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Abstract. In Paper | of four papers, a revised columnar cross-sections of first-order moments and double correlation
high-order model to investigate gas-aerosol-turbulence interterms. Although in both cases the occurrence of NPF bursts
actions in the convective boundary layer (CBL) was pro- could be simulated, the burst characteristics and genesis of
posed. In Paper II, the model capability to predict first-, the bursts are completely different. It is demonstrated, that
second- and third-order moments of meteorological variable®bservations from the surface layer alone are not conclu-
in the CBL was demonstrated using available observationative to elucidate the origin of newly formed particles. This
data. In the present Paper lll, the high-order modelling con-is also true with respect to the interpretation of box mod-
cept is extended to sulphur and ammonia chemistry as welklling studies. The binary and ternary NPF bursts observed
as to aerosol dynamics. Based on the previous CBL simuin the surface layer differ with respect to burst amplitude
lation, a feasibility study is performed using two “clean air and phase. New particles simulated in the binary scenario
mass” scenarios with an emission source at the ground butre formed in the forenoon in the upper part of the grow-
low aerosol background concentration. Such scenarios synng CBL, followed by turbulence-induced top-down trans-
optically correspond to the advection of fresh post-frontal airport. Hence, with respect to the burst observation site in the
in an anthropogenically influenced region. The aim is to eval-surface layer, new particles are formed ex situ. In opposite
uate the time-height evolution of ultrafine condensation nu-to this, the ternary case reveals a much more complex pat-
clei (UCNs) and to elucidate the interactions between me-ern. Here, NPF is initiated in the early morning hours in the
teorological and physicochemical variables in a CBL col- surface layer, when temperaturg)(is low and relative hu-
umn. The scenarios differ in the treatment of new parti- midity (R H), sulphur dioxide (S@) and NH; concentrations

cle formation (NPF), whereas homogeneous nucleation acare high, hence new particles are formed in situ. Shortly after
cording to the classical nucleation theory (CNT) is consid-that, ex situ NPF in the free troposphere sets in, followed by
ered. The first scenario considers nucleation of a binary sysentrainment and top-down diffusion of newly formed parti-
tem consisting of water vapour and sulphuric acid$8y) cles into the surface layer. Altogether, these processes mainly
vapour, the second one nucleation of a ternary system addieontribute to the formation of a strong burst in the morning
tionally involving ammonia (NH). Here, the two synthetic hours in the ternary scenario. While the time-height cross-
scenarios are discussed in detail, whereas special attention §ection of the binary nucleation rate resembles a “blob”-
payed to the role of turbulence in the formation of the typical like evolution pattern, the ternary one resembles a “sucking
UCN burst behaviour, that can often be observed in the surtube”-like pattern. The time-height cross-sections of the flux
face layer. The intercomparison of the two scenarios revealpattern and double correlations could be plausibly interpreted
large differences in the evolution of the UCN number con-in terms of CBL turbulence and entrainment/detrainment
centration in the surface layer as well as in the time-heightprocesses both in the binary and in the ternary case. Although
the present approach is a pure conceptual one, it shows the
feasibility to simulate gas-aerosol-turbulence interactions in

Correspondence taD. Hellmuth
(olaf@tropos.de)

Published by Copernicus GmbH on behalf of the European Geosciences Union.
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the CBL. Prior to a dedicated verification/validation study, 2 Treatment of “spurious oscillations”
further attempts are necessary to consider a more advanced
description of the formation and activation of thermodynam- In Subsubsection 5.2.1 and Section 6 of Paper | the origin
ically stable clusters according to modern concepts proposedf non-physical solutions, so-called spurious oscillations, of
by Kulmala et al.(2000, Kulmala(2003 andKulmala etal.  the third-order turbulence model and measures to damp them
(20044. were discussed. While the addition of an atrtificial diffusion
term to the right-hand sides of the third-order moment equa-
tions was found to efficiently damp such non-physical solu-
tions in the meteorological part of the model, it does not in
1 Introduction the physicochemical part. From a series of numerical experi-
ments it was found, that in the model equations including the
Atmospheric NPF is known to frequently occur all around full physicochemical interactions, described in Appendix C2
the world Kulmala et al, 20048. It is generally accepted of Paper I, spurious oscillations were already amplified and
to be a key process in regional and global climate controlbecame dominant after a couple of hours of integration time
by aerosols, that deserves a better description in atmospherimtil an abnormal end of the simulation. Under no circum-
models Kulmala 2003. A comprehensive review of obser- stances it was possible to find stable solutions of the model
vations and phenomenological studies of NPF, atmospherigystem, when physicochemical source/sink terms (interac-
conditions under which NPF has been observed and empirition of reactive tracers) were considered. The solution was
cal nucleation rates etc. over the past decade from a glob&bund to be very sensitive against the vertical gradient of the
retrospective and from different sensor platforms was permean physicochemical variable®g, /0z, =1, ..., N, ap-
formed byKulmala et al(20048. With respect to full under-  pearing in the third-order moment equations of Appendix C3
standing of atmospheric nucleati&mlmala (2003 p. 1001)  of Paper |, i.e., in the governing equations for the turbulent
raised two fundamental questions, which are deserved to b&ansport of scalar fluxes (Appendix C3.2, Eq. (C29)) and
answered: the turbulent transport of scalar correlations (Appendix C3.3,
Eq. (C32) and Appendix C3.4, Eq. (C35)). To investigate its
1. Do neutral, stable clusters exist in the atmosphere? lonnfluence on the evolution of first-, second- and third-order
clusters do exist, but the nucleation rate predicted by themoments a number of runs were performed, in which the
ion-mediated mechanism is limited by ion production original mean gradient term was adjusted by an artificial re-

rate, which often gives lower particles nucleation ratesduction factor, i.e.(1—C12) x (0%/03z), =1, ..., N, with
than observed. C12 varying between 0 (original formulation) and 1 (vanish-
ing mean gradient). It was found, th@{, strongly affects the
2. Which mechanism governs the initial growth? time period during which the solution remains stable. How-

ever, the only way to keep the simulation stable over the
To answer these questiort§ylmala (2003 demands an in-  whole integration time was to s€t,=1. The reason for that
terdisciplinary approach involving laboratory experiments, behaviour is not yet clear. For the time being, the considera-
continuous field observations, new theories and dynamidion of the reduction factor in front of the mean gradient term
models. With respect to the latter aspect, here an attempt ifor the physicochemical variables is only an ad hoc approach
made to elucidate the possible role of CBL turbulence in NPFto damp self-amplifying oscillations. However, in their high-
by means of a columnar model. order modelVerver et al.(1997 Eqg. (8), see references
Based on the simulation of the evolution of a typical CBL, therein) conducted a number of similar simplifications in
described in Paper I, in the present Paper Il the physicothe governing equation of third-order moments. Among oth-
chemical conditions of NPF in the anthropogenically influ- ers, the authors neglected all terms of the faw¥ M1/0z,
enced CBL is investigated. Within the framework of a fea- whereM; and M3 are the averaged first and third moments,
sibility study two exemplary scenarios are investigated torespectively:“It is motivated by the notion that within the
demonstrate, that the model gives reasonable results. In theulk of the unstable boundary layer the mean gradient of
present paper, special attention is payed to the interpretatioacalar quantitiesq{M1/9z), as well as terms that contain this
of the time-height cross-sections of first- and second-ordegradient, are small’(Verver et al, 1997, pp. 200-201).
moments of physicochemical properties under turbulent con-
ditions. The aim of the present study is to elucidate the role of
turbulent diffusion and mixing in the initiation of NPF bursts, 3 Parameter dependency of different nucleation mech-
that can often be deduced from in situ aerosol measurements anisms
performed in the convective surface layer (see the generalised
evolution pattern in Fig. 1 of Paper I). Figure 1 shows the parameter dependency of different state-
Here, the NPF evolution for a homogeneous binary andof-the-art nucleation models and parameterisations based
ternary “clean air mass” nucleation scenario is investigated.on the CNT. Kinetic models are not considered. As seen
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Fig. 1. Parameter dependence of different nucleation rate models: “Ex.” — Exact model with consideration of cluster hydratioSteffiécts (
fer, 1976 Jaecker-Voirol et 8] 1987 Jaecker-Voirol and Mirabel 988 1989 Kulmala and Laaksonett99Q Laaksonen and Kulmala991,
Kulmala et al, 1998 Seinfeld and Pandid4998 Chapter 10); “Kul” — Parameterisation of binary nucleation rate inclusive hydration effects
according tokulmala et al.(1998; “Liul” — Parameterisation of binary nucleation rate accordingitoet al. (2001 Eq. (3)); “Liu2" —
Parameterisation of ternary nucleation rate at an implicigMtixing ratio of 0.5 pptv according thiu et al. (2001, Eq. (21)); “Nap” — Pa-
rameterisation of ternary nucleation rate accordinapari et al(2002h; (a) Temperature dependenceraiy =0.8, [HZSO4]=108 cm3,
[NH3]=0.5 pptv; (b) Humidity dependence §t=28815K, [HZSO4]:108 cm=3, [NH3]=0.5 pptv; (c) bSOy vapour dependence at
T=28815K, RH=0.8, [NH3]=0.5 pptv; (d) Gas phase NfHependence of the ternary nucleation rate accordiidgioari et al.(2002h
“Nap”) for different parameter combinations of temperature, relative humidity gi8Ch vapour concentration ( 1: T=288.15 RH=0.8,
[HoSOy]=10" cm3; 2: T=273.15K,RH=0.8, [H»SO4]=10" cm~3; 3: T=288.15K,RH=0.8, [H»SOy]=10° cm~3; 4: T=288.15K,
RH=0.8, [HySO4]=10° cm3; 5: T=288.15 K,R H=0.4, [H»SO4]=10" cm~3).

