Response to reviewer’s comments on “A chamber study of the
influence of boreal BVOC emissions and sulphuric acid on
nanoparticle formation rates at ambient concentrations” by Dal
Maso et al.

Reviewer 1

General Comments: The paper presents the results of new particle formation from
real plant emissions and sulfuric acid in the chamber. Three representative tree
species in the boreal forest were used. By adjusting the UV intensity and
temperature in their chamber facility, they were able to vary the concentrations of
BVOC and sulfuric acid. The newly formed particles were counted by three
particles counters with three differ- ent size cutoffs, from which the particle
formation and growth rates are reported. The major conclusion is the nanoparticle
formation rate can be represented as the BVOC flux and sulfuric acid with the aid
of a simplified mechanism. The relevance of the conclusion to the atmospheric
application is also reported. Generally the paper is interesting and well written. I
have a major comment on the application of the conclusion in the atmosphere. To
solve my comment, I suggest authors to rephrase Qinflow to AQinflow,, which
represents the reacted BVOC. More elucidation is presented in the major
comments. I also have some other minor comments. They are not serious and just
need to be clarified. In my opinion, the paper should be published in ACP.

We thank the reviewer for the efforts in reading our manuscript and for providing
insightful comments to improve the manuscript. In the following, we will respond to the
issues highlighted by the reviewer in a point-by-point manner.

Major Comments:

I have a little concern with the application of one finding in the paper to the
atmospheric environment. In this study the authors attempt to quantity the aerosol
formation rate with the BVOC flux and sulfuric acid. The BVOC flux here is
denoted by q, which is the flowrate at outlet of plant chamber. A simplified
mechanism is also developed:

Qinflow—BVOC (R1)
BVOC+0X—i*0OxVOC+n*NucOX (R2)



BVOC+(X)—dilution +losses (R3)
NucOX+H2S04—nanoCN (R4)
NucOX+(X)—dilution +losses (R5)

from which, the nucleation rate is expressed as: J=K*q*[H2S0O4], where K=
n*kj/i*Y NucOx (11)

The conclusion holds in their chamber study where all the BVOC are consumed.
How- ever, the mechanism fails to take into account the unreacted BVOC, which
can lead to a change in the mechanism:

Qinflow—BVOC (R1)
BVOC+0X—i*OxVOC+n*NucOX (R2)
BVOC+(X)—dilution +losses (R3)
BVOC—BVOCunreacted (R3.1)
NucOX+H2S04—nanoCN (R4)
NucOX+(X)—dilution +losses (R5)

from which we seek a solution for q:q=n*kox*[OX]*[BVOC]+
i*kox*[OX]*[BVOC]+YBVOC+ [BVOC]unreacted (8) Eq.(8) doesn’t lead to Eq.
11).

This is the most cases that the BVOC residuals (unreacted) are present from tree
emissions. The direct application of the results appears to be problematic.

The reviewer raises an important point regarding chamber studies, namely that the
situation is different to ‘natural’ conditions because processes are occurring in a closed
volume. It is true that in our experiments, almost all of the BVOC entering the chamber
were consumed by some processes, and that this will usually not occur in the natural
atmosphere. However, our mechanism presented in R1-5 is able to handle this; unreacted
BVOC are still remaining as BVOC, and we can actually solve for them (and have done
so in getting Eq. (11)). It is correct that in the atmosphere, the assumption of Ysvoc <<
1*kx[OX] may not hold, which will affect applicability to atmospheric conditions (the
simplification of Eq (10) to Eq (11) will be different). This is addressed in the revised
version of our manuscript, both in the derivation of Eq 11 and in the section discussing
atmospheric relevance.

Specific comments:

p31231, L.27-28, Sulfuric acid levels are varying in ambient. The sites (e.g. Hyytiala,
Finland) with which is compared should be mentioned in Sect. Experiment or
Results and proper references should also be referred to.

We have added references to the observation sites used for the comparison data to our
revision.

Sect. 2.1 I recommend the operation of reaction chamber to be described in more



detail. The section can indicate clearly the operation of chamber in a flow mode.
What are the inlet and outlet flowrates and from which the dilution ratio can be
estimated? All the information can be inferred partly in the later manuscript but is
worth to be described here already.

We have improved the description in our revision to give a clearer overview. The
chamber was operated in the same manner as in other published work, e.g. Mentel et al.
2009, and Kiendler-Scharr et al., 2009. The flow rates were measured during the
operation, and measured values were used in the dilution rate estimations where needed.
On average, the flow rates were 30 1/min, which leads to a dilution e-folding time of ca.
50 min.

p31323, L15-17, does the VOC flux remain similar without such a treatment?

Environmental factors can influence trees” VOC emissions, and it is known that past
conditioning can affect VOC fluxes. The method described here was chosen to minimize
such effects.

Sect. 2.2 The instruments utilized in the study should be provided with their models
and manufacturer.

The instruments have now been described in the text.
Sect. 2.3:

1. It is not clear how the SO2 level in the reaction chamber was controlled? Is it
from the background air or from extra feeding to chamber?

No additional SO2 was added to the chamber. The sulphuric acid was formed by the
oxidation of the residual SO2 in the purified air in the chamber, and it was estimated to
be in the ppt range. This has been clarified.

