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Abstract. In the preceding Papers I, Il and Ill a re- of ternary nuncleation involving $O, HoSO, and NHs and
vised columnar high-order modelling approach to modelaccording to organic nucleation via chemical reactions in-
gas-aerosol-turbulence interactions in the convective boundvolving stabilised Criegee intermediates (SCls)CH/apour

ary layer (CBL) was proposed, and simulation results ofdisfavours nucleation, and according to the parameterisation
two synthetic nucleation scenarios (binary vs. ternary) onof the collision-controlled binary nucleation rate proposed
new particle formation (NPF) in the anthropogenically in- by Weber et al(1996, H,O vapour does not explicitly af-
fluenced CBL were presented and discussed. The purpodiect the particle formation. Since the,804 concentration

of the present finishing Paper 1V is twofold: Firstly, an at- is overpredicted in the simulations presented in Paper llI,
tempt is made to compile previous observational findings onthe nucleation rates are too high compared to previous es-
NPF bursts in the CBL, obtained from a number of field ex- timations. Therefore, the results are not directly compara-
periments. Secondly, the scenario simulations discussed ible to measurements. Especially NPF events, where organ-
Paper Il will be evaluated with respect to the role of CBL ics are suspected to play a key role, such as those observed
turbulence in NPF burst evolution. It was demonstrated, thatt the boreal forest station in Hygté (Southern Finland) or
completely different nucleation mechanisms can lead to theat Hohenpeissenberg (mountain site in Southern Germany),
occurrence of NPF bursts in the surface layer, but the corcan not be explained by employing simple sulphur/ammonia
responding evolution patterns strongly differ with respect tochemistry. However, some valuable hints regarding the role
the origin, amplitude and phase of the NPF burst as well aof CBL turbulence in NPF can be obtained. In the literature
with respect to the time-height evolution of turbulent verti- a number of observations on the link between turbulence and
cal fluxes and double correlation terms of physicochemicalNPF can be found, whose burst patterns support a strong con-
and aerosoldynamical variables. The large differences betribution of CBL turbulence to the NPF burst evolution sim-
tween the binary and ternary case scenario indicate, that amsated here. Observations, that do not correspond to the sce-
monia (NH) can not be considered as a time-independentnarios are discussed with respect to possible reasons for the
tuning parameter in nucleation modelling. Its contribution differences between model and observation. The model sim-
to the evolution of the NPF burst pattern is much more ulations support some state-of-the-art hypotheses on the con-
complicated and reflects the influence of CBL turbulencetribution of CBL turbulence to NPF. Considering the applica-
as well as the strong non-linearity of the ternary nucleationtion of box models, the present study shows, that CBL turbu-
rate. The impact of water (D) vapour on the nucleation lence, not explicitly considered in such models, can strongly
rate is quite varying depending on the considered nucle-affect the spatio-temporal NPF burst evolution. The colum-
ation mechanism. According to the classical theory of bi- nar high-order model presented here is a helpful tool to eluci-
nary nucleation involving BO and sulphuric acid ((6Qy), date gas-aerosol-turbulence interactions, especially the gen-
H>0 vapour favours NPF, according to the classical theoryesis of NPF bursts in the CBL. An advanced description of
the cluster formation and condensation growth is required as
well as a comprehensive verification/validation study using
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4254 O. Hellmuth: Burst modelling

observed high-order moments. Further scenario simulationand Wiedensohlgi200Q p. 3328) concluded, théalthough
remain to be performed. solar radiation is the trigger for photochemical reaction, the
meteorological data also indicate a stronger mixing of the
boundary layer on event days, which indicates meteorologi-
1 Introduction cal control of the new particle formation process.”
. o . . Within the Hohenpeissenberg Aerosol Formation Exper-
Based on a comprehensive compilation of observational find;yant (HAFEX) Birmili et al. (2003 evaluated a number
ings on atmospheric NPF in the planetary boundary layeryt time series of NPF events over a 2.5-year period (April
(PBL), an attempt ?s made to evqluate the binary and ternary gog tq August 2008) NPF events were detected on 18%
nucleation scenario presgnted_ in Paper Il and Il from a4 4 days, typically during midday hours under sunny and
“macroscopic” point of view, i.e., at scales, where gas-y, conditions, whereas the number of newly formed parti-
aerosol-turbulence interactions in the boundary layer becOm@|e as found to be significantly correlated with solar irradi-
important. Here, “_mlcroscop|c“ processes of nucleat|_on, "e_"ance and ambient levels 0&BO, vapour. NPF events were
processes occurring at the molecular scale, are briefly disypserved to be anti-correlated with the pre-existing particle
cussed in the context of the modern concept of formation and, ;5 e area, especially in the cold season in association with
activation Qf thermodynamically stable clusters (TSCs) and,qyection of dry and clean air from the Alps. The UCN num-
of Nano-Kohler theory proposed biulmala et al.(2000, e concentrations were generally low at night-time. During
Kulmala (2003 andKulmala et al.(20043. The aim of the  yarkness, not a single NPF event was observed. This supports
present paper is to compare the simulation results on NPF key role of photooxidation in NPF. On NPF event days,
in the CBL, presented in Paper Il and Ill, with the typically high’ycN number concentrations occurred predominantly
observed daytime evolution of the surface-based total parti-5,nd noon. UCN number concentrations typically peaked
cle number concentration, the turbulent heat flux, the wind,.4,nd 2000—30 000 cm, and hydroxyl radical (OH) and
variance and the temperature variance as well as the particlﬁzso4 vapour showed a pronounced daytime variation of

flux. the concentration, also peaking around noon with maximum
concentrations in the rangé—2) x 10’ cm 3.

Strong NPF burst behaviour also appeared in a number of
typical particle concentration time series observed at the bo-
real forest measurement station Hyéf: 13 March 1996

One of the first comprehensive observational studies on NpfKulmala etal, 2004d Fig. 2), 19 September 199€ement
in the polluted CBL (over a 1.5-year period, 26 March €t @, 2001 Fig. 1), 14 April 1999 Kulmala et al, 20013

1996 to 15 August 1997) was published Byrmili and Fig. 1), 19 Mai 1999Boy and Kulmala2002a Fig. 1). The

Wiedensohlet2000?. Significant NPF events, characterised time of burst onset and the burst amplitude, appearing in that

by a number concentration of ultrafine condensation nuclefiMe Series, coincide well with the general time evolution of
(UCNs) >10*cm~2 in the size range 3-11nm, were ob- the binary NPF scenario simulated in Paper Ill. According to

served on 20% of all days. On 80% of the significant eventB0Y and Kulmalg2002a Table 1), the majority of observed

days the sulphur dioxide (S{concentration was increased NPF events sets in ante meridiem or around noon. The NPF
by an average factor of 7. From the slightly enhanced con€vents were found to be strongly correlated with a photo-
centration of the pre-existing particle surface area on evenfh€mically produced condensable vapour. The authors em-
days it was concluded, that the competition between conderPifically derived a nucleation parameter by dividing UV-A

sation onto the pre-existing particle surface area and the NPECIar radiation by the water vapour concentration and tem-
process must have been wedairtnili and Wiedensohler perature. On average, NPF was found to occur, when the nu-
200Q Fig. 2). Highest statistical correlation was found be- cleation parameter exceeds a certain threshold. The observed

tween NPF events and solar radiati@ir(nili and Wieden- 3 ; : o4l
sohler 200Q Table 2). The typical shape of a NPF event, . ., Meteoromg'cgl Observatory. thgnpelssenberg. N,
. 11°07 E, rural continental mountain site in Southern Germany, ap-

g.g., the,one observed on 7 June 1997 using two Condensﬁ'roximately 50km north of the Alps, 980 m a.s.l,, and approxi-
tion Particle Counters (CPCs), resembles a “banana”4orm mately 300 m above the surrounding countryside.
(Birmili and Wiedensohler200Q Fig. 1). The coincidence of 4 Hyytiala Forestry Field Station of the University of Helsinki:
high values of the UCN number concentration,;3@ncen-  61°51 N, 24°17 E, 180 m a.s.l., SMEAR Il (Station for Mea-
tration and solar irradiance is a strong evidence for the keysuring Forest Ecosystem — Atmosphere Relations), forest region in
contribution of photooxidation in NPF. FurthermoBarmili central Southern Finland dominated by extended areas of Scots Pine
(Pinus sylvestris The conditions at the site are typical for a back-

1 Research station Melpitz: 51.528, 12.928 E, 87m above ground location. However, the station buildings (0.5 km away) and
sea level (a.s.l.), 42 km north-east of Leipzig, Eastern Germany. the city of Tampere (60 km away) — both located in a west-south-

2n the literature, this evolution pattern was later on sometimeswest direction from the instruments, 215-2p5ccasionally pol-
synonymously abbreviated &sanana plots”. luted measurement8@y et al, 2005 p. 864).

2 General behaviour of NPF bursts in the planetary
boundary layer
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H>SO4 concentrations at Hyydila were lower than those sim-  ditions for nucleation” The present binary case simulation
ulated in the present study. Owing to the observed low acidshows, that under certain circumstances NPF can occur in
ity the authors argued, that the theory of homogeneous binarthe upper part of the growing CBL, followed by downward
nucleation can not explain the observed NPF burst behavioutransport of newly formed particles. In such cases entrain-

The semi-empirical modelling approach@fement et al.  ment of free-tropospheric air does not contribute to NPF, but
(2001) supports the hypothesis, that NPF bursts in Hyfsiti  the onset of turbulence is a prerequisite to sample UCNs in
are initiated by a vapour, which was produced by solar ra-the surface layer. The binary scenario simulated here is a di-
diation on a precursor. The vapour is removed by conden+ect corroboration of Nilsson’s first hypothesis.
sation on pre-existing aerosol particles, whereas the vapoufhe CBL turbulence scenario simulated in Paper Il agrees
concentration depends on the ratio of radiation intensity towell with the conditions observed on NPF event days dur-
the removal rateClement et al(2001) found, that NPF bursts  ing the BIOFOR campaign at the SMEAR |l measurement
occur, when the vapour concentration exceeds a certain valustation. For a detailed description of the typical diurnal evo-
(Clement et a].2001, p. 222, items (A)—(C)). The authors let lution of the boundary layer on NPF event days the reader is
the question concerning the nature of that vapour open. Any+eferred toNilsson et al.(2001a Subsection 3.1) anBuzo-
way, the time evolution of their predicted NPF pattern is alsorius et al.(2003 p. 2-3, item 14).
obtained using the present columnar approach. Nilsson et al.(2001a pp. 449-452) reportedit appears,

In their NPF characterisation studfalto et al. (2001) that on all nucleation days during BIOFOR, the nucleation
evaluated observed particle concentrations and size distriwas observed 10 min to 2h after the onset of the convec-
butions inside and above a boreal forest during three BlO4ion, strong turbulence and entrainment, typically in the late
FOR campaigns (Biogenic Aerosol Formation Over the Bo-morning, but sometimes earlier and sometimes latet.
real Forest, 14 April-22 May 1998, 27 July—21 August The appearance of 3nm particles was always observed af-
1998, 20 March—24 April 1999) in Hyyla. On average ter the onset of strong turbulencén p. 450 the authors de-
over the whole campaign, NPF events were observed duringjoted:“The sunlight will cause both more turbulence along
sunny days, whereas clouds were observed to efficiently supwith moreOH production, consequently, it is very difficult to
press particle formation due to reduced photochemical activdetermine which has a dominating effect, or if both processes
ity. During all events, particle surface area and volume werewere of similar importance for the onset of nucleatfon] It
lower than their averages. The authors derived a threshol@ppears, that it is more likely that the increase in turbulence
of global radiation below which and a threshold of particle in the morning controls the onset of nucleation than that the
surface area concentration above which NPF was not deincrease in photochemistry occupies this key rai p. 452
tected. On NPF event days, enhanced concentrations of SGhey wrote:“The table indicates, that by the time nucleation
and NH; were observed, whereas a key role of NiH nu- started, there was always a mixed layer. This implies, that
cleation was not claimed. Most often, NPF events started bemixing of the near-surface air with the air from stable layer
tween 08:00a.m. and 11:00a.m. The time evolution of theabove or the residual layer had occurred”
observed NPF bursts in Hyg@la was found to be similar to The present study shows, that the sampling of enhanced
the binary UCN evolution depicted in Fig. 11a of Paper llI, “burst’™-like UCN number concentrations near the ground is
but the observed NPF events occurred at a lower acidity levela result of interactions between CBL turbulence and pho-

tochemistry. In Paper Il it was demonstrated, how this in-
teractions go by. Hence, the suggestionaNdgson et al.

