volatile” and one “semi-volatile” model compound.
considered: The yields and partitioning coefficients of these model com-
(1) activation-type nucleation as a simultaneous proces®ounds are usually taken from smog chamber experiments.
with binary nucleation, where both nucleation mechanismsThe existing models tend to underestimate the mass concen-
used the same sulphuric acid concentration to estitiatg ~ tration of atmospheric SOA considerably, even up to 90%
and these formation rates were summed up to obtain the ag€-9. Heald et al., 2005). The reasons for this underestima-

parent formation rate; tion are unclear but could be due to incorrect emission inven-
(2) as above, but with the activation nucleation considered®"€s, due to missing precursors compound, reaction path-
only below altitudes of 800 hPa; ways or reaction products, or due to chemistry taking place

in aerosol particles or cloud droplets (e.g. Chen et al., 2007,

3 1), but usi ly the high f the tw th- . . .
od(s zoasa(lc)ula?e ?hséngp;géntiorlraaiﬁlgrc;te'e ome Ervens and Kreidenweis, 2007; Ng et al., 2007; Robinson et
' al., 2007).

(4) assuming that activation nucleation happens first, then In the original ECHAMS-HAM model, SOA is treated as

;r('aocnikt:#:tutlﬂg LTE;S”:S';Z];;U“I?Z?;'C acid concentration andpart of the primary emissions by assuming that 15% of the

) . . , . emitted monoterpenes produce SOA. Of this SOA, 65% is

(5) using binary nucleation only, without using Eq. (2). gstributed evenly between the soluble Aitken and accumula-

Method (2) would assume that activation-type nucleationjon mode and the rest (35%) is put into the insoluble Aitken
only occurs in the boundary layer. Methods (1), (3) and (4)mode. Here we take a more general approach, with no pre-
produce quite similar results in lower troposphere, since bi-gcriped assumptions about the size distribution or solubility
nary nucleation rates at these altitudes are significantly loweps e organic matter. We first assume that emitted monoter-
than activation-type nucleation rates. Effect of activation- penes produce SOA with a constant yield. This SOA is then
type nucleation on cloud droplets in methods (1-4) is fairly gistriputed over the particle size spectrum in proportion to
similar, since most cloud droplets occur below 800 hPa. Rehe condensation sink of each mode, as calculated from the

sults presented in this paper were done with methods (1) anghodal parameter under ambient conditions. All the SOA is
(5). Method (5) corresponds to the original ECHAMS-HAM  a55umed to be formed at the grid point of emission within

nucleation scheme. one model time step (30 min).
) ) Our hybrid approach would predict a correct SOA distri-
2.4 Hybrid BSOA formation scheme bution if all of the SOA were made of very low-volatility

compounds produced by rapid gas-phase reactions. In real-
The formation of biogenic secondary organic aerosol in-jty this is not the case. First of all, a large fraction of SOA is
volves a complicated set of processes. In atmospheric BSOAnade of semi-volatile matter. The partitioning of such matter
formation, the following steps can be identified: (1) emis- petween the gas and aerosol phases depends on both temper-
sions of precursor compounds to the atmosphere, (2) gasgture and properties of the pre-existing aerosol particle popu-
phase chemistry responsible for the conversion of precursorgtion (e.g. Svendby et al., 2008). Second, an unknown frac-
to less volatile organic compounds, (3) partitioning of thesetjon of SOA is produced by chemical reactions taking place
compounds between gas and aerosol phases, (4) aeros@yer hours or days. Our simplistic approach is therefore ex-
phase chemistry, and (5) chemical reactions taking place ifhected to result in errors in the vertical distribution, spatial
cloud droplets. extent and size distribution of the predicted BSOA. However,

In this work, BSOA precursor emissions are approximatedgiven the major computational costs associated with using
by monoterpene emissions calculated using the Guenthemore elaborate BSOA formation mechanisms, as well as the
et al. (1995) algorithm, as done in the original ECHAMS- major uncertainties related to these mechanisms, we consider
HAM. No isoprene or other biogenic precursors are takenour hybrid approach justified in this study.
into account, even though these compounds are likely to con-
tribute to atmospheric BSOA (e.g. Bonn et al., 2004; Henze
and Seinfeld, 2006). Our approach also neglects BSOA orig3 Results
inating from marine emissions. This source could be globally
important but is extremely poorly constrained at the momentThe experiments done in this study are listed in Table 1.
(Roelofs, 2008; Spracklen et al., 2008b). Experiment B serves as a base-case, since it uses standard
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Table 1. Experiment names, nucleation methods and BSOA method of different experiments. Experiment B is a reference simulation, since it
is simulated with standard ECHAM5-HAM. ExperimentsS®)LACT and AQSOLACT assume cloud droplet activation of soluble aerosol
modes only, others include cloud droplet activation of both soluble and insoluble modes.