2. UV lamp wavelength should be mentioned.

It is given in section 2.1: OH radicals were generated by ozone photolysis (internal UV
lamp, Philips, TUV 40W, Amax = 254 nm, J(O1D) = 2.9 10-3s—1). We have clarified the
wording to make it clear that this is the lamp.

Three representative types of tree species were applied for the study. But it was still
unknown the amount of tree seedlings, their composition and if the same seedling
group was used for all the experiments.

One seedling of each tree species was used. This information has been added to our
revision.

Sect. 2.4: Five equations are described to derive the aerosol formation rate, whilst
the authors also assume the rate of formation at the detection limit of PSM as the
nanopar- ticle formation rate. Following which, three size ranges from three particle



counts are mentioned for the analysis. The description in text is confusing. I
recommend the authors to describe in more details how the formation rate was
determined.

The section detailing the determination of the particle formation rate will be rewritten in
our revision. The details of the revision are given in our response to Reviewer 2, who
raised concerns on the methodology of determining the formation rate.

p31331 L19-20 and Fig. 4(b): The particle formation rate was increasing along with
monoterpene concentration under around 1.5 ppb, however, a higher monoterpene
concentration than 3 ppb doesn’t lead to a faster formation rate. So what are the
possible explanations?

This is one of the key points. Increasing the influx of VOC into the chamber led to a
decrease in sulphuric acid concentration in the chamber, which in turn reduced the
amount of particles formed. This led us to conclude that in our experiments, both H2SO4
and organics are needed for nucleation.

p31336 L.17-19, the parameters in R3 and R5 should be explained.

The explanation of the parameters in the set of equations has been improved. Ysvoc and
YNucox stand for the total loss rate of BVOC and NucOx, respectively, and by loss we
mean either losses to walls or dilution, or to chemical pathways that do no lead to particle
formation.

p31337,1.13-14, for eq. (11), it is worthy to define K= n*kj/i*Y NucOx
We have added this definition to the revised version.

p31340, 1.1-2, In high NOx condition RO2 reacts dominantly with NO, producing
RO radicals. Do the author indicate that RO2 radical favors new particle formation
while RO doen’t? Please explain more.

Our experiments were performed at low-NOx conditions and we therefore cannot give
more explanation on the role of RO2 from the data given in the present manuscript .
Detailed information on this item is given in Wildt et al.: Suppression of new particle
formation from monoterpene oxidation by NOx. Atmos. Chem. Phys., 14, 2789-2804,
2014.d0i:10.5194 /acp-14-2789-2014.

p31339,L.7, an approximate reference should be cited for the argument ‘. . .the order
of 10e-10’.

We have added a reference here. (Weber RJ, et al. (1996) Measured atmospheric new
particle formation rates: Implications for nucleation mechanisms. Chem Eng Commun
151:53-64)

p31340, L1-3, the argument ‘However, the data would also support a hypothesis in
which no oxidation of the BVOC is needed, with nanoCN formation occurring



directly by the interaction of a compound emitted by plants in proportion of their
total BVOC emission’ is misleading and should be deleted from the manuscript.
Please read the major comments.

We have revised this section according to the comments of both reviewers, including
removing the sentence mentioned above.

Table 2. Does it enhance the coefficients by varying the exponent of [ H2S04]?

Yes, the correlation could be enhanced somewhat by increasing the exponent of both the
QOrganic and H2SO4. However, with a dataset of this size, we feel that one should keep
the fit parameters to a minimum to avoid overfitting, and therefore, we did not use the
exponents as free fit parameters.

Fig. 5 Should indicate clearly the red points are from a-pinene experiments,
otherwise the figure is quite misleading.

We have added an indication to the figure

Technical corrections:p31322, .11, nanoCN should be given full name for the first
time mentioned. p31325, L5, SD, provide the full name.Fig. 3 Caption for green
curve is missing. Fig. 4 The markers are too small and difficult to distinguish them.

We thank the reviewer for pointing out these issues, and we have addressed these in the
revised manuscript.

Reviewer 2

This study investigates the contribution of BVOC and sulphuric acid on the particle
formation rate and growth. The BVOCs are produced using the emissions of plants
in a plant chamber and a flow tube reaction chamber. The results are also
compared to pure alpha-pinene and zero experiments. They find a contribution of
BVOC oxidation products to the particle nucleation rate and growth rate. The
contribution of BVOC to nucleation and growth is higher compared to alpha-
pinene, indicating that a mixture of biogenic emissions is more efficient than pure
alpha-pinene. The observed nucleation rates agree with field measurements when
using a parametrization based on emission rates.

We thank reviewer 2 for the work in carefully reading and commenting our manuscript.
The comments are very valuable, and although the recommendation for publication was
negative, we hope that by addressing the major concerns raised, we may be allowed to
submit a revised manuscript for consideration. In reading the comments, we found 3
major concerns, which we will address first; the rest of the comments will be replied to
after these.



Major comments:
Concern 1: The approach and parameterization

The paper is generally well written but lacks on certain parts consistency and
clarity. It leaves the impression, that it provides a fundamental new approach,
although it is more or less just a mathematical reformulation of other work.

