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Abstract. We carried out column model simulations to study been presented. As meteorological conditions and the com-
particle fluxes and deposition and to evaluate different parti-position of vapours vary spatially in the atmosphere, several
cle formation mechanisms at a boreal forest site in Finlandformation mechanisms have been proposed.
We show that kinetic nucleation of sulphuric acid cannot be  Among the most cited mechanisms are the binary
responsible for new particle formation alone as the simu-(Vehkaniki et al, 2002 and ternary lapari et al, 2002
lated vertical profile of particle number concentration doesnucleation. However, they predict the existence of 4-10 sul-
not correspond to observations. Instead organic induced nushuric acid molecules in a critical cluster, whereas many
cleation leads to good agreement confirming the relevancexperimental studies have found a linear to quadratic rela-
of the aerosol formation mechanism including organic com-tionship between the new particle formation rate and the sul-
pounds emitted by the biosphere. phuric acid concentratioWeber et al.1996 Kulmala et al,

The simulation of aerosol concentration within the atmo- 2006 Sihto et al, 2006 Riipinen et al, 2007 Kuang et al.
spheric boundary layer during nucleation event days show2008 Sihto et al, 2009 Vuollekoski et al, 2010. In ac-
a highly dynamical picture, where particle formation is cou- cordance with these recent findings, semi-empirical nucle-
pled with chemistry and turbulent transport. We have demon-ation mechanisms have been presented, such as the activation
strated the suitability of our turbulent mixing scheme in re- of pre-existing clustersHoppel et al, 1994 Kulmala et al,
producing the most important characteristics of particle dy-2006.
namics within the boundary layer. Deposition and particle |ately, the role of organics in new particle formation has
flux simulations show that deposition affects noticeably On|ygained more and more interest. Some studies have found
the smallest particles in the lowest part of the atmospherighat the growth rate calculated from the concentration of sul-
boundary layer. phuric acid is not enough to explain the growth of ultrafine
particles Weber et al.1997 Birmili et al., 2003 Boy et al,
2005. This suggests the condensation of an additional, low-
volatile vapour. Recently, the participation of such vapour in
the nucleation step itself has been studied (Bann et al,

The formation of new particles remains one of the great-2003 Paasonen et a01Q Vuollekoski et al, 2010. .
est challenges in atmospheric aerosols research. In spite In the meteorological sense, the mixing of atmospheric

of decades of intensive research, no one-for-all solution ha§onstituents — in particular aerosol particles — is challeng-
ing. The simplest, first order mixing parametrisations (see