3 Turbulence-related NPF (20013 regarding these processes are confirmed. In general,
the simulations correspond very well to the meteorological
3.1 Hypothesis conditions, especially the CBL turbulence observed during

NPF bursts in the BIOFOR campaign and to the explanations
Kulmala et al.(2001a Fig. 1) explained their NPF ob- given byNilsson et al(20014.
servations by Nilsson’s NPF mixing hypothesis, according
to which NPF typically follows the breakup of a noctur- 3.2 Connection between the onset of NPF and the onset of
nal boundary layer, leading to subsequent vigorous mixing turbulence
with air from the residual boundary layeNi{sson et al.
20013. In their comprehensive NPF-CBL evolution study Buzorius et al(2003 observed a coincidence between NPF,
Nilsson et al(2001a Sect. 4.1, item (1)) hypothesised, that elevated variances of temperature and vertical wind speed as
“on days, when dilution of the pre-existing aerosol number well as an enhanced turbulent heat flux. During NPF event
and condensation sink was observed before nucleation, thislays SODAR-based vertical wind variances at 200-300 m al-
may itself be enough to trigger nucleation by decreasing thetitude showed slightly higher values compared to values be-
sink of precursor gases at the same time, that the precursofow 100 m Buzorius et al.2003 Figs. 1-2). To quantify the
production may be increasing due to increasing photochem-average influence of turbulence on NPF, the authors empiri-
ical activity. Such a scenario would form favourable con- cally derived functional dependencies for the so-called “par-

www.atmos-chem-phys.net/6/4253/2006/ Atmos. Chem. Phys., 6, 42332006
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ticle formation probability”, which increases with increas- measured the vertical distribution of particle number concen-
ing values of the heat flux, the vertical wind variance andtrations and turbulence using a tethered-balloonborne pay-
the temperature standard deviatiddugorius et al. 2003 load (ACTOS, Airship-borne Cloud Turbulence Observation
Figs. 3—-4). The maximum daily values of these three turbu-System), accompanied by coinciding SODAR and LIDAR
lence parameters on NPF event days were observed to occobservations. The 3 June 2002 was a typical NPF event day
after NPF had happened. At the onset of NPF, these paramavith textbook-like CBL conditions, as can be seen from
ters were not different yet from those on non-event days. OrSODAR, LIDAR and radiosounding dat&tfatmann et al.
NPF event days, condensation sink was significantly lower2003 Figs. 7—11). This NPF event day featured an increase
compared to other dayB(zorius et al.2003 item 39). With in global radiation (a radiation maximum near 1000 Win
respect to the present binary scenario simulation, these oband temperature as well as decreasing relative humidity in
servations are directly confirmed by the simulated time atthe course of the day, i.e., a daytime evolution, that is typi-
which the corresponding turbulence and NPF parameters exzal for clear sky conditions. The S@oncentration peaked
ceed their maximum in the surface layer (see Figs. 8a, b ot 08:00 UTC, (b—1h after the breakup of the noctur-
Paper 1l for turbulent heat flux and vertical wind variance; nal inversion layer and at 12:00 UTC. The Blldoncen-
Fig. 11a in Paper Il for the binary UCN burst). tration increased fast in the early morning, afterwards de-
Based on the fact, that NPF coincides with a comparativelycreasing during daytime. The number concentrations of par-
low pre-existing particle surface area and condensation sinkticles in the diameter rangds,=3-10 nm and 3-800 nm
NPF was observed to be favoured by the dilution of the con-significantly increased at 07:30 UTC, both number concen-
densation sink during the growth of the CBL. The dilution is trations featuring a second maximum between 10:30 and
caused by re-coupling between the surface layer and the nod-2:00 UTC. The evolution of both followed the evolution
turnal residual layer with lower aerosol concentratiBu{ of SO, (Stratmann et al.2003 Fig. 10). This behaviour
zorius et al. 2003 p. 2-6, item 25). However, it was not strongly indicates, that NPF was controlled by photooxida-
obvious, that intense turbulent mixing (fully developed tur- tion of SG involving OH. The key feature of the observed
bulence) is triggering the nucleatioBuzorius et al(2003 NPF event was the pronounced increase of the UCN num-
argued, that mixing in terms of moving air parcels across theber concentration (diameter rang®,=3—20nm) approx-
inversion may enhance the nucleation rate by turbulent flucimately at 07:30 UTC, taking place half an hour after the
tuations as suggested Milsson and Kulmalg1998. Ac- breakup of the nocturnal inversion at around 07:00 UTC and
cording toBuzorius et al(2003 it is more likely, that NPF  coinciding with the first S@ peak Stratmann et a/.2003

is triggered by mixing of surface layer air, enriched with Fig. 7, SODAR; Fig. 10d). For details of the evolution of
condensable vapours and pre-existing aerosol particles, witthe number size distribution the reader is referre®taat-
clean residual layer air. Notwithstanding, the authors pro-mann et al(2003 p. 1454). The significant changes of the
posed the possibility, that NPF occurs above the surface layesize distribution took place in the course of the breakup of
and after clean nocturnal residual layer air starts mixing withthe nocturnal inversion. The ground-based observations at
surface layer air, this way reducing the pre-existing parti- Melpitz revealed, that NPF occurred abou-01 h after the

cle surface. This mixing process is followed by transport of breakup of the nocturnal inversion until the mixing layer had
new particles to the surface. In the present study, mixing—reached the CBL top at approximately 1000 m after a few
induced dilution of pre-existing particle concentration doeshours Stratmann et gl.2003 Fig. 9, LIDAR). To eluci-

not efficiently contribute to NPF, because the pre-existingdate the role of CBL turbulence, a number of ACTOS pro-
particle concentration was quite low in the considered scefiles were evaluated. The descent from 830 m to the ground
narios. However, the way, that ex situ formed new particleslevel (06:31-06:53 UTC) indicated a temperature inversion
can be sampled at the surface as a consequence of CBL tubetween 150 and 200 m, and the® vapour density re-
bulence, has been clearly demonstrated here. vealed strong fluctuations inside the mixed lay&rétmann

Stratmann et al(2003 investigated NPF events in the etal, 2003 Fig. 14). The vertical profiles of the number con-
CBL during the SATURN experiment (“Strahlung, vertikaler centrationsN;(10<D,<1500nm, N;;(5<D,<1500nm
Austausch, TURbulenz und Partikel-Neubildung”, radiation, andAN (5< D, <10 nm) clearly depicted a three-layer struc-
vertical exchange, turbulence and new particle formation,ture: mixed layer, inversion layer, residual layer. Here, we
27 May to 14 June 2002) at three measurements sites ifocus on the UCN profile, represented ByN. In a nar-
the Leipzig region, Eastern Germany, classified as rurarow region above the inversion (between 250 and 300 m),
and urban influenced with varying distances to the city ofno small particles could be observed. Above the inversion,
Leipzig®. As far as known, the authors were the first, who AN increased up to values of 800 chbetween 400 and

600 m. This behaviour nearly coincided with the S@ro-

5 Melpitz: 51.526 N, 12.928 E, 87 m a.s.l., 42 km north-east of 1118, Which showed a pronounced minimum at approximately
Leipzig; Collm: 51.3077 N, 13.0026 E, 230 m a.s.l., 40km south- 220 m. The AN-profile showed, that between 06:26 and
east of Leipzig; Panitzsch: 51.36l, 12.544 E, 139a.s.l., 10km 06:53 UTC NPF occurred in the residual layer. The as-
east of Leipzig cent from the ground level to 610 m (08:43-08:48 UTC)

Atmos. Chem. Phys., 6, 4258274 2006 www.atmos-chem-phys.net/6/4253/2006/
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showed the disappearance of the inversion and the appeaevent on 30 May 2002 of the SATURN experiment. This
ance of a near-adiabatic stratification. From the ground upevent day was the only one with observation of enhanced
to 550 m, AN varied between 1000 and 5000ch above  concentrations of UCNs near the inversion layer, accompa-
550m AN decreased rapidly to zero. At this time, thesSO nied by high fluctuations of the potential temperature and
profile was nearly independent of height. Afterwards, thewater vapour density§jebert et a].2004 Figs. 1-2). The ob-
balloon remained at 600 m. The time series 0N, ob- served UCNSs at the inversion were demonstrated to be newly
served at this height, showed variations of several orders oformed and not transported upward from the ground against
magnitude with maximum values of 4000-5000¢mThis their mean gradient. Simultaneously with the significantly
behaviour was related to updrafts, temporarily penetratingenhanced UCN number concentration near the inversion, an
into the residual layer. The tethered-balloonborne payloadncrease of the UCN number concentration at the ground was
was sometimes inside of such an updraft with highly in- observed$iebert et al.2004 Fig. 3, peak of~10x10% cm—3
creased turbulence and a significant number of UCNs, anét 07:30 UTC). To explain ground-based UCN time series by
sometimes inside the residual layer, where turbulence wasop-down diffusion Siebert et al(2004 Figs. 3—4) applied a
much weaker andAN was close to zero (no detection of diffusion model based on “K-theory” to the observed UCN
UCNS). Hence, during the total sampling interval betweenprofile. The authors demonstrated, thab further sources
08:43 and 09:05 UTC, NPF took place in the entire CBL, for ultrafine particles in addition to the NPF event at the in-
while inside the residual layer no UCNs were observed. version are needed to explain the increase of ultrafine par-
Stratmann et ali2003 p. 1456) summarised their observa- ticle number concentration at ground leveSiebert et al.
tional findings as follows: 2004 p. 4 of 4). This observation directly corroborates the
hypothesis oNilsson et al(2001H, according to which new
particles may form due to effective mixing near the inversion
layer, followed by downward transport of UCNs leading to

2. UCNSs, formed in the residual layer, grew up and were an enhanced particle concentration at the ground level. Con-
mixed down during the breakup process of the nocturnaisequently, the NPF event on 30 May 2002 corresponds to the

1. NPF occurred inside the residual layer before the
breakup of the nocturnal inversion.

inversion. NPF burst evolution, simulated in the binary case scenario of
Paper Il
3. No NPF was observed in the residual layer after the
breakup of the nocturnal inversion. 3.3 Observation of vertical fluxes during NPF events

4. During and after the breakup of the nocturnal inversion

NPF was observed in the mixed layer. During the BIOFOR NPF event on 2 April 199%alto

et al. (2001 pp. 353-354, Fig. 8) observed, thdt|...]