The fact that parametrizations used by others do not work here is due to limitations
of their measurement and not that those parameterizations are not valid.

With respect to equation 6 it is stated that these experiments do not show this cor-
relation (page 31332 line 21). Instead they find a correlation using equation 7, which
includes the source strength of BYOC. Equation 7 is rationalized with a simplified
mechanism (R1-R5) which was also used in other works (Paasonen et al. 2010;
Metzger et al., 2010; Riccobono et al. 2014). Equation 7 (or 11) is basically
equivalent to equation 6 (based on their assumptions equation (8) reduces to a direct
proportionality between BVOC and source strength). Therefore, both
parametrizations should yield the same good/bad correlation, which is not seen in
Table 2. That this is not the case is because their measurements of BVOC and
oxidants in the reaction chamber are not good enough (page 31338 line 10). This is
not made very clear in the paper as the conclusions say again, that there is no
correlation with equation 6 (Page 31343 line 10).

The reviewer is correct in stating that the approach that we are presenting here is not a
fundamentally new approach. As mentioned by the reviewer, our results can be explained
by essentially the same mechanism as given previously in other work, but we study the
reaction paths that are essential in our experiments. However, we want to point out that
our aim in this approach was to present the particle formation rate in terms of directly
measured quantities. We think that this may be a useful approach, as for example OH
radical concentrations are rarely measured, but instead estimated from solar irradiation
values. Our analysis of the reaction system also shows that depending on the conditions,
and the relative magnitudes of the sources and sinks and the dominating reaction
pathways, the correlation with different measurable quantities may change.

We also hope that the approach that we show here may be of some help to modelers.
BVOC concentrations can be difficult to model in the atmosphere, and emissions from
trees are often measured directly. Using emission strength instead of concentration in the
parameterization could possibly avoid difficulties in predicting concentrations, and
thereby improve modeling approaches of boundary layer particle formation.

We also want to point out that the BVOC measurements were actually of sufficient
quality, but as most of BVOC in the reaction chamber were reacted away, there was very
little signal to be measured, leading to the poor correlation.



We have revised the section describing the rationalization of our results, and the thinking
behind it. We will also emphasize the fact that the mechanism itself is not new.

Concern 2: deriving the nucleation rate

There are also some serious concerns regarding the application of their method to
determine nucleation rates (see below). To improve these to reach an acceptable
level is difficult based on the presented data. Their application of the results to
atmospheric conditions in a boreal forest is not justified.

The reaction chamber has a rather small volume and thus the dilution and wall
losses are expected to be high. In this study as well as in most other studies wall and
dilution losses are dominant. The calculation of J was made over a very broad
diameter range (only 3 size rages 1.6 — 7 nm, 7-15 nm and >15 nm) and needs
corrections which include size dependent terms (coagulation and wall losses).

The J rate is also determined at a relatively late stage of the experiment in most
cases when bigger par- ticles are present in the flow tube yielding higher coagulation
losses. Despite that the authors claim that this method is independent on the growth
rate which is the limit of many other methods, I do not believe that these
assumptions are valid using these broad size ranges. Especially in the very first bin
1.6 -7 nm the growth rate is ex- pected to change dramatically (Nieminen et al.,
2010). Only using 3 channels could bias these correction terms and could yield a
dramatic over- or underestimation. It is also not clear, how these corrections are
applied. Which values were used and how were they derived for the 3 size bins?
These correction terms are not quantified in the paper.

I would expect rather high correction terms with high uncertainties as the losses
depend on the unknown size distribution of the particles within these bins.
Similarly, the wall losses of 1.6 nm particles and 7 nm particles are very different.
Here a wall loss rate of 5x10-4 s-1 (Page 31329 line 24) is given for the smallest
measured size range. How did the authors derive this number and what are the
uncertainties? The wall loss rates for NucOx are in the order of 10-2 s-1 (page 31339
line 9). Comparing the wall loss rates for NucOx and the smallest size range, I would
expect big corrections on the J rate also yielding large uncertainties. A state-of-the-
art uncertainty analysis should be given for this simplified data treatment and
plotted in Figure 4.

The reviewer raises a very important point. It is indeed true that using the three channels,
without knowing the size distribution inside the channels, could lead to significant error
in determining the formation rate. In our case, this is however, mitigated by the fact that
we have used relatively slow-changing size distribution (close to steady-state) situations
to estimate J. In the following, we will give a detailed description of the determination of
J.

As stated in the paper, the formation rate formula is, after solving Eqs 2-4,



J =dN,/dt + dN,/dt + dN./dt + Co,N, + Co;N; + Co;N; + w,N, + w,N, + w;N; + Y(N, +
N, +N,)

Where N; stands for number concentration in the ith size class, Co, stands for the
coagulation sink of size class i (given by summation in Eq 5) , w; stands for the wall loss
of size class 1, and Y is the dilution rate.

Here, size class 1 is 1.6-7 nm, size class 2 is 7-15 nm, and size class 3 is >15 nm. We
have no direct information on the shape of the size distribution in size classes 1 and 2, but
we have full size distribution information for size class 3. As the reviewer states, the
parameters Co; and w; are size-dependent, and averaging them over the whole size range
may lead to errors.