e.g.Stull, 1989, the so called gradient transport theory or K-
Correspondence tal. Lauros theory, have not succeeded to present turbulent mixing in all
BY (johanna.lauros@alumni.helsinki.fi) atmospheric layers and conditions, so higher order models
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have been developed and utilised also in aerosol studies (e.§. Model
Hellmuth, 2006ab,c,d). Some parametrisations add a sepa-
rate nonlocal gradient transport term to the flux equation (e.gThe utilised one-dimensional model of the ABL is a further
Noh et al, 2003. The idea is that the transport should dependdevelopment of the model MALTE (Model to predict new
strongly on the surface gradient, instead of the local gradienfAerosol formation in the Lower TropospherE) which is de-
of the studied quantity. This approach may be convenientscribed in detail byBoy et al.(2006 2008. The model re-
when modelling heat flux and other similarly behaving quan-produces the diurnal variation of boundary layer meteorol-
tities. In the case of aerosol flux, the surface gradient of parti-ogy, chemistry, emissions and particle formation. We have
cle concentration does not describe the strength of the mixingmproved the meteorology scheme (turbulence, radiation), as
in the same manner as it does for e.g. temperature gradientompared to MALTE, by utilising a one-dimensional version
The results may be opposite to those intended, when particlef the model SCADIS$ogachev et 812002 Sogachev and
concentration increases upwards and the added term leads Ranferoy 2006 Sogachey2009. In our simulations, the
weaker mixing than the parametrisation without the nonlocalmodel consists of 52 layers, of which 18 are within the vege-
gradient term. tative canopy in the lowest 15 m. The model vegetation con-
It would be easy to assume that if a model includes moresists of pine.
complex structures of turbulence, then this improves the re-
sults significantly. However, complex parametrisations may3.1 Meteorological scheme
be sensitive to particular parameter values, which may be
unreliable. For this study, we have chosen a one-and-halfVe replaced the original turbulence scheme in MALTE with
order parametrisatiorBpy et al, 2011) which presents mix-  that of SCADIS to get more reliable results, considering ver-
ing more reliably than the earlier utilised first order schemestical turbulent (heat, vapour and aerosol) fluxes. The fluxes
(Boy et al, 2006 and is easier to utilise in aerosol flux cal- are expressed as a product of the turbulent diffusion coeffi-
culations than the nonlocal schemes mentioned above. cient and the gradient of a mean quantity. The atmospheric
In this article, we aim to enhance knowledge in particle boundary layer model SCADIS originally includes a set of
formation mechanisms utilising fluxes and vertical distribu- movement equations, the continuity equation, equations for
tion of particles in the atmospheric boundary layer (ABL). moisture and heat transport, and it is also able to implement
As we are interested in particle formation especially in thetransport equations for passive tracers of interest. The time-
lowest part of the atmosphere, we concentrate on testing themarching method is used to solve the nonlinear two-point
ories of organic-sulphuric acid nucleation mechanisms andoundary-value problems. SCADIS applies a one-and-half-
compare the results with the conventional kinetic nucleationorder closure scheme, when the equation for turbulent kinetic
theory. As ion-induced nucleation is typically of minor im- energy and the equation of a supplementary characteristic (in
portance in Hyytila, on average- 10 % of the total nucle- SCADIS that is the specific dissipation) have to be solved to
ation (Laakso et al.2004 Gagre et al, 2008 Boy et al, estimate the diffusion coefficient. Considering the vegetation
2008 Manninen et al.2009, in this study we investigate as a multi-layer medium and implementing parametrisations
neutral pathways. In addition, we study the effect of turbu- for radiation transfer, drag forces on leaves and stomatal con-
lent mixing, dilution and deposition on particle formation, ductance, SCADIS properly describes the exchange between
and evaluate the adequacy of the developed model in aerosthe vegetative canopy and the atmosphere. In our simula-
studies. tions, observations of direct and diffuse solar radiation above
the canopy were utilised as border values for the radiation
transfer scheme.
2 Measurements

. .2 hemistry and emission
The measurements were carried out at the SMEAR || sta-3 Chemistry and emissions

:!on n 39””:“” F|rt1let1.nd. .A dgtauled cliesclzrlptltonl oéége S The model presents time-dependent concentrations of
|og at?]tt 'r}? rumer:a;]or: '.Slg'}l.?sang:gﬁﬁe at.'(l ]) 45 chemical species which result from 112 reactions.
and aitp.Iwww.atm. EIsInkt. o € particie size . Sulphuric acid and reaction products of organic vapours

d!strlbutl.ons bet.v.veen 3._100(.) nm were mea;urgd by a tWIr1tmon0terpene$) are the most essential simulated vapours in
differential mobility particle sizer (TDMPS) within a vege- our study, as these participate in nucleation

tat|ye canopy. In addition, ve_rtl_cal profiles ofmeteorologlcgl KPP — the Kinetic PreProcessabgmian 2002 Sandu
variables (temperature, humidity) and number concentration : ;

: S and Sander2006 is now used in MALTE to translate the
of particles & 10 nm in diameter, measured by two conden-

X i ) reaction equations (for details seBoy et al, 2006 into
sation particle counters) were measured on hot-air balloo L .
. ortran 90 code, that performs the time integration of the
flights (Laakso et al.2007).

kinetic system. Of the several numerical solvers for sys-
tems of differential equations available in KPP, we used the
LSODE solver Radhakrishnan and Hindmarg993 Sandu
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et al, 1997. The KPP-produced Fortran code is then calledand molecules which are reaction products of organic
from the main MALTE code. Some minimal changes to vapours (MoRP, monoterpenes reaction products). So the
the KPP-produced code were performed. The chemistnfformation rate depends on the concentration of vapours
and meteorology are combined in a typical split-operator ap{H2SO4, MORP) and molecular collision probability:
proach. The meteorology, including atmospheric mixing of
the chemical species, is simulated with a 10 s time step anc{ = Pv[H2S04][MORP]. @
after each 6 steps emissions and chemical reactions, sepgterev is the collision rate and the constahtdescribes the
rately for each atmosphere layer, are simulated for 60 s. Thugrobability that a collision leads to new particle formation.
the changes in the chemical concentrations after the chemsimilarly as above we defined the value Bfbased on the
istry step would appear instantaneously from the meteorolpest fit for studied formation paths. The valueffvas set
ogy model point of view. to 1-2x 10~% cm~3, depending on the (concentration of) or-
The emissions of monoterpenes from the canopy are calganic reaction products which are participating nucleation:
culated with MEGAN (Model of Emissions of Gases and 1x 104 cm~2 for OH oxidation products and>210~4cm—3
Aerosols from Nature), which is described ®yenther etal.  for Oz oxidation products. As the formation rate depends on
(2009. The emission rates depend on leaf temperature anérganic vapour concentration, the expected maximum of par-
the available solar radiation on sun and shade, calculated seficle formation rate is located at the surface close to organic