Experiment Nucleation method BSOA method

B Binary Standard ECHAM5-HAM

A0 Activation (A = 2x10~7/s™1) and Binary ~ Standard ECHAM5-HAM

Al Activation (A = 2x10~9s71) and Binary ~ Standard ECHAM5-HAM

A2 Activation (A = 2x10~°s1) and Binary  Standard ECHAM5-HAM

AS1 Activation (A = 2<10-%s71) and Binary Condensing BSOA (Yield 0.07)

AS2 Activation (A = 2<10~6s1) and Binary Condensing BSOA (Yield 0.15)

SO Binary Condensing BSOA (Yield 0.025)

S1 Binary Condensing BSOA (Yield 0.07)

S2 Binary Condensing BSOA (Yield 0.15)

B_SOLACT Binary Standard ECHAM5-HAM

AO_SOLACT Activation (A = 2<10~’s™1) and Binary ~ Standard ECHAMS5-HAM
ECHAM5-HAM binary nucleation and BSOA scheme. In 0

experiments A0, Al and A2 only the nucleation mechanism
is modified and in experiments SO, S1 and S2 only the BSOA
scheme is changed. Experiments AS1 and AS2 describe nev  200f
particle formation with both activation-type nucleation and
hybrid BSOA formation scheme. ExperimentsI®LACT
and AQSOLACT are as B and A0, but cloud droplet activa-
tion is considered for soluble aerosol modes only.

300

400F

500F

Pressure [hPa]

600F ~. Experiment B - nucleation mode

—— Experiment B - other modes
Experiment AO - nucleation mode
Experiment AO - other modes

o Experiment Al — nucleation mode

Experiment Al — other modes

- Experiment A2 — nucleation mode

Experiment A2 — other modes

3.1 Sensitivity of aerosol number distributions and particle
formation rates to the choice of nucleation mechanism 7
800F

Nucleation mode aerosols originate solely from atmospheric
new-particle formation in ECHAM5-HAM. As a result, the
number concentration of nucleation mode particles provides 1000— e 0° o
a good measure of the effect of nucleation on particle num- N [cm 3 STP (1013.25 hPa, 273.15 K)]
ber concentration without ignoring their coagulation losses
below detectable sizes. The number concentration of nUgig. 1. Annual global averages of aerosol number concentrations as
cleation mode particles is not directly related to the nucle-a function of altitude. Dotted line represents nucleation mode con-
ation rate but it provides a comparable measure for evaluatingentration and solid line the total number concentration neglecting
model results against aerosol measurements. Another factawucleation mode.
of interest is the Aitken mode particle number concentration,
asitis also somewhat controlled by growing nucleation mode
particles and has the potential to have climate effects e.g. byhich is the only region where modeled binary nucleation
acting as cloud condensation nuclei. rates on average exceed activation nucleation rates. How-
Figure 1 shows the annual average vertical profiles of nu-ever, the concentrations of both nucleation and other modes
cleation mode number concentration and total number conare low in the boundary layer. Experiments with both binary
centration without nucleation mode in experiments B, AO, and activation-type nucleation flatten the vertical profile by
Al and A2. Pure binary nucleation produces high nucleationincreasing concentrations in the lower troposphere and by re-
mode number concentrations in the upper troposphere anducing the binary nucleation peak in the upper troposphere.
lower stratosphere with a peak concentration around 200 hP&art of the difference between the B and A simulations in

900F

5
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Thus, the average radius of nucleation mode particles in the
upper troposphere is smaller in experiment B than in experi-
ments AO, Al and A2. This can be seen indirectly in Fig. 1
when comparing concentration of nucleation mode particles
to concentration of particles in larger modes. In the upper
troposphere, nucleation mode concentrations produced only
with binary nucleation are much larger than concentrations
of larger particles, since only a small fraction of nucleation
mode particles grow to larger sizes. The difference between
the concentrations is smaller in activation-type experiments,

Pressure [hPa]

-45 0 45 -45 0 45 -45 0 45 since the average nucleation mode radius is already closer to
Latitude Latitude Latitude . . . .. P
Aitken mode radius. By taking this into account, solid lines
5_::-0 o0 500000 o.o-—__-l 100 in Fig. 1 are more comparable with each other, since they

exclude nucleation mode concentration. It can be seen that
even the smallest activation coefficient (experiment AO) in-
creases the total number concentrations by a factor of 2.5 at
the surface.

In Fig. 2, aerosol number concentrations in different
size classes are compared between binary nucleation and
activation-type nucleation. Figure 2a shows that binary nu-
cleation produces large number concentrations in regions
where the temperature and pre-existing aerosol surface area
are low. This leads to a band of particles between 100 hPa
and 300 hPa with increased concentrations also in lower tro-

-3 -3,
NB[cm 1 NA1 [em™] N /N

200

400

600

Pressure [hPa]

800

f

\
|

"
-45 0 45 -45 0 45

“u
-45 0 45

Latitude Latitude Latitude pospheric polar areas. In general, concentrations in the lower
EHEY T O troposphere are low with only a small increase nedrN&0
162 R 188 R 164 2406810 This lack of particles in the lower atmosphere at mid lati-
Ng [em™] Nay [em™] NMINB

tudes is mainly caused by low binary nucleation rates.