For coagulation, instead of knowing the exact size distribution inside the size channels, it
is equivalent to find the size of particles inside the size channel that would lead to the
same coagulation loss rate Co,N,; if all particles in the size class were replaced by particles
of this specific size. This is conceptually similar to finding the Condensation Sink
Diameter (CoSD, Lehtinen et al., 2003) for the size interval, but instead for the
coagulation sink.

In steady state, the size distribution shape of small particles is determined by the growth
rate and the loss rates of the particles. Basically, it resembles an exponential or second-
order polynomial function. As we had information on the total number in each size class
and also distribution information on the SMPS, we could estimate the size distribution
using a fit estimate, and from those we could calculate the CoSD. We performed fits
using 1* and 2" order polynomials, and found that the CoSD varied very little for the
smallest size class, being 3.0+0.1 nm. The little variation stems from the relative
similarity of the studied events, and the steady-state condition. Based on this we estimate
that using a CoSD of 3.0 nm for Eq (5) will give reasonably good results (the error being
of the order of ca 20%, and if the estimation is off, the error would be consistently in the
same direction for each experiment, which would not affect our fitting of the coefficient
K.

For wall losses, the loss coefficient could be estimated from an experiment where
particles never reached the CPC detection limit. When UV lights were turned off, particle
formation is also stopping (sulphuric acid was depleted) but particle number diminished
by dilution and wall scavenging (and minimally by coagulation). As dilution is known
from direct measurement of the flows, the wall loss rate can be estimated from this
experiment for size class 1. The wall loss coefficient for size class 2 was estimated
assuming that it proportional to the diffusion coefficient as given in Verheggen and
Mozurkevich (2006).

Coagulation loss rates and wall loss coefficients for size class 3 could be estimated
directly from the size distribution and using the diffusion coefficient calculation.
However, it was evident that for these larger particles, dilution was the main loss
pathway.



In our revision, we will improve the section describing the formation rate calculation to
include the above-mentioned clarifications and additions, as well as add a uncertainty
analysis to both the formation rate calculations as well as the fitting of parameter K. To
avoid confusion, we also like to point out that our plant chamber-reaction chamber
system does not include a flow tube, but the reactor can instead be thought of a
countinuous stirred tank reactor (CSTR).

References: Lehtinen, K. E. J.; Korhonen, H.; Dal Maso, M. and Kulmala, M. (2003): On
the concept of condensation sink diameter. Boreal environment research 8, p. 405-412.

Verheggen and Mozurkewich: An inverse modeling procedure to determine particle
growth and nucleation rates from measured aerosol size distributions Atmos. Chem.
Phys., 6,2927-2942, 2006

Concern 3: Applicability to the atmosphere

Although the authors point out that the condensation sink is completely different in
the chamber (page 31342 line 9) and OH concentrations need to be taken into
account (page 31342 line 20) they do not in their calculation and claim that this
calculated J-value agrees with ambient observations.

Regarding the OH concentration it is not only the influence on the fraction of
NucOX formation but also their production rate which seems to be much higher in
this chamber. For these reasons I cannot really recommend this paper for ACP.

Our purpose on page 31342 is to highlight an important difference between chamber and
ambient studies, namely the presence of walls as sinks for condensing and nucleating
vapours. Our condensation sink in the experiments was actually quite close to some
atmospheric situations, and as we have stated, the wall effect might be taken into account
by scaling the CS. This would, however, require better estimates and variation of the wall
sink, which we feel is outside the scope of this paper. Regarding the OH influence on the
production rate, this is in a manner included in R3.

Our results fit ambient observations in terms of observable quantities, and our aim is to
show the applicability of the H2SO4-organic mechanism for real tree emissions in
controlled conditions. Chamber studies of course carry with them the difficulty of
matching all conditions for the ambient, and in our revision we will improve this section
to show the possible differences between the chamber and the real boreal forest.

Other issues:

Looking at Figure 5 it seems that also the experiments with zero ozone were
included to fit the nucleation rate with the BVOC injection rate. This would mean
that BVOC without oxidation would help nucleation as stated on Page 31339 line 1.
However, From Figure 2 a decrease of BVOC is seen which indicates an oxidation
process contrary to the statement given here. It seems quite unclear what is
happening in this experiment and doubtful if it can be included into this correlation



analysis. Excluding this would lead to a different J-dependence.

As seen from Figure 2 monoterpene concentrations in the plant chamber and the
reac- tion chamber are quite different for lights off. If ozonolysis is small this should
not be the case except dilution is large. It looks like a large but varying fraction of
the BVOC:s are already reacted away only by ozonolysis, when being injected into
the chamber. The source strength of a-pinene was derived from its concentration in
the reaction chamber. How reliable is this approach?

The difference between the concentrations in the plant and reaction chambers in caused
by two reasons: firstly, the outflow from the plant chamber is mixed with the ozone flow,
which causes dilution; secondly, ozonolysis consumes some of the BVOC. However, in
the zero-O3 experiment no O3 was added to the chamber, but the dilution flow was kept
constant to keep the flows as similar as possible. Therefore, the difference between the
concentrations is not caused by oxidation but only by dilution. The difference in the
concentrations is exactly the dilution ratio. In the revised version, this is explicitly stated
in Section 2.1.