from Fig. 1a, the nucleation rate strongly increases as temeept for the ternary nucleation rate Nbpari et al.(2002h
perature decreases. At fixed temperature, the various nuNap”). For the ternary cas®lapari et al.(2002a Figs. 8
cleation rate models differ by several orders of magni-and 9) demonstrated, that hydration consumes fre8Qy
tude. The parameterisations biu et al. (2001, Eq. (21), molecules to the extent, that nucleation decreases regard-
“Liu2") and Napari et al.(2002h “Nap”) are for ternary less of increasing humidity. This effect was found to be
nucleation at NH=0.5 pptv. As pointed out by iu et al. more pronounced at low NHconcentrations. At low tem-
(2001, the temperature dependency of the nucleation properatures and high trace gas concentrations the nucleation
cess is poorly known, and theoretical estimates of nucletate is less dependent on relative humidiNapari et al.
ation rates are notoriously uncertain, primarily due to un-20023. In opposite to this, the Niienhanced nucleation
certainties in the required thermodynamic data. Thereforerate derived byLiu et al. (2001, Eq. (21),“Liu2") increases

the large variation between different nucleation rates is nowith increasing relative humidity. AR H=0.8 it is approx-
surprising but reflects the level of process understanding anémately five orders of magnitude larger than that Ndé-
parameter knowledge. The humidity dependency is showrpari et al.(2002h “Nap”). The overall variability between

in Fig. 1b. For most of the considered models the nucle-the different nucleation rate models is quite large at fixed
ation rate increases when relative humidity increases, exhumidity. The dependency on,80; vapour is shown in

www.atmos-chem-phys.net/6/4231/2006/ Atmos. Chem. Phys., 6, 42812006
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Fig. 1c. The nucleation rate increases as th&8®, vapour  To simplify the chemical reaction system, the evolution of
concentration increases. As in the foregoing cases, the va©H is empirically prescribed. To consider anthropogenic
ious nucleation rates differ by several orders of magnitudeinfluences, the reservoir of SGand NH; is permanently

at fixed bSOy concentration. Figure 1d shows the depen- supplied with emissions from surface area sources. With
dency of the ternary nucleation rate &pari et al(2002h respect to emissions, the federal state Saxony in Ger-
“Nap”) on the NH; concentration for several combinations many is considered as a reference region. Covering an
of temperature, relative humidity and>804 vapour con-  area of 18.413kf) the annual emission strength amounts
centration. In general, the ternary nucleation rate increase200 kt/year for SQ and 30kt/year for total Nl (gas
with increasing NH concentration. Comparing graph 1 and phase plus particle phase). The corresponding average
2 in Fig. 1d one can see, that the nucleation rate is very senemission rates are.34x 10" moleculescm?s! for SO,
sitive against the temperature. At fixed pidoncentration, and 183x10' moleculescm?s~1 for total NHs, respec-

the nucleation rate increases by approximately five orders ofively. The SQ emission rate is approximately 50% of that
magnitude, when temperature decreases by 15 K. A compamsed in the urban case scenario U3Pafola and Kulmala
ison of graph 1 and 3 in Fig. 1d shows, that a decrease 0{1998 Table 2). For simplicity, the emissions were put into
the LSO, concentration by one order of magnitude reducesthe surface layer at a mean emission rate.

the nucleation rate by approximately five orders of magni-The very low background particle concentration considered
tude. The hydration effect on the nucleation rate can be seehere has been chosen to simulate a very low condensation
from the comparison of graph 1 and 5 in Fig. 1d. Keeping allsink as a prerequisite for the availability of a high amount
other parameters fixed, a reduction of the relative humidityof the HbSO, vapour to get an evaluable nucleation sig-
from 0.8 to 0.4 leads to an increase of the nucleation rate byal. The choice of a comparatively high pseudo-second or-
approximately two orders of magnitude. der rate coefficient for the reaction of $@ith OH (see Pa-
Summing up it becomes clear, that the nucleation rate modgper I, Subsubsection 5.2.2) and a comparatively o864

is a highly uncertain and non-linear parameter function insticking probability (see Paper I, Subsubsection 5.2.5) also
the present modelling approach. However, while the absomoves the HSO, vapour concentration toward higher val-
lute values of the nucleation rate strongly differ from model ues, which can easily result in an overprediction of the avail-
to model, the parameter dependencies reflecting the modedble HSO, vapour concentration in comparison with obser-
sensitivity do not. While the nucleation rate determines thevations. This may lead to acidity levels (and nucleation), that
absolute amount of newly formed particles, the parametemight be higher than that typically observed during atmo-
dependencdymainly affects the UCN variation in space and spheric NPF eventg>S04]~10" cm~3). From a number
time. As the different nucleation rates behave similar with re-of preceding screening studies to get experience with the
spect to parameter variation, the spatio-temporal variation omodel sensitivity and to adjust the model to a nucleation
the UCNs is expected to be, at least, more reliable than theegime it was found, that the nucleation signal strongly de-
absolute amount of predicted new particles. pends on the surface concentration of pre-existing particles
as well as on the sticking probability. Hence, the present
study can not claim to reproduce the very complex “real-
ity” of atmospheric NPF. Especially, it can not contribute
to the elucidation of the physicochemical processes at the

To investigate NPF events n th(_a anthropogenlpally_lnflu Angstrom scale, that are responsible for atmospheric NPF
enced CBL, the meteorological simulation described in Pa- . e : .

. e ) X - at relative acidities being lower than that predicted by the
per Il is used as a driving environment for the physicochemi-

110 o3
cal evolution leading to NPF in the CBL. Figure 2 shows the dCi'r\le-EtI([choSr%LCrNaLIelg actmos)' i|1_|e erinccg,bg:vzi)ur:f aHrgwne?/ter
initial vertical profiles of hydroxyl radical (OH), total N&i y P b ' '

SO, and HSQy (Fig. 2a) as well as the number and mass to study ggs_aero_sol tur_bulence mteractlons in the CBL from
: . . a mechanistic point of view, we think, that the approach pre-
concentrations of nucleation mode, Aitken mode and accu- . S L
. ) . . sented here is at least justified within the framework of a con-
mulation mode particles (Figs. 2b, c). The vertical decrease

obeys are-function according to a characteristic scale height. ceptual study addressed to the role of CBL turbulence and to

. . : . the application of the CNT.
As described in Section 6 of Paper I, here two scenarios . :
. . o Alternatively, one could also have considered another model

are considered with an emission source at the ground but . ; : e
. . Setup with a higher background concentration of pre-existing

very low background concentrations of particles, henceforth

called “clean air mass” scenarios. Such situations might bé; i(rjtlClceof]l;gaﬁgztfanfé\?vre?;gﬁh&&ﬁ:éf::;?or?m:ablgag_
synoptically relevant in anthropogenically influenced CBLs ’ q Y: AP

. h . . ble mechanism to get an evaluable nucleation signal in the
in connection with frontal air mass change and post-frontal . Lo - .