What actually happened on 3 June 2002 was the occurrengearticle concentration did not increase equally at different
of two different NPF events, one inside the residual layerheights. Inside the forest, the concentration was approx-
before and the second in the mixed layer during and afteimately half of the concentration above the forest during
the breakup of the nocturnal inversion. With respect to thethe strongest events'For the BIOFOR NPF event on 12
second event the authors interpreted their results as a direétpril 1999, Nilsson et al.(2001a Fig. 9) depicted the tur-
corroboration of the hypothesis dfilsson et al.(2001h on bulent aerosol number flux in the surface layer above the
the correlation between the onset of NPF and the onset o€anopy. The authors notetF:rom 9:30 to 10, the aerosol
turbulence. The present binary case simulation supports thdtux changed sign to rapidly increasing downward fluxes and
interpretation, i.e., at least the second NPF event on 3 Juneached a maximum level from noon until the evening, but
2002 corresponds to the gas-aerosol-turbulence interactiowith large fluctuations on a time scale of 1-2h. The large
simulated in the binary scenario of Paper 8tratmann etal. downward flux during the nucleation event is typical for the
(2003 suggested, that the NPF event observed in the residuatucleation days (87% of the cases.]), which supports the
layer points toward hypothesis 3Mflsson et al(20018, ac- concept of an elevated source, above the canopy and the sur-
cording to which particles newly formed in the residual layer face layer, for new particles{Nilsson et al.2001a p. 455).
may grow up into a detectable size range inside the residuaNilsson’s findings are closely related to the observations
layer. As shown in the ternary case scenario, the ternary nufrom the micrometeorological NPF characterisation study
cleation might be a way to initiate NPF in the residual layer for the BIOFOR campaign performed tuzorius et al.
(see Figs. 4b, d and Fig. 11a of Paper Ill). However, a sce{2001). Buzorius et al(2001, Figs. 4a, 6) observed large par-
nario of NPF in the residual layer remains to be simulatedticle downward fluxes (“deposition”) in the average diurnal
within a framework like the present conceptual study. course of the particle flux over the event days, indicating an

The most direct observational evidence, supporting NPFelevated source (with respect to the measurement levels at 23
at the CBL top followed by top-down diffusion of UCNs, and 46 m height, approximately 10 and 33 m above the for-
was provided bySiebert et al.(2004. The authors evalu- est canopy) of particles larger than 10 nm. The authors found,
ated ACTOS profile measurements, obtained during the NPRhat on average the turbulence intensity and the heat flux were

www.atmos-chem-phys.net/6/4253/2006/ Atmos. Chem. Phys., 6, 42332006
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significantly increased, and the temperature ap® Mapour  To explain this observation, the authors considered two hy-

concentration were decreased during the event days. potheses:

Evaluating carbon dioxide (CQflux measurement8uzo- i ] .

rius et al.(2001, p. 399) concludedBased on theCO; flux 1. At first, pgrt_lcles smaller than t_he detectable size were
data, no apparent connection between the photosynthetic ac-  formed within the forest stand, i.e., below the flux mea-
tivity of the forest (a possible indicator of biogenic emis- suring height. Afterwards, they must have been emitted
sions of precursor gases for nucleation and condensation) ~ from the forest, grew up to detectable size above the
and the particle formation occurrence was observestow- forest stand and deposited.

ever, as in the present model biogenic chemistry is neglected,
the simulation results can not be directly extrapolated to for-
est regions. Accompanying G@&lux measurements can pro-
vide valuable help to examine, whether the premises of the

model with respect to biogenic processes are complied ofn hoth cases, nucleation particles are formed, and after sub-
not. Deviations from these conditions in boreal forest regionssequent growth into the detectable size range they deposit. A
are discussed iBoy et al.(2003 2005 andHyvonen et al.  high deposition velocity of UCNs agrees also with theoretical
(2009. Their findings suggest an important role of biogenic predictions. While flux observations indicated net deposition
compounds in NPF. of UCNs and thus making the forest a sink of particle num-
Recently, Held et al. (2004 evaluated NPF events ob- per, the authors also referred to the observed evolution of the
served during the BEWA field campaign in the summersparticle size distribution, which supports the occurrence of
of 2001 and 2002 at the “Waldstein” forest ecosystem re-NPF and growth, suggesting the forest being a source of par-
search sité Within 45 days of measurement operations dur- ticulate matterThus the net effect of the forest stand on par-
ing the BEWA campaign, NPF events of varying intensity ticle mass remains unclear in this studffield et al, 2004
were observed on 13 days (22%)€ld et al, 2004 Ta-  p. 8 of 9). However, even though only in a qualitative way,
ble 2). Next to particle size distributions, turbulent parti- jn the present study it is demonstrated, how observed deposi-

cle number fluxes were directly measured at a height oftion fluxes can be related to top-down diffusion due to CBL
22 m above ground level (a.g.l.). A typical “banana’-shapediyrbulence.

NPF event occurred on 2 August 2001, revealing the on-

set of NPF through gas-to-particle conversion at 08:15 CET

(Held et al, 2004 Fig. 1). On average over the whole cam- 4 NPF at rural sites

paign, the authors could neither derive a predictive capa-

bility from observed meteorological parameters nor find aBirmili et al. (200Q Fig. 1) presented a typical NPF event
clear correlation between NPF events and low condensatiofn 20 April 1998 at Hohenpeissenberg during the HAFEX
sink. It was demonstrated, that the observe®&, vapour field Study. The daytlme evolution of the partiCIe size dis-
concentrations typically explained less than 10% of the ob-tribution resembles the typical “banana’-shape pattern. In
served growth rates, whereas a significant fraction of parti-connection with a synoptic high-pressure ridge and subsid-
cle growth was related to condensation of organic vapourdnd air, intense solar radiation, strong temperature increase,
from «-pinene oxidation. Hence, in this case biogenic emis-decrease of relative humidity in the course of the day and
sions of reactive organic compounds were suspected to plalpw concentrations of pre-existing aerosol particles were ob-
an important role in particle growth during BEWA. Typically, served. After the breakup of the nocturnal boundary layer in-
turbulent particle fluxes from the atmosphere to the vegetaversion around 07:30 CET, a temporary increase i864,

tion dominated at this site, whereas strongest particle depopitric oxide (NO), SQ and total particle number concen-
sition fluxes were observed during NPF events. For the NPRration was observed, thereafter decreasing again. Between
event on 2 August 2001 it was shown, that the sudden occurl1:00 and 12:00 CET, when the mixed layer was fully de-
rence of nucleation particles coincided with the onset of par-veloped, a strong increase in UCN and total number con-

ticle deposition, reaching a maximum just before nddald centration was observed. The$O, concentration reached
et al, 2004 Fig. 3). 1.5x 10’ cm~3, following the evolution of the OH concen-

tration. For a two-hour time interval (10:30-12:30 CET),
the authors empirically derived an apparent nucleatior? rate

2. Emissions from the forest stand contributed to the
growth of TSCs Kulmala et al, 2000 and particles
above the forest stand, followed by deposition.

6M. Kulmala (personal communication) is thanked for the ref-
erence to a more recent studyKiflmala et al.(20049, according 8Due to the lower limit of the detectable particle size only an
to which there are clear evidences, that photosynthesis has an effetdpparent” nucleation rate can be determined from field measure-
on aerosol formation. This subject will be addressed in more detailments. The apparent nucleation rate is the nucleation rate, at which

in Sections 6 and 7. newly formed particles appear in the sensor detection range of
7 “Waldstein” forest ecosystem research site:°@N, Dp>3 nm. When new embryos, i.e., “critical clusters” wit nm

11°52 E, 776 m a.s.l., “Fichtelgebirge” mountain range in north- diameter, grow in size by condensation and intra-mode coagulation,

east Bavaria, Germany. their number concentration decreases. As a result, the apparent nu-
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of ~3cm3s! from observations, that could not be ex- observationsBirmili et al., 2003 Fig. 12a). The experimen-
ceeded using the parameterisation of the binary nucleatiotal formation rates were found to range between 0.01 and
rate proposed biulmala et al.(19983. To exceed the ob- 9cm3s~1, while the ternary rates were scattered across
served nucleation rate via binary nucleation, £58y con- the range 10°—10°cm3s1. However, the authors con-
centration of %10°cm~3 would be required, which is a cluded: “Although no remarkable correlation between the
few hundred times more 50, than which was actually ob- two rates was found, the comparison in Fig. 12a leads to
served. Assuming an ambient Nkhixing ratio of at least the conclusion, that ternary nucleation is, in principle, able
20 pptv in the agricultural environment of Hohenpeissenbergto generate the number of fresh nano-patrticles, that are later
only (1-2)x10” cm~3 H,S0Oy vapour would be necessary, observed as particles3nm” (Birmili et al., 2003 p. 369).
when applying the ternary nucleation ratekafrhonen et al. To get more insight into the NPF during HAFEX, the au-
(1999. Birmili et al. (2000 concluded, that a ternary nucle- thors investigated the NPF under thermodynamical condi-
ation process was responsible for the NPF event observed &ibns, prevailing near the top of the boundary layer (TBL)
Hohenpeissenberg. The authors suggested, that the bt (Birmili et al., 2003 Fig. 12b). The calculated ternary rates
centration was already so high, that the noontime; Itih- were found to be scattered around the experimental forma-
imum due to turbulence-induced dilution can not be a lim- tion rates within a few orders of magnitude only. The ternary
iting factor in NPF. However, as seen from the coincidencenucleation rate, predicted near the TBL, may be up to 6 or-
of the onset of the NPF burst and the maximum oS8y, ders of magnitude higher than that near the growidh{ili
the appearance of the NPF burst at forenoon must be phcet al, 2003 Fig. 13). For the calculation of the nucleation rate
tochemically induced. In their study, the NHbackground at the TBL, SO, vapour was assumed to be well-mixed
level served as a time-independent adjustment parameter t@cross the CBL and, as before, the Nhiixing ratio was
get the observed nucleation rate. It is to note, that the secassumed to be 100 pptv. Thus, the enhanced nucleation rate
ondary UCN peak observed in the morning houBgrili at the TBL mainly reflects the extremely strong non-linear
et al, 200Q Figs. 1a, b) corresponds well to that appearingdependency of the ternary nucleation rate on thermodynami-
in the binary case shown in Fig. 11a of Paper Ill. Even if cal parameters, i.e., on temperature and relative humidity. To
the overall UCN evolution pattern corresponds to the binarythink in relative terms, the authors noted right awdye-
case simulated in Paper I, the measure®B, vapour con-  spite the agreement shown, however, we advocate care in the
centration was too low to explain the observed NPF burst byinterpretation of these results, especially in view of the as-
binary nucleation alone. sumptions made on the unknown precursor concentrations
Later on, the influence of a third component in NPF wasnear the TBL” (Birmili et al., 2003 p. 370).“Although a
also suggested from the evaluation of the long-term HAFEXIlarge number of precursor gases, aerosol, and meteorologi-
observation study performed Birmili et al. (2003 April cal parameters were measured, the ultimate key factors con-
1998 to August 2000). The authors considered the questrolling the occurrence of NPF events could not be identi-
tion: “Can ternary homogeneoul,SOs-NH3-Ho,O nucle-  fied” (Birmili et al., 2003 p. 361). Especially, indications,
ation serve as a model to explain the observed particle for-that reaction products of organic compounds would directly
mation events at HohenpeissenberdBirmili et al., 2003 control the occurrence of NPF events, were not found. Apart
p. 369). On average, the observed nucleation rate was eXrom this, it was impossible to define a global set of thresh-
plained by ternary homogeneous®/H,S0O,/NH3 nucle-  old criteria to effectively separate event days and non-event
ation, the observed nucleation mode particle growth by co-days.
condensation of bD/H2SO4/NH3. The oxidation products The assumption of an implicit and time-independent up-
of monoterpenes were suspected to have the capacity to comer limit of the NH mixing ratio of 100 pptv reduces the
tribute to the growth of UCNSs. The ternary nucleation rate modelled UCN number concentration to a NPF process, that
was calculated with the nucleation model &pari et al. is fully controlled by the thermodynamical conditions and
(2002ab) using in situ measured 430y, relative humidity,  the evolution of HSO4 vapour, whereas Nfiserves only
temperature and an implicitly assumed Niixing ratio of ~ as a constant adjustment parameter, e.g., comparable to the
100 pptv. The nucleation rate, calculated near the groundfurbulence-related adjustment factor for the binary nucle-
was compared with the empirically one, derived from in situ ation rate derived byhrner et al.(2003 Fig. 5) (see be-