It is stated that particle growth correlates best with ozonolysis rates. The authors
also state that the PSM sees a nucleation for UV off periods. But why should the
particles not grow, when it is explicitly stated that the particle growth correlates
with monoter penes x O3? It also appears puzzling that OH actually is important
for the nucleation but not for the growth.

For nucleation low volatility compounds need to be formed which are expected to
contribute to growth, too. MT and OH concentrations may vary rapidly in the
beginning of the experiments, when growth rates are determined. How well can
these be determined? As mentioned in the paper (P31326 line 24) OH depends on
ozone concentration. Thus, why do [MT] x [O3] and [MT] x [OH] not correlate and
yield different dependencies with growth rates (Figure 6 ¢ and d). In the case of J-
measurements it is admitted that BVOC and oxidants cannot be measured reliably.
Can it really be done in this case?

This is a good point. Firstly, we want to note that the nucleation seen in UV off periods is
very low: the PSM saw a few hundred particles, and the wall and dilution loss rates
basically mean that hardly any particles would reach the 7-nm size limit unless they grew
really fast.

This is not the first time that the OH-O3 distinction for particle growth has been made.
Hao et al (2010) came to a similar conclusion in their study. OH and ozone reactions lead
to different reaction products, and while products with low enough volatility for growth
are produced from ozonolysis, these same compounds do not necessarily lead to particle
formation. However, considering the issue more closely, it might be that both ozonolysis
and OH is required for fast particle growth, but the OH-signal is lost due to the quick
variations of the concentrations. Therefore, only the O3-correlation can be observed from
the data.



We agree with the reviewer on the issue of the measurements of BVOC and oxidants in
the reaction chamber; the issue is the same for the growth case too, except that at the start
of the experiment, more BVOC is present, which helps with PTR-MS measurements. The
analysis of the data was performed in this manner following similar data analysis in e.g.
Paasonen et al., 2010 and we show the results because clear dependency can be seen. For
the nucleation case, no such dependency could be observed.

In this work a dependence of J from sulfuric acid and BVOC to their first power
was found similar to Metzger et al. 2010. In a recent paper by some of the co-
authors (Riccobono et al. 2014) a different relationship was found for biogenic
oxidation products. This is not discussed in this paper.

The omission of the Riccobono paper is a glaring on in the reference list of our
manuscript, and the revised manuscript will discuss the implications of our data also from
this viewpoint.

Minor Comments: Page 31321 line 15 ff.: The authors state that ‘“‘the roles of plant
volatiles and sulphuric acid in the initial formation process remains open.”
Riccobono et al. 2014 (some authors of this study are even co-authors) has clearly
shown the contribution of oxidized biogenic organics to aerosol nucleation.

In the revised manuscript, we have revised this statement. Our aim was to discuss the fact
that there are still significant uncertainties on the identity of the BVOC that actually
cause nucleation, as it has been shown before (eg. Mentel et al, 2009, and Kiendler-
Scharr, et al 2009) that the mixture of BVOC can play a significant role in particle
formation.

Page 31323 line 1: Were these lamps also used or just the Philips UV lamps?
Yes, these lamps were also on during the experiments.

Page 31328 Equation (1): The growth term is wrong: Adp is missing. Lehtinen et al.,
2007: Jm=Cm*Nm/ Adp

The growth rate C,, here is defined as GR/Adp, where GR is the diameter growth rate of
particles in size class i. This has been clarified in the revised manuscript and a citation to
Dal Maso et al (2002), where the concept is described, has been added.

Page 31330 line 6: The growth rate determination is not so clear. Is the rise time of
the PSM compared to the rise time of the CPC or were the rise times of the channels
used. Please clarify.

The rise time of the two different instruments were compared. The issue has been
clarified in the text.

Page 31331: In this section the authors state that the sulphuric acid concentration in-
creases as time progresses. What is the reason for this? Why should it increase?
There is no explanation or proposed mechanism for this behavior. It makes the



impression that it was not possible to keep the conditions stable in the reaction
chamber. It is also stated that the changes in particle concentration, size distribution
and BVOC were slow. Looking at Figure 2, this is not always the case. For the last
four experiments, the J calculation was done very much in the beginning when still
large changes in all the above mentioned parameters occurred.

As we have already stated, the reaction chamber is not a flow tube, but a reaction volume
to which a steady flow of BVOC and ozone is directed. As reactions and aerosol
formation occur in the chamber, the concentrations of different compounds will change,
and the system will find a new steady state. Here, we define a steady state as a situation
where concentrations change slowly with respect to the fastest reactions (eg. OH-
reactions). The most likely reason for the increase is the increase of the OH concentration
during the experiment, which in turn can be explained by eg. the presence of a slow-
reacting OH-scavenger (for example carbon monoxide, CO), which is slowly depleted
during the experiment.

The reviewer is right in stating that for some experiments, the formation rate calculation
was done closer to the beginning of the experiment than for most events. However, in all
cases the particle distribution can be considered to be in steady-state, as well as the OH-
03-BVOC —gas phase system. Figure 2 is unfortunate in this respect, because it covers
such a long period and the individual experiments are not easily seen.