A feature of the original ECHAM5-HAM binary nucle-
ation scheme is the absence of Aitken and accumulation
mode particles in the upper troposphere at the equator, be-
tween 100-200 hPa, which is visible even in annual average
concentrations shown in Stier et al. (2005). This behavior
is partly due to a minor technical error in the application of
Vehkanéki et al. (2001) parameterization in this region: the
ECHAM5-HAM formulation sets the nucleation rate to zero

TR TR TR outside the validity range of the parameterization. However,

Latitude Latitude Latitude even when the values at the limit of the validity range are
B [ D | used when the arguments are outside of the validity range,
180 1E1 1E2 1IR3 1R4 05 1 15 the tropopause concentrations of nucleation mode particles
are less in the tropics than in middle latitudes, even though

the difference is much smaller than in Fig. 4a of Stier et

N
o
(=]

N
o
(=]

600

Pressure [hPa]

fos]
o
(=]

Fig. 2. Annual zonal average concentrations (G STP

(1013.25hPa, 273.15K)) d&) nucleation mode aerosol number; al. (2005). . . -
(b) sum of Aitken mode number concentration; gojisum of ac- Results from experiment A1 (middle panel in Fig. 2) show

cumulation mode number concentration. Left panels show the ex& Similar, but weaker concentration band in the upper tropo-
periment B (standard ECHAM-HAM); centre ones experiment A1 SPhere and increased concentrations below 700 hPa, as com-

(using activation nucleation in addition to the standard binary nu-pared with experiment B. The ratio of concentrations (right-
cleation); and right panels show the ratio of the yearly averages fomost panel in Fig. 2a) shows that activation-type nucleation
experiments B and Al. Notice the different color scales betweenincreases surface-layer concentrations of nucleation mode
figures. particles between 46-50 N by an order of magnitude, and
concentrations at around 3N are even 100 times higher
than those with the binary nucleation scheme only, mostly
due to large sulphur emissions. In the upper troposphere,
Fig. 1 stems from the fact that experiments with activation- activation-type nucleation decreases nucleation mode parti-
type nucleation use Eg. (2) to scale nucleation ratéste. cle concentrations significantly. However, this effect stems
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mainly from the fact that the average radii of nucleation mode
particles produced by binary nucleation (experiment B) are
significantly (2—3 times) smaller than those observed in ex-
periment Al. Again, number concentrations of particles in  60°N [
larger modes are more comparable with each other. 30°N

The results for Aitken and accumulation mode (Fig. 2b o°
and c) are interesting for climate considerations, since nu- 30°S
cleation mode particles themselves are too small to be acti- goog} :
vated into cloud droplets or to interact with atmospheric ra- . .
diation. Activation-type nucleation increases Aitken mode 0 0 0 0
number concentrations by a factor of 2—3 throughout the sur- 180°W 90 0 90°E 180°W
face layer with a high increase near®Q In contrast to the Experiment Al
nucleation mode, Aitken mode particle number concentra-
tions are increased throughout the atmosphere, with an orde
of magnitude increase at 100hPa. This also demonstrate:
that nucleation mode particles are effectively growing into
the Aitken mode. The growth continues until accumulation
mode sizes, as can be seen from the increased concentr:
tions of Fig. 2c. While the spatial patterns of nucleation
mode and Aitken mode concentrations are significantly al- ‘ 4
tered, the spatial distribution of accumulation mode particles o o o o o
is quite similar in experiments B and Al: concentrations in 180°'W 90°W 0 90°E 180°W
the boundary layer are somewhat increased and upper tro Experiment A2
posphere concentrations show a small decrease. This arise
from primary emissions being the major source for accu- _ .
mulation mode particles. The effect on coarse mode par- 60°NE
ticles was insignificant; changes are purely due to indirect 30°N |
changes in atmospheric dynamics, especially loss processe 0° 1. ;
for largest aerosol particles (e.g. precipitation). 30°s o

60°S i

Experiment AO

100

10

0.1

0.01

0.001

3.2 Sensitivity to the value of activation coefficient

180°W 90°W  0°  90°E 180°W
Since the activation coefficiedtin Eq. (5) was originally de-
rived from eXperimental data with limited geographical scale F|g 3. Annual average formation rates (C_I:IJ’]S_]‘) of 3nm parti_
(mostly from boreal forest), it is necessary to investigate howcles in the surface layer using different values for activation coeffi-
sensitive the aerosol concentrations are to the chosen value ofent A.
this coefficient. As all the physical and chemical factors af-
fecting the coefficient are currently not known, we have used
a constant value for all atmospheric conditions. This choicetle nucleation in tropical rainforest regions of South Amer-
enables us to estimate the sensitivity of the aerosol concentraea, which is in agreement with observations (Rissler et al.,
tions and CDNC to this parameter and to make first estimate2006).
of the realistic range of this parameter for further studies.