low). As NHz was not considered to be a limiting factor, the

cleation rgte is lower than the calcu_lated one from nucleation theypservation of an NEtenhanced nucleation actually does not
ory. Kerminen and Kulmal#2002 derived an analytical formula to

relate the apparent nucleation rate to the real one. This formula Wagupport the ternary NPF scenario presented in Fig. 11a of Pa-

developed for application in explicit nucleation schemes in atmo-per lll. Birmili et al. (2003 p. 374) pointed out, that the un-

spheric models to cut off the lowest desirable scale for the evolutionderStandIng of the occurrence of NPF events is linked to the

of the aerosol size distribution. However, as the authors noted, thigluestion, why the particle size distributions were closed at
formula is not applicable to very intensive NPF bursts, to potentialthe smallest diameters. They hypothesised either NPF at the
nucleation events associated with cloud outflows or to nucleationCBL top or a non-linear particle growth rate below 3 nm.
occurring in plumes undergoing strong mixing with ambient air.
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Uhrner et al.(2003 paid special attention to the role of more favourable conditions occur followed by downward
meteorological conditions for the NPF events, occurring dur-mixing and growth to detectable size. Therefore, a significant
ing the HAFEX field study. The authors compared measuredoart of these differences and their variability is attributed
particle number concentrations and inferred particle surfacgo non-local formation of particles and micrometeorological
area concentrations with box model simulations for 12 careprocesses, that cause them to be transported to the ground-
fully selected data sets, collected during the HAFEX exper-based measurement site. Our results suggest, that buoyancy-
iment @irmili et al., 2003. The aerosol model included a driven turbulence and wind shear are the micrometeorolog-
binary nucleation scheme. The calculated nucleation rategal processes accounting for such transpdrt..] To gain
were adjusted by a prefactor to match measured and calfurther insight into these processes, measurements of, e.g.,
culated particle number concentrations. This prefactor waertical profiles of quantities characterising turbulent trans-
physically related to the occurrence of turbulence and pajport processes up to the entrainment layer &ftds concen-
rameterised in terms of surface layer stability. The authordrations are desirable(Uhrner et al.2003 p. 358).
concluded, that the NPF process maybe strongly influencedhe study olJhrner et al(2003 allows some important con-
by mixing processes driven by thermal convection and/orclusions regarding the understanding and description of NPF
wind shear. Among several other HAFEX dayrner etal.  under convective conditions. The use of a semi-empirical
(2003 Figs. 2c, 2g, 2k, 20, 3b, 4) re-evaluated the NPF eveniprefactor to adjust the binary nucleation rate to observed
on 20 April 1998. In the former study &irmili et al. (200Q CBL turbulence is at least as plausible as the assumption
Fig. 1), this NPF event was explained by ternary nucleationof an implicit time-independent ambient NHnixing ratio
at an ambient NEImixing ratio of at least 20 pptv. To achieve to get the observed nucleation rdfésHence, in view of
agreement between measured and modelled particle numbéne different possibilities to interpret the exemplary HAFEX
concentrationd,Jhrner et al(2003 empirically increased the event day 20 April 1998, i.e., via ternary nucleati@ir(nili
binary nucleation rate by a prefactor of¥#Cfor 20 April et al, 2000 or via turbulence-enhanced nucleatidsh(ner
1998. The prefactor was iteratively determined by variationet al, 2003, care has to be taken in the interpretation of
until the measured and simulated peak number concentrahe observations and the model results. Normally, box mod-
tion matched within=25%°. The NPF event on 20 April els are not able to conclusively explain NPF events in the
1998 was characterised by strong vertical exchange assoctEBL, independently from the nucleation scheme considered
ated with turbulent eddies and plumes. The main increase¢herein. The link between aerosol dynamics and CBL tur-
in observed number concentratio® (>3 nm) was accom- bulence to explain observed NPF events under convective
panied by a significant reduction in the dew point temper-conditions is a higher-dimensional approach, that explicitly
ature, likely induced by entrainment of drier air from aloft considers transport and entrainment processes. Hence, the
into the CBL, followed by top-down diffusion. The well- considered HAFEX day should be re-investigated using an
mixed layer reached a height of approximately 750 m aboveenhanced modelling approach.
the measurement site. A strong orographic impact on the
flow was ruled outUhrner et al.(2003 Fig. 5) found, that
the nucleation prefactor strongly depends on the CBL stabil5  NPF in urban regions
ity in terms of near-surface layer temperature gradients. The
prefactor varies over many orders of magnitude and assumesombining extensive field measurements during the Pitts-
larger values for more unstable conditions. The authors repurgh Air Quality Study (PAQS) in Pittsburg, Pennsylva-
lated the good agreement between the observed and the moflra, with an aerosoldynamical and chemical box model as-
elled number concentratior-@ nm) for the NPF eventon 20 suming ternary HO/H»S0Os/NH3 nucleation Gaydos et al.
Apl'" 1998 and for similar event days to the influence of ver- (2005 showed an excellent model-measurement agreement
tical exchange processe$or particle number concentra-  and predictive capability. During a 15 months period, in situ
tion profiles, where the simulated particle number concentra-NPF was observed on over 130 days. On 19 out of 19 days
tion either rose faster than the measured increase, or whereyith complete data sets available in July 2001, and on 25 out
the onset of a sharp rise in particle number concentration oc-of 29 days in January 2002, the presence or lack of nucleation
curred before the measured onset, the cause could be relategbuld be successfully predicted by the ternary nucleation
to buoyancy-driven turbulent exchange processes. This indimodel. The gas phase NHoncentration used in the nucle-
cates, that under convective conditions the initial particle nu- ation model was derived from total NHgas phase + particle
cleation process occurs higher up in the atmosphere, whergyhase) using a thermodynamical equilibrium model. Hence,

no implicit, time-independent Nfllevel, serving as a free

SUhrner et al.(2003 motivated this factor by the observed Parameter, was assumed:$0, vapour was demonstrated
strong CBL turbulence. However, it is only a qualitative hint to the
contribution of turbulence to NPF, but not a direct evidence support- 19Both approaches are not conclusive, but at least indicative in
ing turbulence-related nucleation, because this value is too large (Mview of the great challenge to observe and to model NPF in the
Kulmala, personal communication). PBL.
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to be the major condensing compound, i.e., producing partiin the eastern United States is currently unknown and ver-
cle growth that is similar to the observations. The contribu-tical transport is not included in the box model developed
tion of other species such as nitrate, ammonium and organibere”

compounds to growth could not be quantified. Anyway, the

success of considering80, vapour as the sole condensing

compound and to neglect the contribution of organics indi-6 Compilation of previous findings on atmospheric or-
cated, that the role of organics in NPF and particle growth ~ 9anic aerosol formation

was probably secondary. The typical NPF event, observed
on 11 August 2001, featured a “banana’-shaped particle siz8-1
distribution, showing a pronounced traffic signal between

07:00 and 08:00 EST, followed by NPF occurring at just af- et al, 20049, the formation, evolution and physicochemi-

ter 09:00 ESTGaydos et a].2005 Fig. 1). Automobile traf- cal characterisation of organic aerosols are subjects of ongo-

fic was the most important local source of UCNSs, leading to. . : ;

. . ; ing research in the atmospheric research community. Mean-
enhanced concentrations during the morning rush hour be\hhile oraanic aerosol formation belonas to the probabl
tween 06:00 and 09:00 EST. As demonstrated, local emis- » 09 9 P y

sions did not affect the regional NPF events, which usuallymOSt intensive mvestlgated processes In atmospherlc aerosol

occur after the morning traffic has decreased to the normaf'dence' Based on the results of a workshop, which was held
t the Hyytala (Finland) field station on 10-12 May 2004,

level. Hence, typically observed NPF events were dominatecia:uzzi et al.(200§ performed a comprehensive assessment
by the regional signal. Most of the NPF events, observed in ' P P

July 2001, started at about 09:00 EST, just a few hours af_study on the cgrrent knowledge, termlnology apd research
. . needs concerning the role of organic aerosols in the atmo-
ter sunrise. NPF tended to occur on days with below average . . N
. . Sphere, climate and global change. In their compilation study,

PMy 5 concentrations and clear skies and to take place ove

. {he authors addressed the following issues:
a large geographic area. The events were observed to some-

times coincide with mixing of the stable night-time ground-  _ Relevance of organic aerosol formation for climate
level atmosphere, which supports the hypothesis, that verti-  change;

cal mixing can importantly contribute to NPF. Nevertheless,

an important number of NPF events occurring during PAQS — Terminology, i.e., definition of aerosols, degree of
was found to not coincide with atmospheric mixing and to volatility of compounds (volatile, semi-volatile, non-
occur either earlier or later than the rise of the mixing layer volatile), origin of aerosols (primary, secondary), ori-
height (MLH). The model was found to generally overpredict gin of aerosol components (primary, secondary), age of
the UCN number concentration on NPF event days for both aerosol particles, composition of aerosols (organic, in-
the summer and winter months (2.5 to 4.3 times in July). For organic, carbonaceous);

one possible reason, the authors referred to the negligence )

of the dilution connected with the daytime evolution of the ~— Sources of organic aerosols;

MLH. They demanded further investigations to elucidate the
observed effect.

With respect to air quality policy, the authors demonstrated, _ ppysijcal and chemical state of organic aerosols;

that the NPF frequency is very sensitive against the ammonia

concentration. For example, a reduction of ammonia emis- — Atmospheric modelling of organic aerosols;

sions in July by 100% eliminates all NPF events, while dou- o )
bling ammonia emissions results in NPF occurring on 89% — Outstanding issues for future research on organic
of the modelled days. In January, the relation is weaker, the ~ @€rosols (sources, formation and evolution, physico-
corresponding percentage of NPF events ranging between 24 ~ chemical characterisation, modelling).

and 66%.

Anyway, from the results of the PAQS one can conclude, : . "
that at least a subset of NPF events observed in Pittsburg eteorological processes on very different time and spa-

" nds to the evolution pattern of the binar nari ial scales, the model-based “reproduction” of field measure-
corresponds to the evolution patiern ot the binary scenarqy .41 i5 4 enormous challenge for state-of-the-art atmo-
discussed in Paper lll, especially with respect to the mixing

hypothesis. In opposite to this, the high number of events ex-Spherlc models. Despite of great efforts achieved over the

lained by in situ ternary nucleation involving Nhwithout last years, our level of process understanding is still too
planed by ynu 9 .. poor to allow a comprehensive model-based explanation of
contribution of turbulent mixing shows, that the scenarios in-

. . he observations. Regarding the complexity of the processes,
vestigated in Paper Il do not cover up the range of the reaf 9 9 plextty P

situations leading to NPF events. To open the way for further 1lpere, “reproduction of observations” means the modelling of

investigationsGaydos et al(2005 p. 5 of 12) noted:The data on time and spatial scales, which can be resolved by measure-
degree to which vertical transport is important to nucleation ments in a physically meaningful manner.