Page 31335 line 9: A participation of organic in nucleation was shown by Zhang et
al., 2009 and Riccobono et al., 2014.

The references have been added to the text.

Page 31355: Improve Figure 3. More tics/tic marks are needed on x- and y- axes. A
legend would help understanding the figure.

We have improved the figure according to the reviewer’s wishes in our revision.

Page 31356 Figure 4: Error bars/uncertainties are missing. This has to be included.
Also the markers are difficult to distinguish. Also here a legend would be helpful.

Figure 4 now also includes error bars / uncertainties as requested.

Figure 4 also shows that the chamber suffers from quite some contamination. The
nucleation rate of the no-BVOC case is comparable to the a-pinene case.

The nucleation rate in the no-BVOC case can be explained by the higher sulphuric acid
concentration. Of course, the proposed mechanism of BVOC*H2S04 would indicate
zero nucleation. However, with the exception of possibly the CLOUD chamber at CERN,
it is extremely difficult to totally remove all organics from the flow using conventional
methods; therefore, we assume that trace amounts of organics may be present during the
experiment, leading to nucleation. Essentially no growth was observed, and the
nucleation could be seen only in the PSM.



The color scale of log(H2SO4) also seems to be wrong, as then a sulfuric acid
concentration of up to 10E14 cm-3 would have been measured.

The scale is correct except for the caption, which should read In(H2SO4) The scale has
been changed to log10(h2s04), which is more logical.

Page 31357 Figure 5: Again a legend would be appreciated. It is not clear, which
points were included in the fit and which not.

The figure has been improved to show the inclusion of points in the fit.

Page 31358 Figure 6: Which are the a-pinene experiments in Figure 6?The different
experiments are not indicated

We have revised the Figure 6 to indicate the a-pinene experiments.



Overview of changes in the manuscript

Page 3: clarified the role of BVOC in nucleation

Page 4: explanation for the nanoCN abbreviation

Page 5: update on the JPAC functioning and the flow conditions of the chamber,
as well as the trees in the experiment

Page 6: clarification of the CIMS make

Page 7: abbreviation (SD) clarified and PTRMS make given

Page 8: clarification of the UV lamp function

Page 9: clarification of the sulphuric acid origin

Page 10: clarification of the growth rate definition

Page 11, Eq (5): correction of typing error

Page 12: Extensive update on the calculation of the nucleation rate, and loss rate
calculations

Page 13: clarification of the determination of the growth rate

Page 16: Change of wording to make clear that expression (7) is a result of the
same mechanism than eq (6), rather than a new mechanism

Page 18: clarification of the sentence on difficulty of measuring BVOC in the
reaction chamber

Page 19: Clarification of the reasoning behind the conceptual reaction system,
and clarification of the terms in the reaction system

Page 20: note that the assumption of ygyoc << k[OX] does not necessarily hold in
the atmosphere; clarification of definitions for Eq: (11)

Page 22: added reference for discussion on RO2 and NOx chemistry

Page 23: added reference and discussion on the Riccobono (2014) experiment.
Removed sentence regarding particle formation with non-oxidised plant emissions
Page 25: Added note on validity of Ygyoc << k[OX] in the atmosphere.

Page 26: added note emphasizing that the proposed mechanism is not new, but rather
a useful tool

Page 26: added remark on the fact that a-pinene is weaker nucleating compound than
realistic mixtures

Page 39: updated figure 3 with legend, and more ticks

Page 40: updated figure 4 with correct colorscale, error bars, and notes to denote
different experiments

Page 41: updated fig 5 to denote experiments not included in the fitting procedure
Page 42: updated fig 6 to show a-pinene experiments



Manuscript prepared for Atmos. Chem. Phys. Discuss.
with version 2014/07/29 7.12 Copernicus papers of the IATEX class copernicus.cls.
Date: 5 July 2015

A chamber study of the influence of boreal
BVOC emissions and sulphuric acid on
nanoparticle formation rates at ambient
concentrations

M. Dal Maso', L. Liao?, J. Wildt*, A. Kiendler-Scharr?, E. Kleist*, R. Tillmann?,
M. Sipila®, J. Hakala?, K. Lehtipalo?, M. Ehn?, V.-M. Kerminen?, M. Kulmala?,
D. Worsnop?, and T. Mentel®

"Tampere University of Technology, Department of Physics, P.O. Box 692, 33100 Tampere, Finland
2Department of Physics, University of Helsinki, P.O. Box 64, 00014, Helsinki, Finland

S|EK-8, Forschungszentrum Jilich, 52425 Jiilich, Germany

4IBG-2, Forschungszentrum Jilich, 52425 Jilich, Germany

Correspondence to: M. Dal Maso (miikka.dalmaso@tut.fi)

IodeJ UOISSNoSI(]

IodeJ UOISSNOSI(]

IodeJ UOISSNOSI(]

IodeJ UOISSIOSI(]