arately for every model level. vapour sources and the rate decreases upwards.
) . Nucleation is followed by growth, according to the nano-
3.3 Particle formation and growth Kohler theory, having sulphuric acid and reaction products of

. . . organics, oxidised by OH, as a condensing vapour. Simulta-
The aerosol dynamic processes are simulated with the mul- 9 y g vap

. . neously water, sulphuric acid and reaction products of organ-
v al, 2004, The scheme includes representatons of nucieicS ©Xcised by OH, N@and G, partiipate n the conven-

o 9. . C pre "~ tional condensational growth of particles. In the presented
ation mechanisms, activation of nano-size clusters followmgsimulations we have assumed that 5% of organic oxidation
:‘nedn:;;'ﬁglgnthégg gg&aleme;a;?l, zzgg;) ' C\/C\)/gdcec?rf;gc;? products are able to condense on particles. The value has led

: 9 . y ’ ) : . to good agreement with observed growth rates at the surface
different f‘?rma“°.” p'aths for new secondary particles bqt P™in an earlier Boy et al, 2006 and this study. Similarly as the
mary particle emissions are ignored. The first mechanism 'Sprefactors in Egs.1) and @), the proportion of condensable
called kinetic type nucleation and was first proposedvay X ; .

: L . " vapours may depend on circumstances (altitude). However,

Murry and Friedlande€1979. In kinetic nucleation, critical P y dep ( )

clusters are formed by collisions of sulphuric acid moleculesWe are not able to estimate the vertpal dependence of pro-
or other molecules containing sulphuric acid, e.g ammoniurTJDortlon of condensable_vapours on altitude, as_we_have mea-
: - N ._~"surements only on particles larger than 10 nm in diameter.

bisulphate molecules. The upper limit for kinetic nucleation,

the kinetic limit, is set by the collision rate of molecules 3 4 particle deposition to the canopy

given by the kinetic theory of gases. Here we let the col-

lision frequency function be a free parameter and calculatein the earlier model version deposition to the canopy was

nucleation rate as: presented by a bulk parametrisation, as the model had only
5 one level describing the removal effect. As the new model

J =K x [H2504] 1) version has several levels within the canopy, a more sophis-

The coefficientk in our study was set to 510 13cm3s 1, ticated deposition parametrisation is possible.
based on the best fit after a comparison of the simulated and Ve follow Petroff et al.(2008 to parametrise deposition
observed particle concentrations on the studied time periodlo needles. The vegetation collection raje(s™*) due to
This kinetic coefficient contains the details of the nucle- Process inalayer,
ation process, especially the probability that a collision of ri = afive 3)
two sulphuric acid containing molecules results in the forma-
tion of a stable critical cluster. As the determined value of thedepends on the surface area of needlesd the elemental
semi-empirical coefficienk varies over orders of magnitude collection velocityv,. The factorf; describes the ratio of the
(Sihto et al, 2006 Riipinen et al, 2007), the coefficient may averaged and the elemental collection velocity and depends
depend on factors which lead to a vertical dependence. Howon an angular and size distribution of needles in a layer. The
ever, the potential vertical dependence has not been studie¢egetation removal rat&, (cm—3s-1) is a product of the
and therefore we have settled to a constant value of the coef/egetation collection rate and the particle concentration
ficientK .