Importance of organic aerosol formation

Owing to its proposed impact on Earth’s climatéu{mala

— Formation and transformation of organic aerosols;

Due to the contribution of chemical, aerosoldynamical and
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that are necessary to be considered in organic aerosol fodes and ketones (terpenoides). The building block of ter-
mation, Fuzzi et al.(2006 pp. 2031-2032, Section 6) con- penes is isoprene (GHC(CH3)—CH=CH,, i.e., sum for-
cluded:“The complexity of the processes controlling atmo- mula(CsHsg),). Terpene hydrocarbons are classified accord-
spheric aerosols can only be captured using small-scalejng to the number of involved isoprene units n (monoter-
high resolution models which are capable of simulating phys-pene n=2, sesquiterpene n=3, diterpene n=4, triterpene n=6,
ical and chemical processes in great detail. These modelgetraterpene n=8). In dependence on plant species, temper-
can yield insight into how perturbations in atmospheric com- ature and humidity, forests and other plants mainly emit
position and climate might affect organic aerosol formation isoprenes (6Hg), monoterpenes (fgH1g) and sesquiter-
rates and properties (i.e., sensitivity studies) and the con{penes (GsHz4) into the atmosphereSgathoff 2003. To-
comitant impacts on aerosol distribution as well as, for ex- gether with methane and isoprenes, terpenes are the organic
ample, cloud droplet formation and wet and dry deposition compounds with the highest global emissidingma et al,
of these aerosols. However this level of chemical and mi-2004. SOAs are formed, e.g., due to heterogeneous reac-
crophysical detail can not be extended to the global scaletions of terpenes with OH, ozone §j0and the nitrate radical
due to computational limitations, so radiative and climate (NOs). The most relevant terpenes for SOA formation are
impacts must be determined using a hierarchy of modelsmonoterpenes (e.gug-pinene, -pinene, A3-carene, cam-
from process models over regional models to global scalephene, limonene, sabinene, mycrene, ocimene, linalool) and
[...]7 The authors referred to about a factor-of-three uncer-sesquiterpenes (e.g., caryophyllene).
tainty in the direct plus indirect top-of-the-atmosphere radia-Terpene reaction products are, e.g., pinonaldehyde, pinonic
tive effect owing to the representation of organic aerosolsacid, nor-pinonic acid, pinic acid, dicarboxylic acids,
in state-of-the-art Chemical Transport Models (CTMs) andhydroxy-pinonaldehydes, hydroxy-pinonic acids, dihydroxy-
Global Climate Models (GCMsHuzzi et al, 2006 p. 2032,  carbonylpinanes, dihydroxylpinane nitrates. Monoterpenes
reference to IPCC report 2001). Among the processes, whicleontribute to 78%, sesquiterpenes to 22% of the biogenic
are deserved to be better described in large-scale models, tf®0A mass productionGhung and Seinfe|d2002 Bonn
authors listed also physicochemical subgridscale processest al, 2004). The annual monoterpene emission is ten times
i.e., processes, that can not be resolved by the applied mod#&rger than the annual sesquiterpene emissi@negther
grid, and in-atmospheric formation of organic aerosols fromet al, 1995 Bonn et al, 2004, but aerosol formation by
gas species. Another subject of high importance is the “lump-sesquiterpenes is more efficiehidffmann et al. 1997 Bonn
ing” of groups of chemical constituents in model represen-and Moortgat2003 Bonn et al,2004. Some gas phase reac-
tations. As a prerequisite to achieve further progrésgzi tions of terpenes form large molecules in high enough con-
et al.(2008 p. 2033) argued:Models will ultimately be im-  centration to participate in particle self-nucleation. Others,
proved through close collaborations between modellers andsuch as semi-volatile products, may not self-nucleate, but can
those conducting laboratory and field measurements and byartition onto existing particle surfacelsgmens and Jaoyi
investigating OAorganic aerosolsi the context of the full 2001).
earth system”

6.3 Compilation of spatio-temporal occurrence of organic
6.2 Compounds contributing to organic aerosol formation aerosol formation in different parts of Earth’s atmo-

sphere

Atmospheric volatile organic compounds (VOCs) are known
to essentially contribute to organic aerosol formation. Such6.3.1 Organic aerosol formation in maritime air
compounds originate from both anthropogenic sources (e.g.,
aromatics) and biogenic ones (e.g., terpenes), whereas bidawamura et al(2003 Table 1) observed homologous series
genic emissions exceed anthropogenic ones by approxief water-soluble dicarboxylic acids in tropospheric aerosols
mately one order of magnitud&éathoff 2003 Lee et al, over Eastern Asia/Pacific region, where oxalic acid was most
20049. Oxidation of VOCs leads to oxygenated compoundsabundant, followed by malonic or succinic acid. Diacid car-
with low enough volatility to form secondary organic bons were found to contribute to 0.2—-3.3% (average 1.8%) of
aerosols (SOAs) via either self-nucleation or gas/particle parthe total organic carbon. The water organic acids either stem
titioning on pre-existing aerosold ée et al, 2004. SOAs  from ground sources and/or photochemical production in the
increase atmospheric fine particulate matter and contributg@olluted troposphere over the Asian Pacific.
to climate control feedback mechanisnitsulmala et al, Narukawa et al(2003 evaluated free-tropospheric measure-
200449. ments of low-molecular weight dicarboxylic acids over the
Terpenes, subgroup of VOCs, play an important role inwestern to central North Pacific Ocean. The main charac-
SOA formation. They are widely present in the natural en-teristics of dicarboxylic acids can be summarised as fol-
vironment, especially in plants as a composition of ethe-lows (Narukawa et a).2003 see references therein): (a) Di-
real oils. Many terpenes are hydrocarbons, but they also ocearboxylic acids directly originate from emissions from
cur in oxygenated compounds such as in alcohols, aldehyfossil fuel combustion and biomass burning; (b) Dicar-
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boxylic acids are oxidation products of aromatic hydrocar- pointed out, that there are large uncertainties in the results,
bons and alkenes; (c) Dicarboxylic acids are one of the mose.g., due to the negligence of important primary sources of
abundant water-soluble organic compounds in atmospheriorganic carbon, notably heavy plant waxes. Further progress
aerosols; (d) Dicarboxylic acids are ubiquitous aerosol contequires, in the first order, more measurements to charac-
stituents in the urban, suburban and marine atmosphere dsrise the ambient organic aerosol and more inventory data
well as in polar regions of the Arctic and Antarctic; (e) Di- (Andersson-S&ld and Simpso2001, verbatim).
carboxylic acids contribute to cloud condensation nucleiFrom a global-scale modelling study arpinene oxidation,
(CCNs) and hydrophilic properties; (f) As soluble organics Bonn et al.(2004 Table 1) found, that large hydroperoxides,
contribute more to aerosol volume than to aerosol mass dualthough currently neglected in aerosol models, account for
to their lower densities, they can affect direct radiative prop-63% of SOA mass formation. Carboxylic acids and carbonyl
erties. The authors presented measured concentrations eabmpounds, assumed to be the primary SOA forming sub-
four dicarboxylic acids, i. e., oxalic acid, malonic acid, adipic stances, account for only 26% of SOA mass formation. The
acid and azelaic acid as a function of height and longitudedominating contribution of hydroperoxides to relative SOA
(Narukawa et a).2003 Tab. 2, Figs. 2, 3, and 4). Oxalic acid production is most pronounced during the northern hemi-
was found to be the most abundant diacid over the North Paspheric wintertime owing to the reduced temperature and
cific Ocean, measured in heavily polluted air mass flows ovetthe decreased photolysis of hydroperoxides, which prolon-
the ocean, originating from both primary emissions from thegates their lifetime. The highest total aerosol mass contri-
large industrial cities of Eastern Asia and secondary photo-bution is correlated with the highest monoterpene emissions
chemical processes. The authors also extrapolated the surfadering summertime. The acid contribution (maximum 33%)
concentration of diacids and the corresponding scale heightand contribution by peroxy acetyl nitrates (PANS) (maximum
(2.9 km for oxalic acid, 2.5 km for malonic acid, 7.8km for 22%) are largest during the northern hemispheric summer-
adipic acid, 2.2 km for azelaic acidNérukawa et a).2003 time due to intense oxidation by OH (production of monocar-
Table 4). The scale heights were found to be higher than thaboxylic acids) and enhanced photolysis (formation of PAN
proposed in the literature for desert regions. This indicates dype species). PAN contributions were especially high for
higher extent of air pollutants due to enhanced atmospheriindustrialised regions of North America and Europe. The
convection and injection of diacids and their precursors fromcontribution of dicarboxylic acids, commonly considered as
the ground level to the upper troposphere in Eastern Asiaa major SOA source, was found to be fractionally high-
(Narukawa et a).2003. Narukawa et al(2003 concluded, est during spring and autumn (maximum 2.5%) due to in-
that (1) diacids in the free-tropospheric aerosol over the westereased @ and lower OH level, favouring higher contribu-
ern North Pacific Ocean result from Eastern Asia outflowstions of «-pinene ozonolysisBonn et al, 2004 p. 2). Af-
and originate not from the open ocean, (2) these diacids anter condensation, hydroperoxides undergo particle phase and
their precursors originate from ground sources in Easterrcloud droplet reactions with OH, resulting in aerosol ageing
Asia and were transported to the upper troposphere by enand formation of less water-soluble products, such as car-
hanced convection. bonyl compounds (e.g., pinonaldehyde frarpinene re-
actions). Carbonyl compounds, formed inside aerosols and
6.3.2 Organic aerosol formation in continental air on acloud droplets, can be dissolved in the pre-existing organic
large and global scale material and remain in the particle phase in addition to acid
catalysis reactions, which form non-peroxide polymers from
From their large-scale modelling study of organic aerosolvolatile, soluble carbonyls. Even if these carbonyls are too
formation over continental Européindersson-Séld and  volatile to condense directly, they can take part in heteroge-
Simpson(2001) found, that (a) organic aerosol formation neous reactions with hydroperoxides to form peroxyhemiac-
is much greater from biogenic sources than from anthro-etals in the particle phase. Therewith, large hydroperoxides
pogenic ones, and that (b) monoterpenes play a very variand especially hydroxy-hydroperoxides increase the amount
able role in contributing to organic carbon mass in aerosolf organic aerosol formed as well as the solubility of atmo-
over the Nordic countries. Corresponding to the relativespheric organic aerosol particles in water, which leads to an
distribution of forests, the contribution of monoterpenesincreased CCN numbeEZiemann 2002 Bonn et al, 2004.
lies in the range 2-50%, least at coastal sites in South-
ern Norway and Denmark and much greater for more in-6.3.3 Organic aerosol formation in urban air
land sites and further North. Averaged over all sites and
months, the relative contribution of different terpenes to or-Strader et al(1999 observed organic aerosol formation due
ganic aerosol formation was estimated as followsainene  to oxidation of aromatics in wintertime condition with clear
23.5%, limonene 21.3%, sabinene 12.9%, caryophylleneskies, low winds and low MLHSs in urban and background
12.4%, A3-carene 8.1%,8-pinene 7.9%, myrcene 4.3%, sites of the San Joaquin Valley of California. Low wintertime
ocimene 3.9%, linalool 3.6%, camphene 2.14fdersson-  MLHs were found to favour the accumulation of precursors,
Skold and Simpson200], Fig. 6). However, the authors hence accelerating organic aerosol formation. Clouds and fog
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considerably decrease the organic aerosol concentration. 06.3.4 Organic aerosol formation in forest regions
ganic aerosol formation undergoes a significant diurnal varia-
tion with higher values in the late afternoon and early eveningPapers addressing organic aerosol formation in forest regions
(Strader et a).1999 Fig. 6). The authors found a strong de- were presented, e.g., byakeh et al.(1997), Marti et al.
pendence on temperature, whereas an optimal temperatuf@997, Kavouras et al(1998, Kulmala et al.(1998h 2000,
for organic aerosol formation exists. The optimal tempera-Buzorius et al.(2001), Kulmala et al.(2001ab), Boy and
ture results from two competing processes: (a) Increase of orkulmala (2002, Dal Maso et al.(2002, Kulmala et al.
ganic aerosol formation with increasing temperature; (b) In-(2002, Boy et al.(2003, Buzorius et al(2003, Komppula
crease of the saturation vapour pressure with increasing tenst al. (2003ab), Krejci et al. (2003, Kulmala (2003, Held
perature (i.e., decreasing supersaturation and decrease of @t al.(2004, Hellen et al.(2004, Kulmala et al(20043b,c),
ganic aerosol formation). Laakso et al(2004ab), Steinbrecher and the BEWA2000-
Using a 3D Eulerian modelAndreani-Aksoyoglu et al. Team (2004, Boy et al. (2009, Dal Maso et al.(2009,
(2009 investigated organic aerosol formation in the north- Hyvonen et al(2005, Kulmala et al.(20053, Sellegri et al.
ern part of the Po Basin, one of the most densely popu{2005ha), Allan et al.(2006, Cavalli et al.(2009 andKul-
lated and strongly industrialised areas in Europe. Even ifmala et al(2008.
organic aerosols contain both primary and secondary or- From a NPF study on a forested ridge in the Rocky moun-
ganic aerosols, the primary ones were not included in theitains, Marti et al. (1997 found, that organics formed from
study, because no emission data were available. As in thexidation of naturally occurring terpenes and S-pinene
case of @, highest secondary organic carbon (SOC) con-and anthropogenic hydrocarbons toluenexylene, ethyl
centrations were modelled to occur in the afternoon in thebenzene, 1,2,4 trimethyl benzene and methylcyclohexane
photochemically active city plume of Milan. The modelled are well correlated with total particle surface area and vol-
similarity between the SOC distribution and that of Was ume. This suggests, that some of the organic compounds,
found to result from the fact, that organic aerosols are formedormed in gas phase reactions, condensed upon pre-existing
by the mass transfer to the particle phase of low-vapouraerosols. However, NPF was reported to be more associated
pressure products of VOC oxidation. From measurementsvith elevated production of $804 vapour from S@/OH
of the concentrations of total organic carbon (T&Cpri- oxidation than with production of oxidised organic prod-
mary organic carbon (POC) plus SOC) and black carbonucts. There are also evidences, which support the involve-
(BC), Andreani-Aksoyoglu et al2004 Fig. 7) derived ara- ment of terpene species in NPF fop${Oy production and
tio POC/BC=1.8. BC originates from combustion processesbelow-average total aerosol surface areaS®&; was sup-
and is solely primary. Assuming, that BC and POC are fromposed to be the key precursor for NPF. Low-volatility organic
the same source, BC can be used as a tracer of POC. For ti@mpounds were considered to be able to cause NPF under
concentration of SOGAndreani-Aksoyoglu et a{2004 Ta-  certain conditions, but are more likely to condense upon pre-
ble 1) proposed the relation SOC=TOC—-1EBC. existing particles.
The most relevant anthropogenic precursors of organic Kavouras et al(1998 observed NPF over &ucalyp-
aerosol formation are aromatics, the most important biogenidus globulusforest. Newly formed aerosols were found to
ones are biogenic hydrocarbons such as monoterpenes. Tlentain both a major carbonyl fraction and an acidic frac-
contribution of biogenic emissions to organic aerosol forma-tion. The carbonyl fraction consists of pinonaldehyde and
tion is of increasing interest. This contribution depends, e.g.nopinone from photooxidation af- and 8-pinene. Besides
on the season and on the urbanity of the region of interestof plant leaf waxn-alkonic acids, the acidic aerosol frac-
which reflects the vegetation coverage. On the base of a Magion contained carboxylic acids (pinonic acid), formed pri-
case study the authors demonstrated, that monoterpene emiswarily by thea-pinene/Q photooxidation. All pinonic acids
sions contribute to about 25% to organic aerosol formationtogether were found to be more abundant than plant leaf wax
in the northern, mostly forested part of the model domain,r-alkonic acids in the acidic aerosol fraction. Pinonic acids
while in the southern, mainly urban, and agricultural part itsare only accumulated on particles500 nm, leaf waxn-
contribution is negligible. Altogether, the agreement betweenalkanoic acids only on particles500 nm. Being too volatile,
estimated and predicted SOC concentrations was found to bebserved formic acid from isoprene/terpene photooxidation
satisfactory, i.e., the predicted values were of the same ordegind acetic acid were reported not to contribute to NPF. Pinon-
of magnitude as the estimated ones. Observed differences tadehyde and nopinone concentrations were found to be low
other studies for European regions were related to discrepduring daytime due to photolysis and/or reaction with OH
ancies in the emission inventories and to differences in theand to increase during night due & and B-pinene reac-
aerosol parameterisation. tions with NO; and/or Q. The presence of the two car-
bonyl compounds in particulate matter is supposed to re-
sult from condensation of vapour phase products onto pre-
existing seed particles. Once organic compounds have started
to condense and an organic layer has formed on the par-
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ticles, even products with subsaturated gas phase conce2—6 nm h 1. Calculations confirmed, that oxidation products
tration will partition a portion of their mass into this con- of BVOCs considerably contribute to the observed condensa-
densed organic phase. This process is favoured by lowetion growth. Accompanying modelling studies showed, that
night-time temperatures. Thus, NPF over forests is supposethe BVOC loss within the forest canopy due to chemical
to be caused by interaction of organic acids, e.g., pinonic acidlegradation ranged between 10 to 15% of the total emitted
from terpene-photooxidation, with other organic or inorganic BVOCs. BVOC degradation by the N@adical is likely to
species present in the atmosphé¢aouras et a).1998. proceed also during daytime in shaded lower parts of the
Steinbrecher and the BEWA2000-Ted2004 reported  canopy.
on the quantification of soil and leaf primary emissions and
the canopy exchange (net emission and net deposition) of
gases (isoprenoids, carbonyls, peroxides),add particlesat 7 Synopsis of the meteorological and physicochemi-
the Norway spruce forest field site Waldstein, Fichtelgebirge, ~cal conditions leading the organic aerosol formation
north-east Bavaria, Southern Germany. In a regional-scale in forest regions — compilation of phenomenological
modelling study on the emissions of biogenic volatile organic ~ findings
compounds (BVOCs) over GermarSteinbrecher and the o ] o
BEWA2000-Tean(2004) estimated a yearly averaged VOC 7-1 Findings from the EU project OSOA (Origin and For-
emission from forests of 366 kt for Germany, with contribu- mation of Secondary Organic Aerosol)
tions of 11% isoprenes, 51% monoterpenes and 38% other , , ,
VOCs. Norway spruce as the main emitting tree species con’s cOmprehensive overview of the results from extensive
tributes with 40%. In situ photosynthesis was found to be a/'€/d measurements concerning the origin and formation of
major carbon source for the isoprenoid synthesis in plants. jprganic aerosol formation in forest regions was given by
was shown, that the short-term variability of the isoprene50Y €t al. (2004. The measurements were carried out at
emissions is controlled by the flux of photosynthetic interme- e Finnish measurement station Hydi between 1 and