Abstract

Aerosol formation from biogenic and anthropogenic precursor trace gases in continental
background areas affects climate via altering the amount of available cloud condensation
nuclei. Significant uncertainty still exists regarding the agents controlling the formation of
aerosol nanoparticles. We have performed experiments in the Jullich Plant-Atmosphere
Simulation Chamber with instrumentation for the detection of sulphuric acid and nanopar-
ticles, and present the first simultaneous chamber observations of nanoparticles, sulphuric
acid, and realistic levels and mixtures of biogenic volatile compounds (BVOC). We present
direct laboratory observations of nanoparticle formation from sulphuric acid and realistic
BVOC precursor vapor mixtures performed at atmospherically relevant concentration lev-
els. We directly measured particle formation rates separately from particle growth rates.
From this, we established that in our experiments, the formation rate was proportional to
the product of sulphuric acid and biogenic VOC emission strength. The formation rates
were consistent with a mechanism in which nucleating BVOC oxidation products are rapidly
formed and activate with sulphuric acid. The growth rate of nanoparticles immediately after
birth was best correlated with estimated products resulting from BVOC ozonolysis.

1 Introduction

Studies in ambient environments have identified several strong candidates to act as the
responsible agents for nanoparticle formation, the strongest being the sulphuric acid
molecule, H,SO,4 (Weber et al., 1996; Sipila et al., 2010; Kuang et al., 2008). Climate and
other effects of atmospheric aerosols are tied strongly with their concentrations, and, in that
way, on aerosol sources. Current experimental and theoretical understanding of nanopar-
ticle formation suggests that in addition to H,SO,4, other compounds are needed to sta-
bilise the initial clusters of sulphuric acid to initiate new particle formation (Ball et al., 1999;
Zhang et al., 2004; Murphy et al., 2007). Recent experimental and theoretical evidence
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has shown that basic gases, e.g. ammonia or certain amines could act as such stabilising
agents (Almeida et al., 2013; Smith et al., 2010; Berndt et al., 2010).

In addition to these bases, various organic compounds have been proposed to participate
in the particle formation process (Zhang et al., 2004; Paasonen et al., 2010; Metzger et al.,
2010; O’'Dowd et al., 2002). Several laboratory studies have shown evidence of biogenic
emitted volatile organic compounds (BVOCs) acting as precursors for aerosol number for-
mation (Schobesberger et al., 2013; Ehn et al., 2014; Mentel et al., 2009; Hao et al., 2009;
Joutsensaari et al., 2005); particle formation has been shown to correlate positively with
the amount of precursor BVOCs, but also depend strongly on the composition of emitted
BVOC mixture (Mentel et al., 2009; Kiendler-Scharr et al., 2009); it has been shown that
vegetation stress conditions clearly influence the amount of secondary aerosol formed from
oxidising plant emissions in addition to model compound studies. (Mentel et al., 2013).

Despite the strong ewdence of pIant emltted BVOC |anuencmg the formatlon process of
new particles,

%WW%W%W&W%%MMWM
of the BVOG that actually cause nucleation, as it has been shown before that the mixture
of BVOC can play a significant role in particle formation; for example, alpha-pinene is a
weaker precursor for nucleation than realistic boreal plant emission mixtures (eg. Mentel et
al, 2009); on the other hand, certain BVOC can inhibit particle formation (Kiendler-Scharr
etal., 2009). Detailed, formation-specific measurements with quantification of sulphuric acid
and realistic BVOC mixture emissions at concentration levels corresponding to the natural
atmosphere are currently still lacking. In this study, we performed such measurements to
elucidate the role of plant BVOC oxidation and sulphuric acid in atmospheric aerosol for-
mation.

Using the capability of the Particle Size Magnifier (PSM Vanhanen et al., 2011) to ob-
serve particles at sizes where they are born, we performed a set of experiments at the
Julich Plant-Atmosphere Chamber (setup see Mentel et al., 2009). Emissions from a group
of small trees, representative for the boreal forest species, were introduced to a reaction
chamber and underwent oxidation with O3 and OH. Simultaneous photochemical produc-
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tion of H,SO4 took place in the reaction chamber. Sulphuric acid levels in the experiment
corresponded to levels observed in the atmosphere ;-(Paasonen et al., 2010; Hamed et al.,
2007, 2010) and the BVOC emissions were also similar to actual continental boreal for-
est background values. In this paper, we will give an overview of the dataset obtained in
our measurements, and present the results of the particle formation and growth rate anal-
ysis together with a discussion of the particle formation mechanism that could lead to our
observations. The experiment is, to our knowledge, the first experimental series in which
realistic BVOC mixtures (in terms of both concentration levels and composition) have been
measured together with realistic H,SO,4 concentrations. As the dataset presents an excel-
lent opportunity to test the performance of the aerosol dynamics process model MALTE
(Boy et al., 2006), we have also simulated the dataset using the aforementioned model; the
results of the detailed aerosol dynamics and gas phase chemistry simulations will be pre-
sented in a companion paper (Liao et al., 2014, submitted to ACPD). In this paper, our aim
is to test the hypotheses that (a) BVOCs contribute to the naneGN-nanozised condensation
nuclei (nanoGN) formation process itself, (b) that sulphuric acid is participating in the forma-
tion process, and that (c) organic oxidation compounds are critical for the growth of small
particles. In addition, our aim is to discuss our findings with respect to the possible gas-
phase reactions leading to compounds participating in particle formation, and the role of
boreal forest BVOC emissions in realistic concentrations.