Figure 3 shows the annual arithmetic-average formation3.3 Distribution of BSOA over the particle population
rate of 3nm particles with activation-type nucleation, and
Fig. 4 shows the resulting annual-average nucleation mod&he total amount of BSOA produced in our simulations var-
particle number concentration in the surface layer for differ-ied in the range 3.2—19 Tg/year, depending on which aerosol
ent values of the activation parameter. As expected, the senyield (see Table 1) we assumed. Other model estimates of
sitivity of the particle number concentration to the value of the present-day global BSOA production rate range between
A is much lower than the sensitivity of the particle formation 13-24 Tg/year derived by Griffin et al. (1999), 61-79 Tg/year
rate. The spatial distribution of the total number concentra-given by Kanakidou et al. (2000), 2.5-44 Tg/year given by
tion over the continents does not change drastically betweeifisigaridis and Kanakidou (2003), 14.2 and 23.3 Tg/year ob-
experiments AO, Al and A2. The largest differences can beaained by Lack et al. (2004) using two different approaches,
found in maritime regions, both in continental outflow and and 52—66 Tg/year derived by Hoyle et al. (2007). Finally,
over remote ocean areas. Interestingly, results show very litGoto et al. (2008) obtained a production rate of 6.7 Tg/year
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for many important BSOA source regions organics are con-

Experiment AO A g : )
densing mostly on larger particles. In equatorial areas in both

: Africa and South America the accumulation mode can even
60°N be a ten times more efficient sink for BSOA than the Aitken
30°N mode. Actually the hybrid BSOA formation scheme has two

0° . counteracting effects regarding CDNC. It allows the conden-
30°S | sation of organics onto the nucleation mode and hence pro-
60°S vides additional growth for freshly-formed aerosols, which

increases Aitken mode particle concentrations and thereby
180°W 90°W 0° 90°E 180°W CDNC. However, with the hybrid BSOA scheme, more or-
ganic mass is partitioned to the accumulation mode com-
Experiment Al 100000 pared with the Aitken mode, which on the average decreases
CDNC when compared to the original scheme. Figure 5
on 1 Bt 10000 shows that over boreal forest areas, the Aitken mode is a sig-
600N I nificant sink for BSOA and hence the hybrid BSOA forma-
30°N 1000 tion scheme would increase CDNC.

% S The hybrid BSOA formation scheme does not make any
30°S| 100 assumption about the solubility of the condensing organics;
60°S all seven modes are equally likely to act as condensational

10 sinks for the organics. The original ECHAM5-HAM as-
180°W 90°w  0°  90°E 180°W sumes that 65% of the biogenic organic vapors are soluble.

Figure 6 shows how different the situation is with the hy-

Experiment A2 ! brid model. It can be seen that the majority of the organic
mass is condensing onto the soluble modes. Condensation
60°N 3 onto the insoluble modes reaches a maximum8b% in ar-
30°N eas where significant concentrations of insoluble aerosols are
0° available. Soluble modes are preferred by the hybrid BSOA
30°s bl formation scheme, since their surface area on the global scale
60°S i is larger than in insoluble modes.

S S 5 S o 3.4 Effects of nucleation mechanisms and BSOA formation
180°W 90'W O 90"E 180"W to aerosol number concentrations at the surface

Fig. 4. Annual average nucleation mode number concentrationTable 2 compares annual median predicted aerosol number
(cm~3) in the surface layer. concentrations to measured values at several locations. Con-
centrations are provided as CN10 (particle diameted nm)
and CN100 £100 nm). We consider CN10 as a representa-

for BSOA resulting from monoterpenes alone. We concludetive of the particle number concentration outside the imme-
that the amount of BSOA produced in our simulation is diate range of nucleation and CN100 as a rough estimate of
within, even though at the lower edge of, the values obtainedCCN. These choices were made for easy comparison with
in more detailed global model investigations. measurements. Activation-type nucleation increases CN10

In the following, we investigate how the treatment of by a factor of 2 or more (experiment A1 compared to B).
BSOA formation affects the simulated aerosol properties.The hybrid BSOA formation scheme can decrease CN10 in
Although the modified mechanism we use is rather simplelocations of low emissions fields of biogenic organic vapors
it is important to know how much the physical representa-(Zeppelin, Mace Head, ACE-1), but generally it increases
tion of the condensation will affect the partitioning of organic CN10 by a few tens of percent compared to the primary
species in the aerosol distribution, and how much this affect&mission scheme (experiment AS2 compared to Al). The
particle growth and eventually CDNC. effect of BSOA scheme on CN100 is not as clear, but the

The original ECHAM5-HAM uses constant size and sol- use of hybrid BSOA formation scheme seems to decrease
ubility distribution for BSOA emissions. Figure 5 shows CN100. There is no clear correlation between BSOA yield
how the hybrid BSOA formation model partitions biogenic and CN10 or CN100, although increasing BSOA yield seems
organic mass between the soluble Aitken and accumulatiorto increase concentrations in certain locations.
modes. The original ECHAM5-HAM assumes a 1:1 parti- For the CN10, inclusion of activation-type nucleation
tioning between these modes. On the average, this assumpignificantly improves model results for Hygta, Melpitz,
tion is rather good in northern hemispheric remote areas, buMace Head, ACE-1 and ACE-2. For Hohenpeissenberg, the
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60°N
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30°s

60°S

| | | |
180°W 120°W 60°W 0° 60°E 120°E 180°W

I : : I
0.1 0.32 1 3.2 10

Fig. 5. Ratio (flux to soluble accumulation mode)/(flux to soluble Aitken mode) for biogenic organics using hybrid BSOA formation
mechanism (experiment AS2). Standard ECHAM5-HAM assumes a 1:1 ratio.