diates through the plastidic isoprenoid pathway. Undep CO 18 Aulgzust 2001 within the framework of the EU project
limiting conditions, isoprenoid biosynthesis may serve as 80 SOA " A possible NPF pathway to form organic aerosols

sink for primary products of net-photosynthesis. Next to in in the atmosphere is the ternans®/HzS0,/NH3 nucle-

situ photosynthesis also other C-sources were found to con@tion to form TSCs (diameter1 nm) according t&ulmala

tribute to the isoprene formation, e.g., starch, xylem trans-Et &l-(2000. The authors suggested, that terary nucleation
ported carbohydrates, especially under conditions of reduce@CCUITing at typical tropospheric conditions is able to accu-
net CQ assimilation due to the closure of the stomata. Themulate a reservoir of TSCs, which further grow to detectable

authors concluded, that there is a dynamic exchange of éizes under favourable conditions. According to this model,
between different cellular precursors for isoprene biosynthe-Organlc species with low volatility could act as condensable

sis. They showed the increasing importance of these C pool&/2P0urs for the condensation growth of TSCs to an observ-
when the photosynthesis is limited. Daily summertime time 2PI€ Size 0,=3 nm. Some of the main results of the OSOA
series of particle fluxes above the canopy showed a typilProject can be summarised as follovigog et al, 2004

cal diurnal pattern, which results from the boundary layer
dynamics, from regional atmospheric processes (e.g., atmo-
spheric @ production) and from primary emission and de-
position. Sometimes, the measurements were influenced by
horizontal advection of air masses over horizontally inhomo-
geneous forests. For isoprenoids, the leaf level fluxes were
found to agree well with ecosystem level fluxes. The mea- 1250As are formed, when the saturation vapour pressures of the
surements revealed the occurrence of many oxidation prodprecursor gases are low enough to condense them on pre-existing
ucts of isoprenoids in the forest atmosphere with higher con-aerosols or to initiate NPF via homogeneous nucleation. Previous
centrations during daytime. Particles from above the canopyindings from the literature indicate aerosol formation and growth
were observed to have an enhanced pinic acid concentrgtom the reaction products ef-pinene and @, that could not be
tion, supposed to result from in situ photochemical forma- exp_lained by classic_al nucleation theory. 'I_'he nuc_le_a_tion rate ir_l the
tion, e.g., from the reaction af-pinene with G. Turbu- a-plner_le/Q, ;ystem |_s suspected to be |ImIFed by initial nuclgano_n
lent particle fluxes often followed a diurnal pattern with al- St€PS (-€., dimer, trimer or adduct formation). SOA formation in

. . . thea-pinene/Q system is considered to be a possible pathway for
most no particle exchange at night and strong fluxes durin PF by homogeneous nucleation from organic species, which re-

dayt'_me' During dayt'me' f[he particle deposition flux Clea!’l_y sult from gas phase reactions involving monoterpenes. However,
dominated over the emission fluxes. The strongest depositiogoa formation from this system was only observed under labo-

fluxes in the order of ®particlesnr2s~? occqrr_ed during ratory conditions withx-pinene concentrations one order of magni-
NPF events. NPF events showed a characteristic evolution oude higher than those observed under atmospheric condigays (
the particle size distribution, with growth rates in the range et al, 2004 see references therein).

— The observed NPF events showed a clear decrease of
the condensation sink (denoted @s, i.e., the loss of
condensable molecules to the pre-existing aerosol with
molecular properties taken for,80,) shortly before
or at the beginning of the burst, which results from the
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onset of turbulence and the growth of the mixed layer
(mixing of relatively clean residual layer air with more
polluted surface layer air). The values of the condensa-
tion sink on NPF event days at the beginning were on
average smaller(S~0.001 s 1) than on the other days
(C5~0.002-0.0033!). It was clearly demonstrated,
that high number concentrations of pre-existing aerosols
reduce or prevent NPF due to the large sink for con-
densable vapours or due to the very small newly formed
particles below 3 nm.

The growth rate of the newly formed particles dur-
ing the early stages (first few hours) of growth
was found to range in the interval 6-11 nm'h the
range of the vapour concentration was observed to be
(8-15)x10’ cm=2 and that of the source rates to be
(1-5)x10°cm3s 71,

The ambient aerosol in Hygia was found to be quite
inert with respect to water uptake.