The second nucleation mechanism, organic-sulphuric aci(fk =rexC “)
nucleation, is presented assuming that new particles are We assume that the total deposition is a sum of individual
formed through collisions between sulphuric acid moleculesprocesses and parametrise separately any deposition due to
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Brownian diffusion, gravitational settling, interception and H>SO4 was not measured at the SMEAR 1l station on March
inertial impaction. The two latter processes are more depen2006 but the simulated concentrations 4200 cm~3) are
dent on wind velocity than Brownian diffusion. The influ- consistent with observations on Spring 200P&fja et al,
ence of interception exceeds the effect of Brownian diffusion2009. The initial particle distribution corresponded to sur-
already at low wind velocities, when particles are larger thanface observations in the ABL (below 300 m) and was set to
100 nm (seePetroff et al, 2008. When particle diameter 0.2 of the observed concentration at higher altitudes in the
is 25 nm, interception begins to dominate if wind speed ex-free troposphere. Similarly the initial S@oncentration was
ceeds 4mst. For interception and impaction calculation, set to 0.2 of the observed concentration above the ABL and
we assume that the angle distribution of needles in the spacéater it was defined to be 0.2 of observed surface concentra-
and the size distribution of diameter, are both uniform. tion at minimum. The sensitivity studies show that even if
Brownian diffusion due to thermal motion is most impor- SO, concentration in the free troposphere is set to the same
tant for small particles. The elemental collection velocity due as the observed at the surface, our conclusions would not

to Brownian diffusion is defined for needles &efroff et al, change.
2008
ShDg 4.1 Evaluation with meteorology
vB = d (5)
n

Meteorological conditions were dominated by a high pres-
where Dg (m?s1) is the diffusivity of a particle and the sure system, the centre of which moved from the Scandina-
mean diameter of needlés was set to 1 mm. The Sherwood vian Peninsula to Finland. Thereby the air flow turned from
number is defined a§h = CzScl/3Re"s where Re is the ~ north to east during the studied period. The simulated mix-

Reyn0|ds number and’B and ng are adjusted parameters Ing helght, defined in the simulations as an altitude where the

which depend on the flow regime througa. Richardson number exceeds 0.25, is typical for spring time

Deposition velocity is defined as in Finland and the early growth was consistent with the SO-
DAR measurements at the SMEAR |l station (Fig). How-

Vi) = — Fi (@) W, (6) ever, the simulated humidity profiles show underestimation

C(2) in concentration in the free troposphere during the afternoon.

where F, is the turbulent flux andv; the settling velocity. ~ AS the source of humidity is at the surface, this together
At the surface we calculate the deposition velocitpasroff with the temperature profiles indicate underestimation in the

etal.(2008: mixing strength, especially above the ABL (Fith). Sim-
03 ilarly a comparison with radiosoundings in Jokioinen refers
Vg =3v3(297)Sc =2 Pu, + Wi (7)  to underestimation of mixing, because the simulated ABL

height does not achieve similar heights as defined from the
soundings. The weak mixing affects vapour concentrations
leading to a strong concentration gradient between the ABL
and the free troposphere. This is discussed in more detail in
Sects4.2.2and4.3

where Sc is the Schmidt number and, the friction veloc-

ity (in this study at the first model level above the surface).
The settling velocity is calculated as described Rgnnik

et al.(2003. For details of parametrisations, deetroff et al.
(2008.

4.2 Particle formation paths
4 Results

4.2.1 Kinetic nucleation
We simulated new particle formation on 12—14 March 2006.
On these event days hot-air balloon flights were carried ouKinetic nucleation (Eql) reproduces the observed particle
(Laakso et al.2007). The initial vapour concentrations of formation events at the surface even if the observed forma-
most species, especially the organic reaction products, wergon events are not as clear as the simulated onesZ&ignd
set to zero at the start of the model run. The concentratiorb). Even if kinetic nucleation is able to reproduce surface
of reaction products of organics achieved steady state withirobservations, the simulated vertical particle profile does not
a few hours after the onset of emissions. As the higher geneorrespond to the observed one (R3j. The kinetic nucle-
eration reaction products of organics are less volatile tharation prefers new particle formation in the free troposphere
first generation products, the reaction rates of organics wergvhere pre-existing particle concentration is low. The nucle-
halved. For several other gases like CO,SRO, NO; and ation rate follows diurnal variation of sulphuric acid but the
ozone, measurements from the SMEAR Il station were usechumber concentration of aerosols increases constantly above
as inputs through the model simulation duration. The verti-the ABL, due to a low sink and higher sulphuric acid con-
cal profiles of input gases were set to be uniform. Sulphuriccentration above. The observed profiles for particles greater
acid was calculated from oxidation of observed,&MDd or- than 10 nm in diameter refers to particle formation within
ganic vapours originated from calculated canopy emissionsthe ABL, as the number concentration decreases notably just