30°s

60°s

65 70 75 80 85 90 95 100 [%]

Fig. 6. Fraction of biogenic organics condensing to soluble modes in experiment AS2. In standard ECHAM5-HAM, a constant fraction of
65% is assumed, however, in experiment AS2, grid box average is always above 65%.

result from experiment AO is almost as close to observationment results are rather close to observed CN100, whereas
as experiment B. Activation-type nucleation seems to overesin Hohenpeissenberg and ACE-1 all model results differ by
timate CN10 for Zeppelin, Himalaya and Pallas. Concentra-more than a factor of 2 from observation. Also for Himalaya,
tions of larger particles (CN100) are improved in Hyaji, the model is predicting too high CN100 in each experiment.
Zeppelin, Mace Head and ACE-2. In Melpitz all experi- However, the comparison with observations at Himalaya is a
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Table 2. Annual median number concentrations (¢t of aerosol sized,>10nm (CN10) and,>100 nm (CN100) from observations and
different experiments. On each row, closest model value to observation is emphasized. Observational data is taken from CREATE aerosol
databasehtp://www.nilu.no/projects/ccc/create/database)hamcept for Himalaya and ACE-experiments.

CN10 Obs. B A0 Al A2 AS1 AS2 SO S1 S2
Hyytiala 1636 891 1588 1919 1952 2286 2206 611 784 569
Melpitz 5032 2300 5066 6354 7873 7622 8021 2344 2195 2253
Hohenpeissenberg 2502 2289 3304 4182 4467 4724 5157 2119 2099 2257
Zeppelin 106 118 374 471 500 435 416 109 122 123
Mace Head 687 305 758 1171 1276 1080 1130 286 322 321
Himalaya 2098 2401 7000 9743 9856 9879 10354 1962063 1988
Pallas 418 446 993 1201 1038 1517 1508 377 467 382
ACE-1 1097 377 850 1105 1222 1082 1043 835 401 368
ACE-2 5337 1212 5647 7562 9097 8000 9127 1011 1186 1323
CN100

Hyytiala 348 425 487 469 459 312 360 218 283 235
Melpitz 1099 1091 1186 1238 1300 1220 1315 1143 1011 1054
Hohenpeissenberg 581 1339 1349 1352 1357 1223 1394 11761131 1248
Zeppelin 44 26 41 41 38 29 29 23 26 22
Mace Head 149 60 104 150 131 120 149 59 67 73
Himalaya 948 1440 1574 1726 1658 1454 1491 1186 1297 1220
Pallas 99 187 200 218 220 105 125 59 84 70
ACE-1 22 69 94 104 94 107 98 195 69 68
ACE-2 1678 495 919 1063 1156 1126 1008 435 525 594

@Aalto et al. (2001), data from year 20d€EngIer et al. (2007), data from year 206Birmili et al. (2003), data from year 2008strom et
al. (2003), data from year 20080’'Dowd et al. (1998), data from year 206Komppula et al. (2008), data from year 208&omppula et
al. (2003), data from year 200.hLI;-|eintzenberg et al. (2004), data from year 1995 (ACE-1) and 1997 (ACE-2)

bit unfair, since the same grid box contains emissions fromcleation and hybrid BSOA formation scheme (experiment
urban Indian locations, while the air masses at the measureAS2) changes CDNC as compared with CDNC predicted by
ment site are rather clean. For the Pallas site, results fronthe original model. The figure shows a histogram of CDNC
activation-type nucleation are rather close to observed valuesalculated from the annual mean distribution for the whole
(experiment AS1). atmosphere, including only cloudy grid boxes. In original
ECHAMS5-HAM the majority (78%) of cloudy grid boxes
3.5 Effects of nucleation mechanisms and BSOA formationhave a relatively low CDNC (40-140 crd), whereas only
to cloud properties 51% of grid boxes in experiment AS2 reach these low values.
The number of grid boxes with high CDNC values is sig-
Both activation-type nucleation and hybrid BSOA formation njficantly increased in experiment AS2 compared to experi-
scheme have significant effects on cloud droplet number conment B, with a factor of 1.8 in the range 140t <CDNC
centrations. Since the cloud droplet activation model we use-240 cnt3 and a factor of 3.3 for CDNG- 240 cnt 3.
does not take aerosol composition into account, except in ex-
periments BSOLACT and ASOLACT, changes in CDNC The qualitative effect on the CDNC distribution can
are only due to changes in the aerosol size distribution. Fighe seen in Fig. 8, where CDNC in experiments B and
ure 7 shows how the combined effect of activation-type nu-AS2 is presented as a function of latitude and altitude.
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Table 3. Annual average CDNC (cii®) in selected areas (as seen in Fig. 12) in different experiments. The reference values are from
Bennartz et al. (2007) and are results of two and a half year averages of satellite observations.