. ) low-acidity regime is collision-controlled nucleatioweber
advection of fresh polar and subpolar air.

et al. (1996 proposed a semi-empirical expression for the
IHere, the shape of the nucleation rate function is meant, i. e, itscollision-controlled nucleation rate, in which the stabilis-
steepness, smoothness etc. ing effect of NH onto subcritical clusters has been consid-

4 Model setup

Atmos. Chem. Phys., 6, 4234251, 2006 www.atmos-chem-phys.net/6/4231/2006/
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Table 1. Collision-controlled nucleation ratéypg according to f)rd(.er of magnitude ag thfu Obtaineq from the CNT presented
Eq. (1) (Weber et al.1996). in Fig. 4a (hin~1 cm>s~+) for the high SOy vapour con-
centration shown in Fig. 3dH>SOs]max=8.8x10° cm~3)

(see Subsubsection 5.1.3). Thus, one could also study NPF

3

H2SOy [em™™]  y=0001 y=0003 within a conceptual framework like the present one at the
1.0x107 0.03cnm3s 1 0.27cm3s1 low acidities observed in the atmosphere, when evaluating
5.0x107 0.75cm3s™t  6.75cn3s71 another nucleation mechanism. The question, how powerful
1.0x10° 3em3s7l 27cnr3s71 and justified the nucleation expression given in Hjig, can

not be answered here. Its investigation deserves a dedicated
verification/validation study.

ered. The steady-state rate of particle formation in the ab-

sence of cluster scavenging by pre-existing particles reads
5 Evolution of the physicochemical variables in the

Jobs ~ By?[H2SOy]? (1) CBL

with [H,SQ4] being the HSQ, concentration in [cm?d], 5.1 First-order moments

B=3x10"1%cm3s~1 being the collision frequency function

for the molecular cluster, that contain the stabilisetbBy 5.1.1 OH concentration

molecule, andy being the thermodynamically determined

NHs-stabilised fraction of the }B5Os monomer ¢#=0.001  The time-height cross-section of the photochemically driven

for Hawaii, y=0.003 for Colorado). In Table 1, calculated OH concentration is presented in Fig. 3a. The evolution pat-

nucleation rates according to Eq) @re shown. tern is prescribed using an empirical relatiddu( et al,
From Table 1 it can be seen, that the signal from collision-2001) (see Paper |, Subsubsection 5.2.2, Appendix D1.1,

controlled nucleation gH,SO4] ~10” cm2 is of the same  Eq. (D2)). According to this, OH exceeds its maximum

www.atmos-chem-phys.net/6/4231/2006/ Atmos. Chem. Phys., 6, 42812006
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Fig. 3. First-order moments of physicochemical variablgg:OH; (b) SO,; (c) Total NHgz; (d) Gas phase Ng (e) HoSOq — binary case;
(f) HoSOq — ternary case.

at noontime, when the solar elevation assumes its maxithe enhancement of concentrations in the surface layer. In
mum. During the night, the OH concentration is hold con- the course of the day, concentrations decrease due to dilu-

stant at a minimum value. tion originating from buoyancy-driven turbulence. In the late
afternoon turbulence weakens, afterwards a residual layer
5.1.2 SQ, total NH; and gas phase Nytoncentration forms and near-surface concentrations increase again. The

evolution of total and gas phase Migroceeds nearly syn-
The evolution patterns of SQFig. 3b), total NH (Fig. 3c) chronously. The equilibrium gas phase concentration of NH
and gas phase NHFig. 3d) correspond well to the evolution IS approximately six orders of magnitude lower than the total
of CBL turbulence. Before sunrise, turbulence is weak andNHs concentration.
only mechanically driven, which results in a very low mixing
layer height (MLH). Hence, anthropogenic emissions lead to