Atmos. Chem. Phys., 11, 5593601, 2011 www.atmos-chem-phys.net/11/5591/2011/
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Fig. 1. (a) Mixing height (i) as observed by SODAR, shown by ) 10

colours, red colour shows the strongest echo and thereby the alti- —_ i

o100

tude of temperature inversion, skauros et al(2007), and (ii) as
determined from radiosonde measurements in Jokioinen, 100 km to

the South from SMEAR I, shown by blue squares, and (iii) as sim- 12 13 14

ulated with MALTE, shown by black curveb) Turbulence kinetic day

energy (TKE) from simulations, black curve same aéin - ' _
10 100 le3 led le5

above the ABL. Based on our simulations and earlier stud- dN/dlogD, (em™)

ies (Makkonen et al.2009, kinetic nucleation cannot be the
prime particle formatio.n mechanism intr_]e IowertroposphereFig_ 2. (a) Observed particle formation event@) Typical event
at the boreal forest site. The conclusion does not changgjmulation for kinetic nucleation (EQ). (c) Typical event when

even if we assume a uniform $@istribution only within  the nucleation rate depends on reaction products of monoterpenes
the ABL, and the concentration above the ABL is set to 0.5with O3 (Eq. 2) and (d) typical event when the nucleation rate

of the observed value (Fig. 3a). depends on reaction products of monoterpenes with OH ZEq.
In presented simulations the condensing organic vapour participat-
4.2.2 Organic-induced formation ing nano-Kohler growth is composed from reaction products of

monoterpenes with OH.
We have simulated different paths for new particle forma-
tion, and tested organic components which participate in nu-

cleation and nano-8hler growth. When nucleation rate de-  gjnjated new particle formation rate decreases upwards,

pends on organics (monoterpenes) oxidised pyparticles ¢ e organic gas concentration decreases. This leads to a
are formed even in the night because the concentration of OXimilar vertical distribution of particless( 10 nm in diam-

idation products does not decrease significantly. This Iead%ter) as observed (Figa): the concentration is constant

to the presence of smallest particles in the night, whereagiiin the ABL due to strong mixing but decreases substan-
3—6 nm particles are not observed similarly during this timetially above the ABL. Between 500—1200m. the simulated
period (Fig.2c). Decreasing in Eq. (2) does nothelpasthe -, centrations follow the initial particle profile, set in the be-
formation rate decreases similarly at observed event time anain of the simulation. instead of the observations. As the sim-
the_diurnal variation in conqeptration of_organics oxiQised bY Ulated concentration of the smallest particle is similarly very
Oz is too small. The result is improved if the nucleation rate |, ot these altitudes, the underestimation of larger particles

depends on reactions products of monoterpenes and OH ifg,aq ot result from slow growth of particles. A reason can
stead of @ as clear events are produced (F2g). Recent o 154 \eak mixing and flow of 10-1000 nm particles from

laboratory experimentsHao et al, 2009 indicate that reac-  yhe ABL or lack of advection of particles in the free tropo-

tion products from OH OX|d.at|0n of organics are more prob- sphere (different background aerosol distribution) that is not
able to nucleate than reactions products frogofidation.  j,|,ded in 1D modelling. As the concentration of nucleating

and condensing organic vapours is probably underestimated

www.atmos-chem-phys.net/11/5591/2011/ Atmos. Chem. Phys., 11,5601-2011
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. . . . (b) No5_100nmand(c) N1po—1000nmat the top of the ABL (red
Fig. 3. Observed and simulated particle number concentratloncurve) and at the surface (blue curve). The observed aerosol con-

N> 10nm On 13 March 2006 when the particles are formed by or- centration at the surface is shown by black dotted curve
ganic and kinetic nucleation. The ABL height is shown by black y '

dotted horizontal line. (a) The shaded areas show the range of

concentration when reaction rate of organics is multiplied by 0.2— 0 ic-ind d leati I d . f
1. (b) The shaded areas show the range of particle concentration rganic-induced nucleation allows us to study mixing o

when 2-10% of organic vapours can condense on particles (redp@rticles, when most of the new particles are formed in the
and when (i) organics are nonvolatile, (i) organics are nonvolatile lower half of the ABL. In following simulations, nucleation

and P = 103 cm~3 or (jii) organics cannot condense on particles rate depends on reaction products of organics oxidised by
below 3 nm (green). OH.