As characteristic features, occurring on all NPF events
during the bursts, rapid increase in particle concentra-
tion together with very large downward particle num-
ber fluxe43in the range (30-7®)10° particles 2 s 1
were observed. The very high flux values during the
NPF events resulted from elevated particle number con-
centrations and from the domination of small nucleation
mode particles in the size spectrum, having very high
deposition velocitie¥.

Boy et al.(2004 found indications for NPF occurring
throughout the PBL in a more or less homogeneous pat-
tern.

Although SQ or its oxidation product bSOy is sus-
pected to be involved in the TSC formation via bi-
nary/ternary nucleation, other parameters such as the
number concentration of pre-existing aerosols were
considered to be probably more important for NPF than
SO, under atmospheric conditions.

Boy et al.(2004 did not found observational evidences
for a direct correlation of the precursor gas concen-

O. Hellmuth: Burst modelling

heteromolecular homogeneous nucleation of unknown
organic species does occur in the atmosphere, is not yet
answered. However, there were high enough concentra-
tions of organic compounds with very low saturation
vapour pressure, which can serve as condensing species
on TSCs during the time of NPF bursts. In any case, a
clear contribution of organic matter originating from the
oxidation of terpenes from the local biosphere could be
recognised.

On average, the relative humidity was found to be lower
during NPF bursts or to be low prior to the NPF on-
set. On NPF event days, bursts were observed to oc-
cur after the short wavelength irradiance (SWR, 300—
340nm) exceeding 6 Wnt. Considering the time a
TSC needs to grow to a detectable siz0 min), NPF
was expected to start at all event days during the as-
cending part of the irradiance curve. The estimated NPF
start time was found to coincide with the onset of ver-
tical wind variance, i.e., the start of mixing of different
air masses from the residual and the surface lagey (

et al, 2004 verbatim). NPF was found to occur in rel-
atively clean and cold air, passing over the station from
the north-west (arctic air masses, sometimes polar air
masses, preference of air masses in transition from ma-
rine to continental air masses).

From observational data obtained at the SMEAR Il sta-
tion Hyytidlaa during 2000 and 2001Boy and Kul-
mala(2002h Fig. 9, Production rate of excited oxygen
O('D) for 28 May 2000) demonstrated, that the SWR
is the most important solar spectral radiation for NPF
or for the growth of new clusters to detectable size. The
authors suggested a high possibility of excited oxygen
atoms and OH radicals to be involved in the production
of vapours contributing to NPF. Most of the NPF event
days, especially during winter, showed very high val-
ues of the excited oxygen production rate compared to
non-NPF event days in the same month.

7.2 Compilation of statistical findings from long-term ob-

servations

tration of monoterpenes, inclusive their photooxidation Boy et al.(2003 evaluated measurements from the Hiti
products, with the lowest saturation vapour pressurefig|q site during 2000-2001 to provide long-term statistics

(carboxylic acids) and the nucleation mode number con-o¢ NpPF characteristics. Main results can be summarised as
centration. The question, whether homomolecular orq)jjows:

13The aerosol particle number fluxes represent fluxes of particles
with D;,>10nm. The fluxes were measured at a height of 23 m,
approximately 10 m above the forest canopy.

14 |n addition, significant flux variations could also be caused by
horizontal advection and CBL circulatiorBoy et al.(2004 em-
phasised, that the observed particle fluxes during NPF events result
from vertical motions of small particles, i.e., deposition of small
aerosols into the forest, which implies the occurrence of higher par-
ticle concentrations up in the CBL.

Atmos. Chem. Phys., 6, 4258274 2006

During 2000—-2001, the authors observed 29 NPF events
with high formation rates of 3 nm particles and sub-

sequent growth to larger particle sizes, 45 NPF events
showing the same behaviour with less clarity and 57

marginal NPF events, where one of the two criteria was
not clearly observed. Nearly all NPF bursts started after
sunrise. The time difference between sunrise and nucle-
ation start was found to be smaller in spring compared
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to summer and autumn throughout the two years and — The monoterpene concentration measured at noontime

the duration of the bursts to be longer during the spring
events (in 2000-2001 40% of all NPF events occurred
during March—May).

NPF was found to mostly occur on days with
low number concentrations of pre-existing parti-
cles (Vso_100<1000cnT3), as seen from the anti-
correlation between the number concentration of newly
formed particles withD,=3—6 nm and the conden-
sation sinkCS for particles with D, >3 nm. Most of

the NPF event days were associated with negative, i.e.,
downward-directed particle fluxes.

On pronounced event days in May 2000, NPF was as-
sociated with maxima of the vertical velocity variance

(u/w’), but in autumn, no difference iw’w’ between

NPF event and non-event days could be detected. On
clear days, thev’w’ was observed to depend on solar
irradiance, which forces buoyancy-driven CBL devel-
opment. Most of the NPF event days occurred on sunny
cloudless days. ThereforBpy et al.(2003 concluded,
that the high correlation betweesiw’ and the appear-
ance of NPF bursts could be a by-effect of high solar
irradiance on most of the NPF event days. However, a
correlation between the daily mean of turbulent kinetic
energy and NPF seems to exist.

The SWR was confirmed to be a key parameter for
NPF, as seen from the highest among other parameter
correlations with NPF bursts. In early spring and late
autumn, all NPF event days were associated with en-
hanced SWR with respect to the average of the corre-
sponding month. The way, that SWR influences NPF
is suspected to be twofold: (1) Dominance of buoyancy
forcing in driving the CBL evolution on cloudless, calm
days associated with enhanced turbulent kinetic energy
and mixing of preloaded surface layer air with clean
residual layer air; (2) Photochemical production of OH
during daytime in the lower troposphere. The latter is
confirmed by the observed high correlation of the OH
radical with NPF events. The OH radical reacts with
VOCs to form products with very low vapour pressures,
e.g., carboxylic acidsBoy et al, 2003 see references
therein).

H,O vapour was found to be anti-correlated with
NPF. The daily average4® concentration was usually
below 2x 107 cm~2 during the high-frequency NPF pe-
riod March—May. The authors safely concluded, that the
ambient BHO vapour concentration is a limiting factor
of NPF.

The temperature was found to be only weakly correlated
with NPF. The influence is expected to result from the
direct connection with solar radiation.

www.atmos-chem-phys.net/6/4253/2006/

was observed to be anti-correlated with the number con-
centration of particles withD,=3—6nm. The abun-
dance of VOC precursor gases is probably not the lim-
iting factor for NPF to occur.

O3 is known to be involved in the formation of con-
densable species via its reaction with monoterpenes. It
is suspected to contribute to the SOA formation in late
winter and spring. On a single-day basis, no correlation
of the G; concentration with the number concentration
of particles withD,=3—6 nm could be found, i.e., in-
creasing as well as decreasing €édncentration can oc-
cur on NPF event days.

— Both SG and nitrogen oxides were observed to be not

correlated with the number concentration of small par-
ticles, because both gases are mainly of anthropogenic
origin and are mostly associated with high number con-
centrations of pre-existing aerosols, representing pol-
luted conditions.

Using precursor and aerosol measuremeBts; et al.
(2003 derived the condensing vapour source rate, the
concentration of condensable vapour, the growth rate,
the apparent nucleation rate and the number concen-
tration of small, non-detectable particles below 3nm
(N1-3, assuming a critical TSC size of 1 nm in diam-
eter). All aerosol parameters, i.e., source rate and con-
centration of condensable vapours and particle diame-
ter growth rate, calculated for the precursor gaS€&;,
were found to be of the same order of magnitude as
those, calculated for the sum of the monoterpene reac-
tions with G; and OH Boy et al, 2003 Table 2). The
contributions of the carboxylic diacid molecules to the
source rate, the concentration and growth rate in com-
parison to HSO4 molecules were found to be 99, 122,
and 124%, respectively.

The number concentrations of newly formed particles
below 3nm were estimated to be at least 2-3 times
higher than those measured between 3—-6 nm. In quan-
tifying the relative importance of loss due to conden-
sation growth, coagulation and deposition, coagulation
was found to be the dominating loss term, contributing
between 12 and 29% to thés_g balance for all NPF
events Boy et al, 2003 Table 5). On pronounced NPF
event days, coagulation loss was estimated to be less
than half of the values compared to the less pronounced
NPF event days, which indicates the presence of low
polluted air masses during these days.

Although the exact condensing vapours remain to be
identified, the calculations performed tBoy et al.
(2003 clearly demonstrated the dramatic impact, that
organic vapours may have on the main aerosol charac-
teristics. The authors concluded, that the concentrations
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of the supposed condensable vapours (carboxylic diacid
and HSOy) were high enough to explain the forma-
tion of newly formed particles ab,=3 nm, but were
approximately 40% too low to account for the growth
rates, observed during NPF events in Hgil#i Hence,
other organic or inorganic molecules were suspected
to contribute to the growth process after the particles
reached a size of 3nnBoy et al, 2003. The authors
found the overall contribution of diacid molecules to the
growth rates ranging from 8-50%.

O. Hellmuth: Burst modelling

vapour. Both parameters increase the OH concentra-
tion. As HO vapour and solar radiation are anti-
correlated, there is a maximum OH production level be-
tween low relative humidity (high radiation) and high
relative humidity (low radiation): Increasing relative hu-
midity will first result in an increase of $50, forma-
tion, but this will decline after the appearance of clouds
(higher relative humidities).

4. The reaction of mono- and sesquiterpenes, originating

from biogenic emissions, with £leads to the produc-
tion of very low-volatility substances, that can either
(a) condense on clusters and thus activating them by
growing to detectable size or (b) directly form new
particles. In the first step of the reaction of biogenic
terpenes with @ SCIs are formed, which are sus-
pected to play a key role in homogeneous nucleation
of SOAs Berndt et al. 2003 Bonn and Moortgat
20036, While monoterpene reaction products were
found to be unlikely to form SOAsBerndt et al.
2003 Bonn and Moortgat2003, Bonn and Moort-
gat (2003 showed, that the sesquiterpene-ozonolysis
can cause very intensive NPF events owing to the very
high reactivity of sesquiterpenes withsOBecause of
the low saturation vapour pressure of the reaction prod-
ucts, the sesquiterpene-ozonolysis is supposed to ini-
tiate biogenic SOA formation. In a progressive stage,
more volatile reaction products such as from monoter-
pene reactions (e.g., dicarboxylic acids) will contribute
to the particle growth. The most abundant sesquiterpene
at nearly all atmospheric conditionsgscaryophyllene
(Bonn and Moortgat2003.

More recentlyHyvonen et al(2005 reported on results of

a comprehensive long-term evaluation study on aerosol for-
mation in a boreal forest using data mining techniques. The
dataset was collected over 8 years (1996-2003) at the
SMEAR Il station. The main result is, that the most impor-
tant variables in explaining the NPF events are the means of
relative humidity @ H) and the logarithm of the condensa-
tion sink (CS). On this base, an expression for the “prob-
ability of having an event day’P,,c was proposed, which

is anti-correlated witiC'S and RH (Hyvonen et al. 2005

Eq. (1))°. With respect to the influence of the relative hu-
midity, the authors argued as followldy{vonen et al.2005

p. 3353):

1. Relative humidity forces present particles to grow by
uptake of water molecules, which leads to an increase of
the available surface area for condensable vapours. Con-
sequently, relative humidity and condensation sink are
correlated.