Atmos. Chem. Phys., 6, 4234251, 2006 www.atmos-chem-phys.net/6/4231/2006/
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5.1.3 HSOy concentration and nucleation rate tification of Aerosol Nucleation in the European Bound-
ary Layer), which was conducted in Hygth, Finland in
The evolution of HSOy vapour (Figs. 3e, f) strongly depends March—April 2003,Boy et al. (2005 Table 1, Fig. 8) re-
on the considered nucleation mechanism. Figure 3e showported on maximum midday #4504 concentrations vary-
the SOy evolution in the course of the day for binary ho- ing between %10°—1.9x10’ cm~2 for the measurements
mogeneous nucleation of 80, and water vapour. After and 3<10°—1.4x10°cm~2 for the calculations, respec-
sunrise, the KISOy concentration starts to rise due to the tively. Measured HSO, concentrations were found to be by
photooxidation of S@ by OH. When the HSOy concen-  a factor of 1.46 higher in “polluted air masses” (originat-
tration apparently exceeds a certain threshold Valnete-  ing over Central Europe or UK) than in “clean air masses”
worthy nucleation can occur, as seen from the time-height(originating over the Northern Atlantic or the polar re-
cross-section of the binary nucleation rate in Fig. 4a. Thegions). Hence, compared to this values, th&Ey concen-
nucleation occurs in the forenoon within the growing CBL, tration in the present simulations is overestimated.
namely just below the CBL top. The NPF event resembles arhe nucleation rates for both scenarios are depicted in
“blob”-like pattern in the time-height cross-section. Accord- Figs. 4a and b. In contrast to the binary nucleation rate
ing to this, new particles form in the upper third of the CBL, (Fig. 4a), the ternary one (Fig. 4b) assumes its maximum at
where temperature is low enough and relative humidity andthe top of the model domain. The maximum itself is three
acidity are high enough to initiate binary nucleation. In the orders of magnitude higher compared to that of the binary
present case, entrainment of UCNSs from the residual layer onucleation rate. It should be noted, that the parameterisa-
free troposphere does not contribute to the aerosol evolutiortjon formula for the ternary nucleation rate cannot be used
because the initial UCN concentration in the free tropospherdo obtain the binary BHO/H,SO, vapour limit (correspond-
is very low in the considered scenario. After new particlesing to vanishing NH concentration) or the $0O/NHj3 limit
were formed and diluted within the developing CBL, the (corresponding to vanishinga30, concentration). This re-
H>SOy concentration decreases except for the region outsidsults from the fact, that the natural logarithm, being a part
the CBL. The newly formed particles within the CBL may of the parameterisation of the ternary nucleation rate, is in-
serve as a condensation sink fos$0y vapour, leadingto a  finite for argument zero (i.e., for vanishing concentrations)
“self-cleansing” of the CBL from condensable gases. Above(Napari et al. 20020. The nucleation rate maximum at the
the CBL, this does not happen. When theS@, concentra-  top of the model domain reflects the temperature dependency
tion within the CBL apparently drops below a certain thresh- of the nucleation rate parameterisation at the ambie®t(4
old, binary nucleation immediately breaks up. and gas phase Nf-toncentration there, but to a higher extent
The evolution of the HSO, concentration for ternary nucle- the humidity dependency of the ternary nucleation rate. As
ation of water vapour, p5O; and NH; (Fig. 3f) is qual-  seen fronKorhonen et al(1999 Figs. 2 and 3)Napatri et al.
itatively and quantitatively different from that for the bi- (2002a Figs. 8 and 9) andNapari et al.(2002h Fig. 4),
nary case (Fig. 3e). In the ternary case, the maximum of thehe ternary nucleation rate strongly increases with decreasing
H,SOy concentration is one order of magnitude lower com- relative humidity at constant temperature and acidifa-
pared to the binary case. This is due to the larger condensaari et al.(2002a p. 4226) wrote! [...] nucleation rate de-
tion sink provided by newly formed particles as well as due creases with increasing water content in the vapour. How-
to the nucleation loss of ¥$0s molecules (i.e., the number ever, the constant fred,SOy curves show the expected up-
of molecules consumed in the formation of the critical em- ward slope, which indicates that hydration consumes free
bryo). Thus, the differences in the O, evolution originate  H2SOy to the extent, that nucleation slows regardless of in-
from the different nucleation rate evolution. creasingRH. This effect is more pronounced at IdWH3
The maximum HSO, concentration in the binary nucleation concentrations. Nucleation rate seems to be less dependent
scenario (Fig. 3e) exceefld>SO4]max=8.8x10° cm~3. Liu on RH at low temperatures and high trace gas concentra-
et al. (2001, Fig. 2b, 8b) reported on simulated maxima tions, which is not surprising since the corresponding criti-
of the SO, concentrations over the Northwestern At- cal clusters are almost water-freerhe authors emphasised,
lantic of [H2SOulmax~2 pptva5x 10° cm~3. For arural con-  that their old model for ternary nucleation suggested, that the
tinental mountain site in Southern Germany (Hohenpeis-nucleation rate is almost independent B# . Considering
senberg) Birmili et al. (200Q Fig. 1) reported on a calcu- the time-height evolution of the relative humidity presented
lated maximum offHoSO4lmax~2.5x10” cm~2 and on an  in Fig. 3f of Paper Il, it appears, that the relative humidity
observed one dH2SO4]max~1.5x 107 cm—3. Later on,Bir- attains its minimum R Hmin~10%) at the top of the model
mili et al. (2003 Fig. 7) confirmed an order of magnitude domain according to the chosen model setup. Hence, the sim-
above 16cm=2 for the daily maximum HSQO4 concentra-  ulated maximum of the ternary nucleation rate at the top of
tion at the Hohenpeissenberg observatory. Based on medhe model domain is reasonable.
surements performed during the EU project QUEST (Quan-The pattern of the 50, evolution in the ternary case re-
sults from superposition of photochemical activity and CBL
2Based on visual inspection. turbulence. In the early morning, thes80, concentration
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increases due to photooxidation of S&fter sunrise. As the a “sucking tube”. The ternary nucleation rate strongly de-
MLH limits the vertical extension of the diffusion domain, creases from the top of the model domain toward the surface
SO, concentration is enhanced below the MLH due to an-layer. However, in the course of the day the nucleation starts
thropogenic emissions. Hence, the3®, concentration is  in the surface layer but not at the top of the model domain. In
elevated too. Above the MLH, the formation 080, is the surface layer, the temperature is in fact higher compared
limited by the given background S@oncentration, which  to that at the top of model domain, hence reducing the nu-
is set up by the initial profile of S§ Therefore, the HSOy cleation rate. But this damping effect is overcompensated by
formation above the MLH is lower than that in the mixing the enhanced near-surface concentration of Wikt SOy
layer. Due to the low temperature and humidity at the top ofvapour. Thus, new particles form at a low rate. Later on,
the model domain, the nucleation rate forms a “virga’-like when SO, formation increases with the rising sun, the nu-
pattern in the time-height cross-section (Fig. 4b), resemblingcleation maximum moves toward the region with lower tem-
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peratures, i.e., toward higher levels. Here, nucleation occurén the ternary case, the time-height evolution of UCN num-
at much higher rates. In this way, the early start of nucleationber concentration (Fig. 4d) corresponds also quite well to the
in the surface layer and the delayed NPF burst originatingassociated nucleation pattern. In the surface layer, the UCN
above the MLH are mainly an effect of the non-linearity and number concentration starts to rise immediately after sun-
the varying sensitivity of the nucleation rate throughout therise due to in situ ternary nucleation. Following the “suck-
input parameter space. ing tube”-like evolution pattern of the ternary nucleation rate
When UCNs have been formed, the further evolution of (Fig. 4b), the UCN number concentration assumes a tempo-
H>SOy vapour is controlled by condensation growth. As the rally broadened maximum at the top of the model domain
bulk of particles is formed above the MLH, the condensa-in the forenoon. From there, the UCN number concentra-
tion growth is also larger there. In the mixing layer, the tion decreases toward the CBL. Once captured by entrain-
H>SOy concentration is mainly influenced by turbulent dilu- ment processes, newly formed particles enter the CBL, where
tion. The decrease of 40, concentration within the CBL  they were diluted and well-mixed. Downward diffusion of
in the afternoon corresponds to the cumulative condensatioentrained UCNs enhances the UCN number concentration
sink there. It should be noted, that the maximum eS8y in the surface layer. According to this scenario, NPF starts
concentration in the ternary case is one order of magnitudeén situ in the surface layer in the early morning, afterwards
lower than that in the binary case. This corresponds to theenhanced by downward transport of entrained UCNs. Out-
much higher condensation sink in the ternary case, resultingide the CBL, the UCN number concentration pattern is not
from nucleation at much higher rates. blurred, because turbulent diffusion is small there. As for
The strong nucleation signal in the binary scenario is a conthe binary case, the UCN concentration decreases within the
sequence of the overprediction of the$0, concentration  CBL in the course of the day by intra-mode and inter-mode
in the present simulation, which nearly exceeds the requirectoagulation and deposition.

threshold of~10°cm~=2 predicted by the CNT. Neverthe- The time-height evolution patterns of the number concentra-
less, the characteristics and diurnal variation can be studietion of the Aitken mode (Fig. 4e) and accumulation mode

by means of the considered scenarios. particles (Fig. 4f) for binary nucleation are nearly identical to
_ _ those for ternary one (not shown). This is plausible, because
5.1.4 Particle number concentration coagulation with UCNs does not change the number concen-

tration of pre-existing Aitken mode and accumulation mode

The evolution patterns of the particle number concentration,ticies. The particle number in the corresponding larger
are presented in Figs. 4c—f. The time-hight cross-sections o

3 A - odes is conserved when larger particles collide with smaller
the UCN number concentratioffor the binary case (Fig. 4C)  gnes. The time-height cross-sections of the respective parti-

and for the ternary one (Fig. 4d) correspond well to those forcje nymper concentrations correspond well to the CBL evo-

the considered nucleation rates (Figs. 4a and b, respectivelyj,iion At the initial state, the number concentrations of pre-
At first, due to higher efficiency of ternary nucleation the gyisting Aitken mode and accumulation mode particles de-

maximum UCN number concentration for the ternary casecrease with height. In the surface layer, the Aitken mode

is three orders of magnitude higher than that for the binary, mper concentration already decreases due to deposition at

one. Secondly, in the binary case there appearsawell—definemght_time_ Because of the particle size dependency of the

burst pattern in the_ forenoon,. characterised by a strong inyenosition velocity, deposition of accumulation mode parti-
crease between 09:00 and 11:00 Local Standard Time (LST)y|e5 is much smaller. When turbulence set in, the pre-existing

reaching the maximum around noon, followed by a retardedyjyen mode and accumulation mode particles are diluted

decrease afterwards. The burst is initiated by the *blob™ 5 ghout the mixing layer, leading to well-mixed vertical

like NPF event (Fig. 4a) just below the top of the growing gistributions. The temporal decrease of the particle number
CBL. Afterwards, newly formed particles were transported ¢oncentration in both modes is due to intra-mode and inter-
downward to the surface layer by CBL turbulence. Dur- nqqe coagulation. The impact of the particle radius onto the
ing the transport, newly formed particles were diluted and .54, jation coefficient results in only very small differences

well-mixed throughout the CBL column. Once UCNSs were i, the coagulation loss between the binary and the ternary
formed, the UCN number concentration immediately beginScase The particle radius is diagnostically determined from

to decrease due to intra-mode and inter-mode coagulatioBarticle number and mass concentration. For Aitken mode

and deposition. particles, the coagulation loss is slightly enhanced for the
ternary case compared to the binary one. However, for accu-

3As only mass and number concentration are predictive vari-mulation mode par_ticles there are no qbservable differences

ables, the UCN size range is diagnostically determined. It is calcuP@tween the evolution patterns of the binary and ternary case,

lated from the corresponding mode number and mass concentratiofeSpectively.

after each integration time step. At the initial state, the particle radii

arerg 1=1x10"2m for the UCN modeyg »=10x10~°m for the

Aitken mode g 3=100x 10~9 m for the accumulation mode.
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Fig. 5. First-order moments of physicochemical variablgg:UCN mass concentration — binary cafi®; UCN mass concentration — ternary

case;j(c) Aitken mode mass concentration — binary cqs@¢;Aitken mode mass concentration — ternary cgepAccumulation mode mass
concentration — binary cas@) Accumulation mode mass concentration — ternary case.