4.3 Dilution due to entrainment and deposition

due to weak mixing just above the ABL, the underestima-
tion of local particle formation is a plausible reason. Earlier 4.3.1 Entrainment and particle fluxes
observations confirm that new particle formation is possible
in the residual layerStratmann et g1.2003 Laakso et al.  Decrease in surface particle concentration has been recog-
2007). nised regularly in mornings before a particle formation event

The concentration gradient between the ABL and theoccurs Boy et al, 2004. The decrease has been explained
residual layer decreases if the nucleating and condensing rdsy an onset of mixing and flow of cleaner air from the free
action products of organics are higher generation productstroposphere to the surface. Dilution cannot be positively
in other words, if the nucleating organic products are formedidentified in our measurements because the observed particle
slower than the first order products (FBa). However, this  concentrations of 25-100 and 100-1000 nm particles vary
does not affect the particle concentration above the residin a short time scale. The concentrations decrease simultane-
ual layer in the free troposphere. We have tested the modebusly before the onset of particle formation only on 13 March
variables, e.g., different condensing fraction of organics, dif-(Fig. 4). The simulations show more clearly dilution at the
ferent prefactors for nucleation, possibility that organics dotop of the ABL followed by a weaker dilution effect at the
not condense on particles below 3 nm or organics are nonsurface. The simulated dilutions occur at noon after the onset
volatile. As we can expect, the number concentration of par-of new particle formation and therefore the decreasing sink,
ticles (> 10 nm) increases, if a reduced amount of organics isdue to dilution of background aerosol concentration, cannot
able to condense on particles. Also the gradient between thactivate particle formation in our simulation. The simulated
ABL and the residual layer seems to be stronger in this casenumber concentration of the largest particles follows well the
All tested cases produce a surface event or a vertical profilérend of measurements but the short scale variation cannot be
(Fig. 3b) which is less consistent with the observations thancaptured (Fig4c). The simulated concentration of the small-
our basic case. In the case of kinetic nucleation, the particleest particles starts to increase simultaneously with the mea-
concentration in the free troposphere is overestimated withsured concentration but the growth is slightly weaker than
out an exception. the measurements indicate (FHg, b). The early increase of

Atmos. Chem. Phys., 11, 5593601, 2011 www.atmos-chem-phys.net/11/5591/2011/
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600

the observed Aitken mode concentration on 13 March results
from the new particle formation event on previous day (see ¢
Fig. 2a). T 4001

When the boundary layer grows and the mixing reaches 2 54
upper cleaner air, this leads to a concentration gradient anc ™ 1
particle flux upwards toward lower concentrations (F5y.

Flux of larger particles % 25nm) (Fig.5c,d) is constantly
upwards achieving the maximum strength at the upper partg
of the ABL after noon.

The conditions for organic-induced particle formation and
growth are most favourable at the surface which creates a ver.
tical concentration gradient and upward flux of the smallest
particles. The direction of particle flux of the smallest parti-
cles turns downwards after the ABL growth ends (FHa).

The downward flux of particles requires a downward de-

creasing concentration which can result from the removal of
small particles near surface. The flux turns even if deposition
to the canopy is ignored. Therefore the explanation is coag-
ulation of small particles near the surface. The concentration
of accumulation mode particles is higher and the coagulation
sink of the smallest particles is stronger in the lowest part of
the ABL than at higher altitudes. The deposition, however,

explains the constant downward flux of the smallest particles

d

atitude

atitude (m)

altitude (m)

within the vegetative canopy. Similarly as for 3—6 nm parti- day e
cles, the flux of 3—25 nm particles is downwards and opposite —
to the larger particle flux during night. The flux does not turn -1000 -100 -10 0 10 100 1000

upwards until in forenoon when the fresh-formed particles

have grown into the size class. The flux in both the smallesirig. 5. Turbulent particle flux (cm2s~1) for (a) 3-6 nm(b) 3—

size classes, 3—6 nm and 3-25 nm, turns upwards simultanes nm, (c) 25-100 nm andd) 100-1000 nm particles. Black solid

ously as the lower limit of size classes is the same. In the afcurve represents simulated mixing height.