2. Relative humidity and solar radiation reaching the PBL
are anti-correlated owing to the strong correlation of rel-
ative humidity with cloudiness, fog and rain, that can
effectively damp the radiation. The reduction of radia-
tion has a damping effect on photolytic gas phase reac-
tions. Such chemical reactions are an important source

of condensable vapours. Direct observations of precursor gases for NPF, such as
H>SO; and NHg, are still very rare. To determine the con-
centration of some important precursor gases, which are rel-
evant for NPF in boreal forests likes)80y, Boy et al.(2009

15 Low condensation sink values are known to favour nucleationperformed a comprehensive,80; closure study within the
for two basic reasondHyvonen et al.2005 p. 3352-3353, verba- framework of the EU project QUEST. The measurements
tim, see reference tdulmala et al.(2005h):

7.3 HSO4 vapour closure study — Results from the EU
project QUEST (Quantification of Aerosol Nucleation
in the European Boundary Layer)

3. The OH production depends on the amount of so-
lar radiation and on the available amount ofH

16 sCIs are involved in several consecutive reactions: Reac-
tion (1): Reaction of SCIs with carbonyl compounesdo-products

; > i ) of ozonolysis) to form low-volatility compounds, which nucle-
h,'gh' no vapour is available to grow the particles t.o. Iarger. ate to form secondary ozonides (SOZs) or condense onto nucle-
Sizes, anc_:l they are lost by coagulatlprj and_ deposition. 't_ 'S ated clusters; Reaction (2): Reaction of SCls withCHto pro-
also pos_5|ble"that these vapours participate in the nucleation . high-volatility compounds (evaporation); Reaction (3): Reac-
process itself. tion of SCIs with SQ to form organic sulphate86nn and Moort-

— “A higher condensation sink signifies also a higher coagula- gat 2003. The SCl-carbonyl compound reaction (1) competes
tion rate of newborn particles, meaning a shorter lifetime of with the SCI-H0 reaction (2). Hence, the absence eftHvapour
these particles. The loss rate due to coagulation is higher thefavours reaction (1), and the presence efCHvapour favours reac-
smaller the particle is. Thus, a lower sink increases the likeli- tion (2). This explains the observed anti-correlation between the nu-
hood of a nucleated particle growing large enough to survive.!” cleation intensity and atmospherig® vapour concentratiorBpy

and Kulmala2002a Bonn and Moortgat2003.

— “The existing aerosol population depletes the ambient air of
vapours by acting as a condensation surface; if the sink is
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were performed during an intensive measurement campaign

in Hyytiala (17 March to the 13 April 2003). The following
results are obtained:

4269

does not depend on the air mass influence (clean air
mass: 8.68%, polluted air mass: 8.78%)poy et al,

2005 Table 6). Concerning this unexpected result the
authors concludedHowever, the nearly identical con-
tribution of sulphuric acid to the particle growth dur-
ing 'polluted’ periods compared to the 'clean’ days is
unexpected. These results indicate, that sulphuric acid
always participated during the time of the campaign
between 3 to 17% in the aerosol condensation growth
of the nucleation mode particles(Boy et al, 2005

p. 875).

— For the considered period, the authors reported on day-
time mean values of S{rvarying in the interval (0.285-
4.943)10°%cm—3 with an averaged value over the
whole period of 1.06%10'°cm=2 (Boy et al, 2005
Table 1). From an air mass classificati@oy et al.
(2005 Table 6) found, that during more polluted days,
resulting from anthropogenic influence (traffic, indus-
try, households), the Sackground concentration was
two to six times higher compared to the “clean air mass”In their conclusionsBoy et al. (2005 p. 877) sum-
case (clean air mass: 0.6070'°cm~3, polluted air  marised*Obviously sulphuric acid is involved (fraction be-
mass: 1.741019cm3). tween 3 to 17%) in new particle production and growth of
aerosols over boreal forest regions in Northern Europe, al-
though it might be not the key parameter in the particle for-
mation process itself”

The observed daytime mean values ofS, were
found to vary in the interval (0.148-8.553}0° cm~3,
with an averaged value over the whole period
of 2.942<10°cm™3. The observed maximum mid-
day H,SO; concentrations varied in the range 8 Summary
(0.03-1.9% 10’ cm~2. During more polluted days, re-
sulting from anthropogenic influence, the measuredBased on a revised columnar high-order model, two nucle-
H,SO, background concentration was approximately ation scenarios were simulated and compared with a number
1.46 times higher compared to the “clean air mass”of previous observations of NPF bursts in the CBL. The aim
case (clean air mass:.26x10°cm3, polluted air  was to evaluate the model capability to predict the evolution
mass: B1x10°cm3). of the UCN number concentration near the ground and to elu-
] ] . cidate the mechanisms contributing to burst formation. From
The daily maxima for the OH concentration were found {he compilation of previous findings on NPF, the following

: -3 : ; . o
to be in the range 4x10°~1.8x10° cm™. During  conclusions can be drawn with respect to the scenario simu-
more polluted days, the OH concentration was approx-jations performed in Paper IIl:

imately by a factor of 0.9 times lower compared to the

clean air mass (clean air mass13x10° cm—3, pol- 1. The SQ concentrations observed at the Hdi mea-
luted air mass: £4x10° cm—3) (Boy et al, 2005 Ta- surement site and reported in the$0, closure study
ble 6). performed byBoy et al. (2009, is on average lower
than that considered in the scenario of Paper Il (see
initial profile in Fig. 2a and time-height cross section in
Fig. 3b).

Boy et al. (2005 Table 5) evaluated the contribution
of HaSOy to the particle diameter growth rates in the
nucleation mode between 3 and 25nm. The growth
rate fractiod” for H,SO4 was previously found to 2. The upper limit of reported y50O, concentrations in
range from 4-31%RBoy et al, 2003 from analysis Hyytiala according to the study d@oy et al.(2009 is

of two-year time series from Hyyla). Boy et al. two orders of magnitude lower than the simulated max-
(2005 Table 5) found an average value of 8.8% (em- imum of the binary case in Paper IIl (Fig. 3e) and one
pirically derived values in the range 3.2-16.9%) and order of magnitude lower than the simulated maximum
concluded:“The results indicate, that the concentra- of the ternary case (Fig. 3f).

tion of sulphuric acid seems always to be high enough
during particle formation periods to participate in the
growth process of the aerosols and can reach on cer-
tain days fractions up to 17% and most probably
higher” (Boy et al, 2005 pp. 874-875). Apart from this

it was found, that the 50, contribution (derived from
measured KISO, concentration) to the particle growth

3. Boy et al. (2005 Table 2, reaction nb. 14) assumed
for the rate of HSO; production from the reac-
tion of SO with OH, a value ofk14=9.82x10"19
memolecules’s™1. In Paper Ill, a value ofki=
1.5x1018 m3molecules!s! was assumed, which

leads to a 1.53 times higher,HO, production rate

1"The growth rate fraction is the percentage of the growth rate,

compared to that assumed in the studyBaly et al.
(2005.

which is explained by SOy vapour alone. The total growth rate is

experimentally determined from measurements using a Differential 4.

Mobility Particle Sizer (DMPS).

www.atmos-chem-phys.net/6/4253/2006/

The semi-empirical formula for the OH prediction used
in Paper 11l (Fig. 3aliu et al.(2001) gives a maximum
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of the OH concentration, which is one order of magni-
tude higher than that calculated Bpy et al.(2005.

. Compared to the values given Bpy et al.(2005, the
H2SOys concentrations in the present scenario simula-
tions are higher due to (a) the higher S€@ncentration,

(b) the higher OH concentration, (c) the higher produc-
tion rate of BSQy, (d) the lower sticking probability for
H>SOy vapour and (e) the very low aerosol background
concentration assumed in the scenario calculations of
Paper lll. Therefore, the nucleation rate from the classi-
cal nucleation theory is overpredicted.

. HaSOy is neither the only one nor the ultimate condens-
able vapour to explain the NPF burst behaviour, espe-
cially the condensation growth of newly formed parti-
cles in forest regions. This is a strong empirical hint at
the role of other than inorganic vapours for NPF, such as
organic low-volatility compounds resulting fromz@e-
actions with compounds from biogenic emissions. With

respect to the simulations performed in Paper Ill it 1o

seems, that the evaluated binary mechanism leading to
NPF does not correspond to the NPF mechanism, hy-
pothesised to occur in boreal forests. Hence, the sim-
ulated “inorganic” NPF scenarios can not be assigned
to forest regions, where NPF and growth are apparently
strongly correlated with biogenic emissions and organic
compounds. An accompanying evaluation of Ofea-
surements can help to classify, which kind of scenarios
must be considered.

. The impact of HO vapour on the nucleation rate

is quite varying, depending on the considered nucle-
ation mechanism. According to the classical binary
H20/H>S0Oy4 nucleation theory, bO vapour favours

NPF, according to ternary 40/H>SOs/NH3 nucle-

ation theory and according to organic nucleation via 3
chemical reactions involving SCls, 28 vapour dis-
favours nucleation and according to the parameterisa-
tion of the collision-controlled binary nucleation rate
proposed byWeber et al(1996, H,O vapour does not
explicitly affect the nucleation.

. The large differences between the binary and ternary
case scenario indicate, that hlidan not only serve as

a tuning parameter in nucleation modelling. Its contri-

bution to the evolution of the NPF burst pattern is much

more complicated and reflects the influence of CBL tur-

bulence as well as the strong non-linearity of the ternary
nucleation rate.

10.
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into the controlling parameters and mechanisms leading
to NPF.

A state-of-the-art hypothesis on the contribution of CBL
turbulence to NPF burst evolution could be supported by
the model. Furthermore, from a literature review a num-
ber of observations regarding the link between turbu-
lence and NPF could be identified, whose burst patterns
support the contribution of CBL turbulence to the NPF
burst evolution simulated here. Observations, which do
not correspond to the considered scenarios were dis-
cussed with respect to possible reasons for the differ-
ences between model and observation.

11. With respect to the application of box models to simu-

late NPF bursts, the present study shows, that CBL tur-
bulence, which can not be explicitly considered in such
models, can strongly affect the spatio-temporal occur-
rence of nucleation and the NPF burst evolution.

As the present study is a purely conceptual one, a com-
prehensive model evaluation remains to be performed. It
has become clear, that profile measurements of physico-
chemical parameters throughout the CBL, from both
in situ and remote sensing techniques, are needed to
constrain the degrees of freedom of a model like the
present one, e.g., for the model setup. Apart from that,
enhanced scenario simulations are necessary to verify
and/or falsify, respectively, the other NPF hypotheses
of Nilsson et al(2001a Section 4.1, item (2)—(4)Boy

et al. (2005 demonstrated, that the experimentally de-
rived growth rate is a robust and very effective parame-
ter to valuate the role of compounds, hypothesised to be
involved in both nucleation and growth. Therefore, it is
a good diagnostic parameter for model evaluation.

13. Altogether, the present model was demonstrated to be

an useful tool to simulate gas-aerosol-turbulence inter-
actions in the PBL, especially to elucidate the role of
CBL turbulence in the evolution of NPF bursts. More-
over, the model delivers the necessary prognostic high-
order moments, that are required to explicitly param-
eterise the influence of subgridscale turbulence on the
mean nucleation rate, such as proposedbgter and
Peters(1994, Nilsson and Kulmalg1998 and Hell-
muth and Helmerf2002).

Conclusions

. The scenario simulations performed in Paper Il show, We fully agree withHyvonen et al(2005 p. 3354) in their
e.g., that completely different mechanism can lead toconclusion:“Although we found a connection between the
NPF bursts observable in the surface layer, even if theiroccurrence of nucleation and two key variables, the detailed
amplitude, phase and local origin (in situ vs. ex situ pro- chemistry still remains speculative. One missing link in our
duction) are quite different. We need more observations study is the concentration of biogenic Volatile Organic Com-
most notably throughout the PBL, to get deeper insightpounds (VOC) emissions, which are expected to be of high
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