5.1.5 Particle mass concentration condensation can be firstly observed after UCN number con-
centration has exceeded its maximum. Hence, the temporal

The evolution patterns of the mass concentration are deprogression of cleansing the CBL from condensabl&®,

picted in Figs. 5a—f. vapour for binary nucleation might be thought as follows:

The mass concentrations of UCN mode, Aitken mode

and accumulation mode particles significantly differ for

binary and. ternary nucleation, respectively. 'The' time-hgight 1. Increase of the OH concentration after sunrise:

cross-section of the UCN mass concentration in the binary

case (Fig. 5a) corresponds well to the pattern of th8®}

concentration (Fig. 3e) and the UCN number concentration 2. Initiation of HoSOs production with subsequent ex-

(Fig. 4c). A significant gain of particle mass by>$0, ceedance of a critical #4504 vapour threshold;
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3. Onset of an elevated “blob”-like nucleation burst This can be seen in the mass concentrations of the Aitken
just below the top of the developing CBL, followed mode and accumulation mode particles. In the ternary case,
by turbulence-induced downward transport of UCNSs, the maximum mass concentration of both modes is somewhat
which leads to a well-mixed vertical UCN profile; lower compared to the corresponding binary cases. This can

. . _be explained by the lower supply with condensable vapour

4. Subsequent increase O.f the UCN number pqchntraﬂorﬂq the ternary case (seeBOy concentration in Figs. 3e, f),
throughout_ the CBL until a certain level for initiation of originating from larger nucleation loss obEQ, molecules
condensation growth has been reached; to form a critical embryo. In the ternary case, morgS,

5. Onset of significant UCN mass accumulation due toMolecules are consumed in the formation of new embryos
H,SOx condensation throughout the entire CBL; rather than condensed onto the pre-existing particle sur-

face. We must remember, that the number concentration of

6. Decrease of the UCN number concentration due topre-existing particles was chosen to be very low at the initial
intra-mode and inter-mode coagulation, decrease of thitate. The net accumulation 06804 vapour in these modes
H2S0; vapour concentration due to deposition loss of competes with that in the UCN mode, and uncertainties in the
vapour molecules onto newly formed particles, pre- H,S0, vapour evolution may become crucial in the mass bal-
existing Aitken mode and accumulation mode particles,ance of the pre_existing partic'es_ Anyway’ the main differ-
leading to a cleansing of the CBL from condensable gnce between the time-height evolution of the Aitken mode
vapours. and accumulation mode concentration of the binary and the

ternary case, respectively, consists in the earlier begin of the

) mass accumulation. The explanation of the quantitative dif-
For the ternary case, the evolution pattern of UCN mass CONarances deserves further investigations.

centration (Fig. 5b) is qualitatively similar to that for the bi-

nary case (Fig. 5a), except for the start-up phase of conders.2 Second-order moments

sation growth. The difference between the daytime maxima

of the UCN mass concentrations is small. However, due to in5.2.1 Remarks

situ ternary nucleation occurring in the surface layer in the

early morning, a much higher UCN number concentration From the large number of predictive second-order moments
compared to the binary case is available to serve as a condefNly those are depicted, which can be interpreted with re-
sation sink at that time. Hence, mass accumulationg§®  SPect to NPF events in the CBL. In opposite to the meteo-
condensation growth can start earlier. Owing to the formation'ological variables, empirical findings on second-order mo-
of new particles above the CBL, mass accumulation occurdnents of physicochemical variables are still very rare. How-
also there. Nonetheless, the mass accumulation within th€Ver, the simulation results will be compared with previous
CBL exceeds that in the free troposphere, since much moréindings as far as possible.

condensable vapour is available within the CBL, which orig-
inates from low-level emission of the precursor gas &6d
subsequent photooxidation to prodychIQ; vapour. CBL Although not possible to be verified by observations, the tur-
turbulence ensures, that condensation sinks and condgnsatﬂﬁlem vertical flux of total NH (Fig. 6a) and S@(Fig. 6b)
vapour are yvell-m|xed throughqut t_he .CBL’ he_nce vert!cglly corresponds well to the flux pattern of non-reactive scalars
homogenising the UCN mass distribution within the mixing expectable in the CBL. In both cases, the flux is always pos-

I_I"f‘gera.ﬁ in the UCN b , for th itive within the CBL in the course of the day except for the
e differences In the number concentrations for the,, o half-level, where it becomes negative owing to dry

binary and ternary case, respectively, lead to CcmesPondin@leposition. The turbulent transport is upward directed, be-

differences n the mass concentranon; of pre-exstmg Altkencause the chemical species were released into the surface
mode (cf. Figs. 5c, d) and accumulation mode particles (cf.

. . ) , ~"layer. Hence, the concentrations of the species decrease with
Figs. 5e, f). Aitken mode particles serve as a coagulation Smlﬁeight

for IUC.:NS angl asaqlelposnmn smkfo&Slea_pour_. ’T‘(Cfcu'b The vertical flux pattern of the pseudo-reactive S,
mulation mode particles serve as a coagulation sink for bot apour is much more complicated and reveals strong dif-

UCNs and Aitken mode patrticles and as a deposition Sinkforferences between the binary (Fig. 6¢) and the ternary case
H>SOy vapour. Hence, differences in UCN number concen-

tration propagate upward across the mode cascade to affefitdependent variables, i=1,...,n. Then, the change of; due

the larger size modes, i.e., changes in UCN number conceri® variations inx; can be approximated according to the law of er-
, L., n

tration influence the Aitken and accumulation mode, evenror propagation, i.e.Ay;j~ Y (3f;/dx;)Ax;. Here, Ay; are the

smalf. ]

5.2.2 Turbulent vertical flux

1
differences iny; resulting from differences (“errors”) iw;. The
4Example: Assuming some non-linear dependengy f; (x;) sensitivity of y; againsty; depends on the first partial derivatives
between a set of dependent variabjes j=1,..., N and a set of  9f;/dx;.
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Fig. 6. Turbulent vertical fluxes of physicochemical speci@g:Total NHz flux; (b) SO, flux; (¢) HoSOy flux — binary case{d) H,SOy flux
—ternary casdie) UCN number concentration flux — binary caé®;UCN number concentration flux — ternary case.

(Fig. 6d). In the binary case, the initial vertical flux is zero “zero flux” represents the location of an “apparent pseudo-
at all heights. When CBL turbulence sets in, the verticalreaction source” (net source), from whichh$0y vapour
flux becomes greater zero, indicating a weak upward transis upward and downward diluted by turbulence. The verti-
port of HoSO, vapour. Later on, when CBL turbulence in- cal flux of HbSOy vapour weakens, when condensation and
tensifies, a shallow layer of downward directed turbulent“self-cleansing” of the CBL set in. In the late afternoon, a
flux forms in the lowest model layers while above the pos-secondary positive flux maximum forms. We keep in mind,
itive flux strengthens. Between 09:00 and 12:00 LST, thethat the flux evolution of HSO, vapour is not only affected
photochemically produced4$0, vapour concentration ex- by turbulent diffusion, but also by higher-order moments, re-
ceeds its maximum and shows a well-mixed vertical dis-sulting from physicochemical interaction terms in the gov-
tribution throughout the CBL. The occurrence of the pos-erning equations.