ternoon, the flux of 3—6 nm particles turns downwards before

3-25 nm particle flux. This can be understood as the number

concentration of 6-25 nm particles increases near the surfacghere the strength of mixing changes strongly and the par-

still after 3—6 nm particles have reached the maximum condicle concentration gradient is large. Mixing mostly affects

centration. In other words, due to favourable particle growththe smallest 3—6 nm particles in the ABL. The flux results

at the surface, the vertical distribution of 3—25 nm particlesfrom strong new particle formation in the ABL which cre-

evens out slower and the flux continues upwards longer thates a particle concentration gradient between the ABL and

for the smallest studied size range. the free troposphere. The nighttime downward flux of 3—
The change of particle concentration depends on the gra25 nm particles aims to decrease the particle concentration

dient of turbulent fluxes and other terms related to aerosobbove the ABL and increase the concentration near the sur-

dynamics: face (Fig.6b). However, the removal processes exceed the
Jc IF effect of downward flux and the particle concentration de-
o= _d_’ +S44. (8) creases at the surface in the night (Fia).

t z

HereS,q represents particle formation, sources and remova#.3.2 Deposition to canopy

processes (deposition, coagulation, sinks). Under steady-

state conditions the particle concentration does not changén addition to coagulation, turbulent mixing and entrain-
in the layer if the flux is spatially constant — as many parti- ment to the free troposphere, deposition in the vegetative
cles are flowing in and out of the layer. We have calculatedcanopy removes particles in the ABL. Stronger turbulence
the effect of fluxes on particle concentration from the sim- gives stronger deposition as especially interception strength-
ulated particle fluxes (Fig6). Even if the particle flux is  ens.

strong within the ABL, it leads only to minor change in par-  The simulated wind velocity is only 1-2 mwithin the

ticle concentration of the largest particles as the gradient ovegetative canopy and therefore Brownian diffusion is em-
particle flux is insignificant. The concentration of the largest phasised. The low wind velocity leads predominantly to
particles changes moderately and mainly just above the ABLremoval of freshly nucleated and Aitken mode particles.
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Fig. 6. Effect of turbulent flux on(a) 3—6 nm(b) 3—25 nm,(c) 25—
100 nm and(d) 100-1000 nm particle concentration calculated as
—dF;/dz. Black solid curve represents simulated mixing height.

Fig. 7. Median collection rate ofa) 3—6 nm(b) 3-25 nm,(c) 25—
100 nm andd) 100—-1000 nm particles. Collection rate is calculated
as given by Eq.3). The height of canopy is 15m.

Petroff et al (2008 already showed that deposition of Aitken around 140 nm. The results are consistent with observations
mode particles is main|y Contro”ed by Brownian diffusion even if the Values are Sl|ght|y Sma”er than the Observed me-
while Brownian diffusion does not affect similarly concen- dian valuesGronholm et al. 2007 Pryor et al, 2008.

tration of larger particles (Figr). If wind velocity was sig-

nificantly higher and interception stronger the removal rate5 Conclusions

of the largest particles could exceed removal rate of Aitken

mode particles. However, Brownian diffusion of the small- Our results point out the importance of mixing and a reliable
est particles is so effective that these are removed fasteshixing scheme in new particle formation studies. We suc-
due to deposition regardless of wind velocity. Therefore de-ceeded to reproduce observed new particle formation events
position as particle sink within forest affected mainly nu- at the surface by applying kinetic and organic-sulphuric acid
cleation mode particles. Within the canopy deposition re-nucleation theory. The vertical profiles however showed that
moves the smallest 3—-6 nm particles up to 108t ! while kinetic nucleation did not correspond to the observed parti-
the removal rate for 100-1000 nm particles is only up tocle formation as the particle concentration became too high
0.1cm3s1 (Fig. 8). The removal rates correspond to de- above the ABL. Instead organic-induced particle formation
position velocities of the order of 1cmand 0.01cm<s?, resulted in similar surface events and structure of vertical par-
respectively. The diurnal variation in removal rate resultsticle profile as the observations. This result indicates that the
from variation in particle concentration. We calculated the organic-induced formation mechanism can be responsible for
total removal flux of particles due to deposition in the veg- particle formation at a Boreal forest site. Similar vertical
etational column. Dividing the total flux by the particle profiles of particles during observed nucleation events have
concentration above the canopy we can compare the resultseen observed at SMEAR IL&akso et al.2007 O’Dowd

with observed deposition velocities. In the simulations theet al, 2009 and at other locations (e.&tratmann et al.
median normalised deposition velocity /u, is 8 x 1073 2003. Thus this mechanism could be an important path to
for 10 nm particles and the minimumx610~* is achieved  atmospheric nucleation over forested areas and potentially
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