Experiment SAF SAM NAM NEA NAF
B 132 101 143 182 130
A0 190 172 206 288 240
Al 239 228 292 390 357
A2 297 291 337 445 432
AS1 241 229 295 392 363
AS2 236 234 292 398 349
SO 137 108 141 188 133
S1 128 109 147 180 133
S2 133 107 140 166 133
B_SOLACT 128 104 132 195 125
AO_SOLACT 184 167 221 284 252
Reference value 9623 7TH36 9626 12923  95+23

Similar spatial patterns can be seen in both experiments, so— . . . . ‘

which is due to similar annual-average cloud fields gener- =E§$E::22;isz

ated by ECHAM5-HAM, suggesting that activation-type nu-  70f

cleation did not have significant impact on general cloudi-

ness in these short simulations. CDNC in the northern ®f

hemisphere reaches its maximum values at arouridN30

The weaker maximum in the Southern Hemisphere origi-

nates from marine emissions and is located more towards

the pole, between 3B—-60 S. In the Northern Hemisphere,

activation-type nucleation increases the average CDNC by

more than 180 crm® below the 700 hPa level around 3.

In the Southern Hemisphere a significant increase can be 2°[

seen between 3G-60 S, where activation-type nucleation

produces over 120 cnd additional CDNC below the 850 hPa

level. These large changes might have a significantimpactor |

the radiative properties of clouds even on the global scale. 407140 140-240 240'34%;32_[‘;;0_3‘]‘40_540 240-640 640~

The sensitivity of CDNC against activation coefficiefit

IS presented, in Fig. _9’ which shows the annual Zon_al aVerFig. 7. Distribution of CDNC in annual mean global cloud-fields

age CDNC in experiments AO, Al and A2. Increasing the ampled only from cloudy grid boxes) in experiments B and AS2.

activation coefficient from 210 7s~* to 2x10°s ! leads  The minimum CDNC is set to 40 cn? in the cloud droplet activa-

to an average increase of 40% around IS0 The relative  tion model.

increase is generally around 20% in other areas. Experi-

ment A2 shows less than a 10% average increase in CDNC

compared to experiment Al. It must be noted that even ex- ) o . ]

periment AO produces significantly increased concentrations Vertical profiles in Fig. 10 provide a more general picture

when compared with experiment B. of CDNC in different experiments. Figure 10 shows that over
land activation-type nucleation (experiment Al) increases
CDNC by 50% above the 900 hPa level, and that the effect
is slightly stronger above oceans. Also the sensitivity to the
activation coefficient is stronger in the maritime atmosphere.

a1
o
T

40

Occurence [%)]

30F
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Fig. 8. Annual zonal average CDNC (¢t sampled only from cloudy grid boxes) in experiments B and AS2 and their difference.
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Fig. 9. Annual zonal average CDNC (¢t sampled only from cloudy grid boxes) with three different coefficients for activation-type
nucleation: 210~ 7s 1 (A0), 2 x10 8571 (A1) and 2x10°>s71 (A2).
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This higher sensitivity to the nucleation method is due to the Land Remote ocean
relatively higher proportion of CDNC in remote oceans from X “rye o
nucleation as the primary particle numbers and hence coag
ulation sinks in these areas are much lower. For a given nu-
cleation mechanism, CDNC concentrations are lower when
using the hybrid BSOA scheme as compared with the orig-
inal treatment of BSOA partitioning. It can be seen that the
global CDNC is rather insensitive to change in the BSOA
yield between 0.025 and 0.15. Since our model considers
only continental BSOA sources, the BSOA scheme has prac-
tically no effect over oceans.

Figure 11 presents cloud-top CDNC over maritime regions 8%
in experiments B, BSOLACT, A0 and AQSOLACT to-
gether with data from MODIS instrument. Satellite-datais an
average over years 2003-2006, and the details of the retrieva
algorithm can be found from Bennartz et al. (2007). It can 3
be seen that although binary nucleation produces generally 10 20 300 "0 100 200 300
too low aerosol concentrations, cloud-top CDNC is overes- CONC ) CONC fem
timated in experiment B. Activation-type nucleation leads to

even more overestimation compared to experiment B. Ther&'9: 10 Annual vertical average CDNC above land .and remote
oceans, sampled only from cloudy grid boxes. Experiment B is in

is some ]lfncrease in allfocean rE)asms, m'alnly near tk;e coaStﬁreen; experiments with activation-type nucleation (A0, Al, A2)
Major differences are found, however, in regions of a CON-in plye; experiments with hybrid BSOA formation scheme, but

tinental outflow: west and east of North-America, west of g1y pinary nucleation in magenta (S0,S1,S2): experiments with
Europe and South-Africa, and east of China due to higherctivation-type nucleation and hybrid BSOA formation scheme in
nucleation rates over the continents. Parts of these areas ared (AS1, AS2).

defined in Fig. 11 and examined in detail in Table 3. Binary

nucleation overestimates cloud-top CDNC in these areas by +pq intra-annual variability shows also a clear sea-

30-50%, and experiments A0, Al and A2 increase CIOUd'tOpsonaI pattern. With activation-type nucleation, northern-

CDNC.: on average by a factor O_f 1.6,2.2and 2.7in Comparl'hemispheric aerosol concentrations are highest during the lo-
son with experiment B, respectively. cal summer (June and July). Concentrations in the South-
ern Hemisphere are generally lower, but as with the North-

ern Hemisphere, they have a peak during the local summer
months (December to January).