itive flux maximum spatio-temporally coincides with the

“blob”-like binary nucleation event (Figs. 4a, c). The level of
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For the ternary case, the evolution pattern eS8y vapour  The time-height evolution patterns of the turbulent vertical
flux (Fig. 6d) quantitatively differs from that for the binary flux of the UCN number concentration for the binary case
one, but the basic features qualitatively agree. When ternaryFig. 6e) and for the ternary one (Fig. 6f) are closely cor-
nucleation starts in the early morning in the surface layer,related to the corresponding evolution patterns of the nucle-
a similar vertical downward/upward flux pattern as in the ation rates (Figs. 4a, b) and the UCN number concentrations
binary case appears there, but at a smaller time and spatigéFigs. 4c, d). In the binary case, the location of the “zero
scale. This supports the assumption, that the vertical fludJCN flux” level coincides well in time and space with the
layering is strongly related to the nucleation loss oSay “blob”-like source of newly formed particles (Fig. 4a). From
molecules. In opposite to the binary case, the verticalthere, the bulk of UCNs is transported downwaudN; <0),

flux evolves later on toward a primary positive maximum 5 certain part is transported upwandN_(Vi>0) and diluted

throughout the CBL, except for the surface layer. While in thqughout the entrainment layer. It will be shown below, that
the binary case the vertical flux suddenly decreases, wheghs downward directed flux leads to a sudden enhancement
condensation loss of 80, vapour onto particles becomes o the UCN number concentration in the surface layer, rep-
important, in the ternary case it does not. This is due t0yesenting the “NPF burst” in a closer sense. According to the
the lower impact of condensation loss onto newly formedpinary scenario conceived here, this burst does not originate
particles in the CBL of the ternary case. In the ternary casefrom in situ nucleation within the surface layer. It can be as-

new particles were mainly formed above the CBL. cribed to downward transport of UCNSs, recently formed in
Hence, thg evolution pattern of the;804 vapour flux can e upper third of the forenoon CBL.
be generalised as follows: In the ternary case, the flux pattern (Fig. 6f) reflects the evo-
lution of the NPF event (Figs. 4b, d) very good. Here, the
above-described downward/upward flux layering occurs in
the early morning, when the CBL just starts to rise. Hence,
the downward flux is restricted to occur in the lowest model
layers, i.e., at lower time and spatial scales. Once in situ
2. Occurrence of a subsequent upward directes® formed there, UCNs are immediately transported downward
vapour flux in the post-nucleation phase, when conden+o the surface and upward to the entrainment layer by the
sation growth dominates. developing CBL turbulence. This flux pattern corresponds
well to that in the binary case, except for its smaller time
and spatial scale. Shortly after initial NPF at low levels, the
The absolute values of the vertical flux as well as the ex-lower end of the “sucking tube”-like NPF pattern above the
tension and spatio-temporal distribution of the flux minima CBL merges with the preceding in situ nucleation event. The
and maxima in the evolution pattern are strongly affected bysubsequent downward transport of UCNs, continuing during
physicochemical interactions, which are related to nucleatiorthe forenoon, reflects the dilution of entrained UCNs from
and condensation loss of,B0, vapour molecules. These above. The absolute minimum of the UCN flux (correspond-
interactions, represented by additional correlation terms, aréng to the absolute maximum of the downward directed flux)
usually neglected in diagnostic downgradient-flux parame-appears, when the UCN “sucking tube” enters the MLH and
terisations. A comparison with the plain structure of the time- it is captured by CBL turbulence. Afterwards, the downward
height cross-sections of NfH(Fig. 6a) and S@ (Fig. 6b)  flux decreases with the decreasing number concentration of
shows, that the additional correlation terms, resulting fromentrained UCNs. Supposed, that the time-height evolution of
the gas-aerosol-turbulence interaction and appearing in ththe UCN formation rate is appropriately represented by the
governing equation of the 450, flux, may have a signifi- parameterisation of the ternary nucleation rate, the vertical
cant impact on the flux evolution. This happens especially,UCN flux pattern in Fig. 6f consistently behaves with re-
when highly non-linear processes such as nucleation angpect to CBL turbulence and to the evolution of the UCN
condensation are involved. For the time being, a direct vernumber concentration. Apart from the pattern differences,
ification of the flux of SO, vapour is not possible due to the absolute value of the UCN flux for the ternary case is
lack of corresponding observational data. It should be notedby several orders of magnitude larger than that for the bi-
that the vertical profiling of HSQy vapour concentrations nary case. While CBL turbulence is identical in both cases,
in the CBL is hard to realise, especially the measurementhe turbulent vertical flux of UCN number concentration is
of highly resolved spatio-temporal data series of that pre-higher for the ternary case.
cursor gas to derive flux profiles. Perhaps, the present mod-
elling approach provides some motivation for future studies
to determine high-order moments, involving physicochemi-
cal species from in situ measurements and/or remote sensing.

1. Appearance of a vertical two-layer,BO;, flux pattern
(downward/upward flux) in the pre-nucleation phase
and during the NPF event;
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5.2.3 Cross-correlations correlation periods, appearing at around 07:00 LST, marks
the temporal crossover from in situ NPF in the morning sur-
- face layer to the forenoon entrainment of UCNs, recently
0’NHz o' (Fig. 7a): In the entrainment layer the poten- formed above the CBL and downward transported from
tial temperature and the total NHoncentration are anti- there. At the crossover time, 280, vapour condensation
correlated §’NHs 1o’ <0), indicating entrainment of poten- sink becomes important, leading to a decrease sB®
tially warmer but NH-depleted free-tropospheric air into vapour concentration. Shortly after the “sucking tube” of the
the CBL and/or detrainment of potentially colder but NH UCN pattern (Fig. 4d) has entered the surface layer from
enriched CBL air into the free troposphere. above, the SOy vapour concentration increases again.

g’NHz 1o (Fig. 7b): The water vapour mixing ratio and the 4'H,SQy’ (Figs. 7e, f): The correlation of water vapour mix-
total NHz concentration are positively correlated in the en- ing ratio and HSQy vapour corresponds very well to the
trainment layer 4’NH3 1ot >0), resulting from entrainment 9’H,SO,’ pattern. Considering, that potential temperature
of drier and NH-depleted free-tropospheric air into the CBL and water vapour mixing ratio are anti-correlated through-
and/or detrainment of moister and Mienriched CBL air  out the entrainment layer, the “quasi-reversed” behaviour of
into the free troposphere. the corresponding pattern pairs Figs. 7c, e and Figs. 7d, fis

- ] self-evident.
0’H2SQy (Figs. 7c, d): The correlation patterns of potential

temperature and ¥804 vapour for the binary and ternary 6’N; (Figs. 8a, b): The evolution patterns of the cross-
case are very different. In the binary case, the correlatiorcorrelation of potential temperature and UCN number con-
in the entrainment layer changes its sign in the course ofentration for the binary and ternary case are quite differ-
the day (Fig. 7c). In the forenoon,280, vapour is pho-  ent. For binary nucleation, the potential temperature and
tochemically produced in the CBL, exceeding its maximum UCN number concentration are anti-correlated in the entrain-
there (Fig. 3e). Hence, during the oxidation time, turbulencement layer (Fig. 8a), i.e., low potential temperature favours
causes entrainment of potentially warmer bu8iy vapour-  the occurrence of UCNs. The location and time of occur-
depleted free-tropospheric air and/or detrainment of potenfence of the absolute minimum éfN; coincide with the
tially colder but BHSO, vapour-enriched CBL air into the NPF event. This reflects the dependency of the nucleation
free troposphered(H,SQy' <0). Later on, after nucleation rate on temperature. More importantly, the positive correla-
had occurred, condensation sink becomes more and moréon within the entrainment layer during the day indicates
important, leading to a decrease 0§$0, vapour within ~ detrainment of potentially colder but UCN-enriched CBL
the CBL. Above the CBL, the UCN concentration and the air into the free troposphere and/or entrainment of poten-
condensation sink for $80, vapour are quite low. As a re- tially warmer but UCN-depleted free-tropospheric air into
sult, the HSO4 vapour concentration in the free troposphere the CBL. For the ternary case, the absolute minimuai &

is slightly higher compared to that in the CBL. Under such in the early morning corresponds well to the low-level in situ
circumstances, turbulence leads to the entrainment of poterformation of NPF (Fig. 8b). The subsequent positive corre-
tially warmer and HSOy4 vapour-enriched free-tropospheric lation of potential temperature and UCN number concentra-
air into the CBL and/or detrainment of potentially colder and tion reflects the entrainment of potential warmer and UCN-
H,SO, vapour-depleted CBL air into the free troposphere enriched residual layer air into the CBL, the latter resulting
(6’HoSOy'>0). Thus, the time, when the cross-correlation from ternary nucleation above.

changes its sign during the day, indicates the moment, when— ) )
the HSO4 vapour condensation sink becomes important. In4’ V1 (Figs. 8c, d): For the binary case, the water vapour mix-
the ternary case, the corresponding correlation in the entrainnd ratio is positively correlated with the UCN number con-
ment layer remains negative during the day, showing a wellcentration in the entrainment layer (Fig. 8c). This behaviour
distinct absolute minimum in the early morning, which is iS inverse to the)’N; correlation pattern (Fig. 8a) and can
separated from a second, more extended one lasting frorRe partially ascribed to the enhancement of nucleation due to
the forenoon until the afternoon (Fig. 7d). The zone of anti-increased humidity. But mainly, the concurrence of the posi-
correlation is related to the entrainment of potentially warmertive correlation with the entrainment layer indicates entrain-
but H,SOs vapour-depleted free-tropospheric air into the ment of drier and UCN-depleted free-tropospheric air into
CBL and/or to detrainment of potentia“y colder bus$Oy the CBL and/or detrainment of moister and UCN-enriched
vapour-enriched CBL air into the free troposphere. As theCBL air into the free troposphere. The inverse behaviour
ternary nucleation exceeds its maximum outside the CBL,0f the correlation patterns appearing in #iév; andq’N;

the LSOy vapour condensation sink assumes its maximumtime-height cross-sections of the binary case can be seen
also there. Hence, the80y vapour concentration in the also in the ternary case (Figs. 8b, d). In the early morning,
CBL remains always higher than in the free tropospherethe water vapour mixing ratio is positively correlated with
(Fig. 3f). The transition between the two pronounced anti-the UCN number concentration (Fig. 8d), showing prefer-
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Fig. 7. Co-variances of meteorological parameters and physicochemical prop@ji€a-variance of potential temperature and totald\NH
concentrationyb) Co-variance of water vapour mixing ratio and total f\lEbncentrationy(c) Co-variance of potential temperature and
H>S0Oy concentration — binary cas@) Co-variance of potential temperature ang3®, concentration — ternary casg@) Co-variance of
water vapour mixing ratio and 4804 concentration — binary casg) Co-variance of water vapour mixing ratio angd$0, concentration —
ternary case.

ence of ternary nucleation due to enhanced humidity at thaNHz 1o N (Figs. 9a, b): The cross-correlations of total jNH

time. Later on, entrainment of drier but UCN-enriched free- and UCN number concentration strongly differ between the
tropospheric air becomes dominant, leading'té; <Ointhe  binary and ternary case. In the binary case, the totag NH
entrainment layer. Hence, ﬂ@é_]vi andq’_Ni evolution pat- ~ concentration is positively correlated with UCN number con-

terns are consistent with the evolution of CBL turbulence andcentration in the entrainment layer after nucleation has oc-

the Supposed nucleation mechanism. curred. This pOSitive correlation in the late forenoon in-
dicates detrainment of total NHand UCN-enriched CBL
air into the free troposphere and/or entrainment of free-
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Fig. 8. Co-variances of meteorological parameters and physicochemical propée)eSo-variance of potential temperature and UCN
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of water vapour mixing ratio and UCN number concentration — binary ¢d$€&€o-variance of water vapour mixing ratio and UCN number
concentration — ternary case.

tropospheric air depleted from total Nland UCNs into the  surface layer in the early morning are positively correlated
CBL (NH3.10fN1'>0). The positive correlation sets firstly in, with the H/,SOy vapour, starting to form from photooxida-
when new particles were formed. The same happens also fdfon of SQ and OH. At that time, the SOconcentration,

the ternary case, but here the strongest positive correlatiofriginating from surface emissions, is enhanced due to the
already occurs in the early morning, when the MLH is very low MLH. Even if the OH concentration is still low, 504

low and the concentration of total NHrom surface emis- vapour starts to form and fill the CBL reservoir until NPF
sion sources is relatively high. sets in. Hencet12SOy' N1 >0 occurring in the early morning
- indicates turbulence-induced entrainment ¢S5, vapour-
H2SO4'N; (Figs. 9c, d): As for the antecedent correlation poor and UCN-poor residual layer air into the growing CBL

pair, the cross-correlations 0bBO, vapour and UCN num-  gnd/or detrainment of $80, vapour-enriched and UCN-
ber concentration for the binary and ternary case stronglyanriched CBL air into the residual layer.

differ. In the binary case, we havId2804’Ni>0 with a

pronounced maximum in the forenoon just below the MLH 5.3 Physicochemical variables in the surface layer

(Fig. 9¢), where binary NPF occurs (Figs. 4a, c). To enable

nucleation to occur, the 360, vapour concentration must The time series of physicochemical variables in the surface
exceed a certain threshold (Fig. 3e). The positive correlajayer are shown in Figs. 10 to 12.

tion between HSO, vapour and UCN number concentra- The evolution of gas phase species near the surface is de-
tion shows the entrainment of UCN-poor angS®, vapour-  picted in Fig. 10a. The temporal development of,Sihd
poor free-tropospheric air into the CBL and/or detrainmenttotal NHz is controlled by the interplay between emission
of UCN-enriched and k50, vapour-enriched CBL air into  and dilution. Owing to its larger emission strength, the con-
the free troposphere. In the ternary case,Ha8QOy' N; cor- centration of S@is always higher than that of total NHIn
relation presented in Fig. 9d corresponds well to the patthe morning hours, the corresponding concentrations are en-
tern shown in Fig. 9b. The UCNs formed in situ in the hanced due to emission into the surface layer with weak tur-
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Fig. 9. Co-variances of gas phase concentrations and UCN number concent(a)i@o-variance of total N concentration and UCN
number concentration — binary cagb) Co-variance of total Nkl concentration and UCN number concentration — ternary da3$eo-
variance of BSO, concentration and UCN number concentration — binary d@3«;o-variance of HSO, concentration and UCN number
concentration — ternary case.

bulence. In the course of the day, the concentrations decreasmving to the higher condensation sink.

owing to turbulence-induced dilution. In the evening, when Figure 10c shows the time series of the nucleation rate in
the mixed layer collapses, concentrations increase again. Thine surface layer. The ternary nucleation rate is a few or-
gas phase concentration of NHobtained from the equilib- ders of magnitude higher than the binary one. The cut-off
rium aerosol model, follows strongly the evolution of total at Joue=10"°cm23s-1 denotes the limits of the validity of
NHs. The NH; gas phase concentration is by several ordersthe parameterisatioNagpari et al.20020. While the ternary

of magnitude lower than the total NHoncentration. The nucleation rate gives a signal of in situ NPF in the morning
OH concentration from the semi-empirical model follows the hours, the binary one does ndh{c<1P cm3s1).