600 [-

Experiment B
©ronron Experiment AO
Experiment A1
= = = Experiment A2
= = = Experiment AS1
Experiment AS2

+ Experiment SO
= = = Experiment S1
Experiment S2

700

Pressure [hPa]

800

900 - 900 [

3.6 Temporal variability of aerosol and cloud droplet num-
ber concentrations

Since our simulations do not use nudging of meteorologi-

cal fields, we have to quantify the error caused by differ-4 Discussion

ent meteorology in the experiments. In order to estimate the

inter-annual variability of aerosol and cloud droplet concen-Our intention was to present the sensitivity of aerosol
trations, we extended experiment AS2 over a five-year simuand cloud droplet number concentrations to nucleation and
lation period. In case of the vertical profiles of aerosol con-BSOA formation. By varying related parameters, such as
centrations (Fig. 1), the standard deviation for five distinctactivation coefficient or BSOA yield, we were able to deter-
years is less than 1% of the corresponding annual averagmine the sensitivity of the aerosol and cloud systems.
particle number concentrations. CDNC are more sensitive Comparison of nucleation mechanisms showed a signifi-
than aerosol concentrations to changes in model meteorokant sensitivity to the used nucleation mechanism (binary or
ogy. The standard deviation of annual global average CDNGactivation-type nucleation) and a slightly smaller sensitivity
(Fig. 10) is less than 8 cn? above land. The difference in to the chosen activation coefficient. However, the use of a
CDNC above land between experiments AS2 and B is 20constant activation coefficient for the whole atmosphere re-
times larger than the inter-annual standard deviation. Abovejuires some discussion. The activation coefficient is a semi-
oceans the standard deviation is lower (maximum 4%m empirical factor based on limited number of surface mea-
and the signal due to activation-type nucleation is over 30surements (Kulmala et al., 2006). In contrast to the binary
times larger than the standard deviation. It should be notedhucleation scheme used, which is based on solid thermody-
that global averaging reduces the effect of inter-annual vari-namic basis, the activation-type nucleation process itself is
ability: the standard deviation of cloud-top CDNC in regions not well known. For example, the exact relationships be-
of Fig. 11 is about 15% of the difference between experi-tween the coefficiend and other physical parameters are
ments AS2 and B. poorly known. Likewise, there are several indications that
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Fig. 11. Annual average cloud-top CDNC (cti) sampled only over cloudy events in the cloudy part of the grid box in experiments B,
B_SOLACT, A0 and AQSOLACT, and MODIS derived cloud-top CDNC averaged over 2003—2006. The five areas shown below are chosen
to match those of Bennartz et al. (2007).