solar elevation, i.e., reaching its maximum around noon. TheFigure 11 shows the time series of the number and mass
H>SOy vapour concentration is closely correlated to the con-concentration of UCN mode, Aitken mode and accumu-
centration of OH. For the ternary case; 30, vapour con-  lation mode patrticles. In connection with the correspond-
centration is lower due to higher condensation sink, resultingng time-height cross-sections, the typical evolution pat-
from the higher UCN number concentration. tern of the UCN number concentration in Fig. 11a allows
In Fig. 10b, the relative humidity and relative acidity are us to deduce the origin of UCNs observable in the sur-
shown. The relative humidity peaks in the morning andface layer. The ternary case pattern reveals a pronounced
evening hours, mainly controlled by the temperature evolu-burst in the early morning, when the ternary nucleation rate
tion. In the course of the day, the relative humidity decreasegFig. 10c) peaks. Afterwards, the UCN number concentration
due to turbulent mixing and solar-induced warming. The evo-decreases due to intra-mode and inter-mode coagulation. The
lution of the relative acidity corresponds well to the$0y lack of a subsequent peak, when turbulence becomes impor-
vapour concentration in Fig. 10a. Due to the temperature detant, points to in situ, i.e., local NPF, controlled by enhanced
pendency, the relative acidity strongly decreases during thélHs concentration in the morning surface layer. In oppo-
day. In the ternary case, the relative acidity is much lowersite to this, the binary case pattern reveals a pronounced,
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SO, — is by two orders of magnitude lower than the subsequent
o 10'7 ,f‘¥ NHg 1o — primary peak. The differences in the evolution of the UCN
2 / H,80,5% — mass concentration seen in Fig. 11b result from the differ-
g o' ’ —\\ ' ent burst patterns and from different condensation growth. In
g ’ \\ the ternary case, UCNs are formed at a much earlier time,
5 hence starting earlier to consume3$0, vapour for parti-
g 1077 cle growth by condensation. In opposite to this, in the bi-
g nary case the bulk of UCNs is formed at a later time at a
8 100 77\ -~ much lower rate. However, due to the highesS®, con-
§ / centration in the binary case, the condensation growth pro-
108 ceeds at a higher rate. Hence, the lower binary UCN pro-
2 6 10 1418 22 duction is overcompensated by an enhanced condensation
Time [h] @) growth, which leads to nearly the same UCN mass concen-
90 10-1 tration around noon in both scenarios. The evolution of num-
RH =—— ber concentration of Aitken mode and accumulation mode
80 I RAy — R particl_e§ in Figs._llc, e can be explained by the ir_1terp|ay of
70 110 deposition, entrainment as well as intra-mode and inter-mode
_ — coagulation. The initial night-time value of the pre-existing
& 60 I \ 1.3 g Aitken mode number concentration is very low (Fig. 11c). It
T 50 N\ 10 < strongly decreases due to the dominant effect of dry deposi-
\\ T tion. When the CBL starts to grow, the Aitken mode parti-
40 N0 cles are entrained from above into the surface layer, leading
30 \\J/ to a jump in the time series of number concentration in the
20 105 early mornling. The further evqlution is contro_ll_ed by intra-
5 6 10 14 18 22 mode gpd mter-modp coagulation loss, deposmorj and turbu-
Time [h] lent mixing. In the b_ma_ry case, the de(_:rease of Aitken mode
(b)
number concentration is weaker than in the ternary case due
» J ) to a somewhat lower coagulation rate. The coagulation rate
10 4 J';Lffctt"er: —_— depends on the particle radius, that is diagnostically deter-
0 / mined from mass and number concentration. The time se-
- 10 ries of the accumulation mode number concentration for the
o - binary and ternary case, shown in Fig. 11e, are quite simi-
'c 10 \ lar. They are also controlled by intra-mode and inter-mode
% 4 /'\ \ coagulation loss, deposition and turbulent mixing. The dif-
_)E 10 \ \ ferences in the evolution of the Aitken mode and the accu-
6 mulation mode mass concentration between the binary and
10 ternary case (cf. Figs. 11d, f) originate from the competition
8 of the condensation growth in these two modes with that in
10 2 6 10 14 18 22 the UCN mode. In the ternary case, the early start of NPF
Time [h] © and subsequent condensation growth c_)f UCNs (Fig. 11b) re-
duces the RSO vapour amount, that is available for fur-

ther growth and mass accumulation of pre-existing parti-

Fig. 10. Time series of physicochemical properties in the surface¢les. Considering the different Sca!es in Figs. 11b, _d, f one
layer: (a) Gas phase speciefh) Relative humidity and relative ~ can see, that the mass concentration of accumulation mode

acidity; (c) Nucleation rate.

particles in Fig. 11f undergoes a weak jump in the time se-
ries in the morning.
Figure 12 shows the turbulent vertical fluxes of the UCN

but much lower burst at a time, when the binary nucleationnumber concentration in the surface layer for the binary
rate in the surface layer is subcritical but CBL turbulenceand the ternary case. In each case, a pronounced peak of
becomes important. This pattern points to ex situ, i.e., nonthe downward directed UCN flux appears, which coincides
local NPF in the upper parts of the CBL, followed by tur- with a primary NPF burst. In the binary case, the downward
bulent downward transport of UCNs. The antecedent secUCN flux maximum at forenoon coincides with the “blob”-

ondary peak in the morning hours is for

med in situ due tolike NPF evolution pattern, appearing in Figs. 4a, c. This

temporally enhanced relative humidity and relative acidity downward UCN flux maximum corresponds well to the time-

as well as due to low temperature. But t

Atmos. Chem. Phys., 6, 4234251, 2006

his secondary peakeight cross-section of the UCN flux in Fig. 6e. Analogous
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Fig. 11. Time series of physicochemical properties in the surface lggMNucleation mode number concentrati¢h) Nucleation mode
mass concentratioifc) Aitken mode number concentratioft) Aitken mode mass concentratiof@) Accumulation mode number concen-
tration; (f) Accumulation mode mass concentration.

in the ternary case, there is a coincidence of the maximuné Summary and conclusion
of downward UCN flux with the “sucking tube”-like NPF

evolution pattern, depicted in Figs. 4b, d, which also corre-The model approach presented here is suitable to simulate

sponds well to the time-height cross-section of the UCN fluxse|ected aspects regarding the contribution of turbulence

in Fig. 6f. to the spatio-temporal occurrence of NPF bursts in the
CBL. The intercomparison of synthetic scenarios of binary
and ternary NPF in the anthropogenically influenced CBL,
using state-of-the-art nucleation models, reveals large
differences in the evolution of the UCN number concen-
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_ 0.010° e 0.0"10° time-height cross-sections of the flux patterns and double

o )r Ve o correlations could be.plau3|bly mtt_arpreted in terms of CBL.

® 2008 ,/ —2040° 3 turbulence and entrainment/detrainment processes, both in

= / \/ = the binary and ternary case.

E _4.0"10° V -4.0110° £ The simulations provide a number of predictive high-order

= > moments, that can not yet be directly verified by observa-

A _6.0"10° _6.0"10° A tions. However, these fields behave reasonably and provide

§ <WNy ">, § an insight from a modelling point of view into the genesis

v _8.0"10° <WN1>ter _8.0"10° v and special conditions, under which NPF was hypothesised
2 6 10 14 18 22 to occur in the boundary layer. The considered synthetic

Time [h]

scenarios do not represent climatologically typical CBL
conditions, especially with respect to the low aerosol back-
Fig. 12. Time series_ of physicochemical properties in the sun‘aceground concentrations, leading to,$0s concentrations,
Iayer: Turbulent vertical flux of UCNs for binary and ternary nucle- \ynich are too high compared to previous observations. This
ation. results in an overestimation of the nucleation rate, espe-
cially in the binary scenario. Moreover, the scenarios are
restricted to classical homogeneous nucleation involving
tration in the surface layer as well as in the time-heightonly up to three species (water vapourp,S®, vapour,
cross-sections of first-order moments and double correlatioMNHs). Condensation growth by organic vapours is not
terms. Although in both cases the occurrence of NPF burstgonsidered. Even though not typical, the assumed scenarios
could be simulated, the burst characteristics and genesis ad an anthropogenic emission source in a post-frontal clean
completely different. It was demonstrated, that observationsir mass are at least instructive to elucidate the interactions
from the surface layer alone are not conclusive to elucidatdbetween CBL turbulence, S@nd NH; chemistry as well as
the origin of newly formed patrticles. This is also true with aerosol dynamics by means of a self-consistent turbulence
respect to the interpretation of box modelling studies. modelling approach. Apart from a comprehensive model
The binary and ternary NPF bursts, predicted to occur inverification/validation study, further scenario simulations
the surface layer, differ with respect to burst amplitude andare necessary to systematically verify or falsify, respectively,
phase. In the considered binary scenario, the burst evolutiothe number of state-of-the-art hypothesis on NPF currently
is a direct result of the interaction of photochemically pro- under discussion. Also, a more advanced description of
duced HSOy vapour and CBL turbulence. New particles are the formation and activation of thermodynamically stable
formed in the forenoon in the upper part of the growing CBL, clusters in the model is deserved, such as proposed by
followed by turbulence-induced top-down transport. Hence,Kulmala et al.(2000, Kulmala (2003 and Kulmala et al.
with respect to the burst observation site in the surface layer(2004a 2006. In the subsequent Paper IV an attempt is
new particles are formed ex situ. In opposite to this, themade to re-evaluate previous observations of NPF in the
ternary case reveals a much more complex pattern. HereCBL with respect to the two scenarios investigated here.
NPF is much less controlled by 80, vapour. NPF is
initiated in the early morning hours in the surface layer,
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