the nucleation mechanism in the boundary layer is of eitheer concentrations, against this coefficient. The coefficdent
activation or kinetic type (e.g. Sihto et al., 2006; Riipinen et is a surrogate for possibly many physical and chemical pro-
al., 2007; Kulmala et al., 2007; Kuang et al., 2008), it is still cesses behind nucleation, and even though it seems to pro-
somewhat unclear whether activation nucleation is a realisticluce the observed particle formation events quite well near
representation of new-particle formation in the global atmo-surface in many cases, the use of the same value in the upper
sphere. For these reasons, we can only study the sensitivittmosphere results in speculative results. The mechanism be-
of other variables, such as aerosol and cloud droplet numhind activation nucleation implicitly assumes that sulphuric
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acid forms stable particles with some other species (e.g. iongjescription. Also, all of the comparisons with measurements
other sulphur chemistry products or organics). However, ashould be considered as qualitative, as all of the ECHAM5-
constant activation coefficient does imply that the concen-HAM simulations in this paper were done with model’'s own
trations of these “seeds” are constant in the atmosphere dinon-nudged) meteorology. The use of a chemical trans-
at least that some competing process compensates changesrt model or nudging ECHAM5-HAM would make it easier
in pre-existing clusters, which are most probably very roughto compare with field observations, but this study was de-
approximations. On the other hand, recent observations sugsigned as a sensitivity analysis including all feedback mech-
port the idea that the concentration of atmospheric clusteranisms of a GCM. The coarse spatial resolution causes prob-
near surface is relatively constant (Kulmala et al., 2007). Iflems when comparing with point observations: for example
we could have more detailed information on the real chemi-the Himalayan measurement station is located in a grid box
cal and physical nature of the activation nucleation, we couldwith significant sulfur emissions from pollution sources, and
scale the coefficient better in upper atmosphere conditions. the model seriously overestimates frequency of nucleation
In the binary nucleation case, nucleation and primaryevents.
emissions together are unable to create realistic aerosol Cloud droplet number concentration was shown to be sen-
number concentrations in the lower troposphere using thesitive to new-particle formation. Firstly, the implementa-
ECHAM5-HAM model, as discussed by Stier et al. (2005). tion of activation-type nucleation increased aerosol number
The activation nucleation gives, however, very promising re-concentrations in the lower troposphere and hence provided
sults near the surface, creating quite realistic number conmore seeds for cloud droplets. Secondly, the hybrid BSOA
centrations of especially Aitken and accumulation modes formation scheme provided additional growth of freshly
which are as yearly averages well comparable with averformed particles. The cloud droplet activation scheme used
age concentrations from continuous surface measurement this study had an activation diameter in the Aitken mode
Comparisons in Table 2 show that, in general, experiment®f the model, and therefore changes in the Aitken mode led
with activation-type nucleation typically give a better agree- directly to changes in CDNC. If a GCM framework does not
ment in polluted regions but overestimate CN10 in remoteinclude the possibility of cloud activation in the Aitken mode
areas. We attribute these overestimations partly to high av{as it seems to be the case in many modal models), the result-
erage concentrations with high variability of apparent nu-ing CCN numbers might be severely underestimated. Part of
cleation rates, which in turn is very closely connected with the sensitivity estimate does, however, come from the chosen
Eq. ). Especially the exponent term is sensitive to the con-cloud-activation scheme.
densation sink (background aerosol concentration). In real- Satellite observations provide information on the global
ity, it takes longer than one time step (30 min) for newly nu- scale for multi-year timescales. Unfortunately, instruments
cleated aerosol particles to grow to detectable sizes. Howused in satellite observations are not able to give direct in-
ever, the parameterization of Kerminen and Kulmala (2002)formation about the aerosol size distribution or CDNC, but
uses only instantaneous aerosol distribution to calculate thevith several assumptions it is possible to use their esti-
removal prior to growth to detectable sizes and adds the summates for comparison with model results. Figure 11 shows
viving newly nucleated particles directly to the model grid modeled cloud-top CDNC values together with values from
box in the same time step. This approach is much more serMODIS. Although experiment with activation-type nucle-
sitive to local variations in the aerosol concentrations andation overestimates cloud-top CDNC compared to observa-
sulphuric acid concentrations than a more detailed simulation, activation-type nucleation can reproduce several pat-
tion on the smaller particles. However, the method of Ker-terns seen in satellite observations. There is generally no en-
minen and Kulmala (2002) is better suited for larger scalehancement of CDNC near the coasts with binary nucleation
models: it does not increase the number of tracers, whichexcept for east of China, however experiment A0 is shows
improves the calculation efficiency, and it does include theobserved enhancement around North America, east of Eu-
main physical processes of growth and losses. Even with theope and Africa, and east of China. Itis clear that CDNC pro-
current parameterization, the geometric means of the nucleduced by the model is too high, which can be due to several
ation mode concentrations and nucleation rates are close t@®asons, such as overestimation of cloud droplet activation,
the observed values. This result, together with realistic val-cloud thickness or minimum CDNC (Hoose et al., 2008).
ues of Aitken mode number concentrations, gives some conkEven with a different cloud droplet activation scheme, ex-
fidence in using this parameterization to obtain the effectiveperiment B would be unable to explain observed features of
nucleation source rate to the aerosol population near the sucloud-top CDNC. Also, the errata for Bennartz et al. (2007)
face. When comparing the results with experiment using thgBennartz and Harshvardhan, 2007) discusses the possibility
original binary nucleation, we must consider the poor perfor-of underestimating the CDNC values on the order of 10% in
mance of modal model representation of nucleation mode irthe presence of aerosols over clouds, which bring observa-
case of strong simultaneous nucleation and growth: a fixedions closer to model results.
standard deviation of the nucleation mode distorts the parti- In this study we assumed that the precursors and at-
cle number and size in comparison with more realistic sizemospheric properties related to new particle formation are
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constant in the whole grid box (grid distance of about 300 kmand changes in BVOC emissions due to climate change as a
at the equator) and during the model time step (30 min).feedback back to the aerosols and climate.
These simplifications can create a bias in the model result, The comparisons with observations show that activa-
since in reality, the inhomogeneity in the unresolved scale intion nucleation is one very promising way to improve the
meteorological or aerosol fields can be significant. HoweverECHAM5-HAM model closer towards the average values
modern GCMs have very limited amount of information on observed over different locations, although the results show
subgrid-scale variations, and in the framework of this studyhigh temporal variability with occasionally unrealistically
we approached the problem simply by running ECHAMS5- high number concentrations. Overestimation of nucleation
HAM in different spatial resolutions. The results showed rates and aerosol number concentrations can be due to several
that the aerosol or cloud droplet number concentrations ddactors, such as too low primary emissions or the use of con-
not change significantly with varying resolutions. However, stant activation coefficient globally. CDNC comparisons to
part of this result might be due to insufficient knowledge the satellite data show that activation-type nucleation repro-
of the spatial inhomogeneity of sources and possibly dueduces several observed features, however the cloud droplet
to the simplified linear nucleation method. It could be that activation model used here overestimates CDNC even with
nucleation mechanisms having a non-linear dependence oponly primary emissions and binary nucleation.
the sulphuric acid concentration might be more sensitive to
resolution changes. Local nucleation rates might be heavacknowledgementsThis work has been partly funded by Euro-
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