2 Materials and methods
2.1 The JPAC chamber setup

A detailed description of the chamber setup used for these experiments (Jllich Plant - At-
mosphere Chamber facility, JPAC) and its performance is given in Mentel et al. (2009). In
short, the facility consisted of two Borosilicate glass chambers (Volumes 1150 and 1450L)
with Teflon floors. Each chamber was mounted in separate climate controlled housing sep-
arately adjustable to temperatures between 10 and 50 °C. Discharge lamps (HQI 400 W/D;
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Osram, Munich, Germany) were used to simulate the solar light spectrum. At full illumi-
nation and at typical mid-canopy heights photosynthetic photon flux density (PPFD) was
480 pmol m~2s71 in the 1150 L chamber. During the experiments described here PPFD in
the 1450 L chamber was 60 pmol m~2 s~1. The smaller chamber was used as plant chamber
and the larger chamber was used as reaction chamber. A schematic of the plant chamber
setup is given in Fig. 1. The general operation of the plant chamber was similar to the proce-
dures described in Mentel et al. (2009). Cleaned air was pumped through the plant chamber
and a fraction of the air leaving the plant chamber (=~ 20 L min—!) was fed into a-the reaction
chamber. Besides the inlet for the air from the plant chamber, the reaction chamber had an-
other separate inlet to add ozone and to allow keeping the humidity in the reaction chamber

constant. Altogether, the flow into the reaction chamber was ca. 30 I/min on average; the
outflow of the chamber was equal to the sum of the inflow, and the chamber was kept at a
small overpressure to avoid outside contamination. Due to the additional dilution caused by
the ozone and humidification flow, the BVOG concentration of the reaction chamber with no
ongoing oxidation was ca 60-70 % of the plant chamber concentration. The conditions in
the reaction chamber were held constant for all experiments (I = 15+0.5°C, rH = 6242 %,
[O3] = 60-70 ppb without UV light and 30 to 35 ppb with UV light). OH radicals were gener-
ated by ozone photolysis (interral- a UV lamp, Philips, TUV 40W, Amax = 254 nm, J(OD)
~2.91073s71, situated inside the reachtion chamber) and subsequent reaction of OD
with water. Three to four years old tree seedlings brought from Hyytiéla were used to study
SOA formation. Species used were Norwegian spruce (Picea abies L.) Scots pine (Pinus
sylvestris L.), and Silver birch (Betula pendula L.) (one of each species). Before the mea-
surements the plants were stored outside near to a forest to obtain realistic conditions with
all the environmental impacts plants experience in their environment. After that the trees
were introduced in the plant chamber and allowed to adapt to the chamber for several days.
While the conditions in the reaction chamber were held strictly constant those in the plant
chamber were varied from experiment to experiment. Changing temperature and PPFD
in the plant chamber caused changes of the emission strengths and thus changes of the
source strengths for the reactants in the reaction chamber. This procedure allowed de-
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termining the impact of the BVOC load on nucleation of nanoparticles. Generation of OH
radicals was performed when the BVOC concentrations in the reaction chamber were near
to steady state. New particle formation was induced only when there were no particles ob-
servable from the preceding experiment (< 100 cm—3). As particles were still observable on
time scales longer than half a day after the OH production was switched off we induced par-
ticle formation about once a day. Seven to eight hours before switching on the UV light the
conditions in the plant chamber were changed allowing a new steady state to be reached
in the reaction chamber for the next experiment. OH radical induced particle formation was
measured by a suite of instruments following the particles from sizes of 1 up to 600 nm.

2.2 Measurements

The aim of the measurements was to quantify the rate of particle formation during OH-
induced oxidation while varying the amount of BVOC introduced into the reaction volume,
and to simultaneously observe the variation of sulphuric acid concentrations. The setup for
characterising the formation experiments is described in the following sections.

2.21 CIMS

Sulphuric acid was measured with self-built a chemical ionisation mass spectrometer, CIMS
(Petdja et al., 2009; Mauldin et al., 1998). In the measurement, the sulphuric acid is chemi-
cally ionised by (NO3') ions in the sample flow. The reagent ions are generated by a 241 Am
alpha source and nitric acid, and then mixed in a controlled manner in a drift tube with con-
centric sheath and sample flows together with electrostatic lenses. Then, the chemically
ionised sulphuric acid molecules pass through a layer of dry nitrogen flow in order to dehy-
drate the sulphuric acid prior to entering the vacuum system. Once in the vacuum system,
the sulphuric acid clusters are dissociated to the core ions by collisions with nitrogen gas
seeping through the pinhole in the collision-dissociation chamber. The sample beam, col-
limated with a set of conical octopoles, is detected with a channeltron after mass filtration
with a quadrupole. The sulphuric acid concentration is determined by the ratio between the
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signals at mass 97 amu (HSO, ) and the reagent ion at mass 62 amu (NO3') multiplied by the
instrument and setup dependent calibration factor. The instrument used in this study was
the same as that used in the studies by Sipila et al. (2010). The nominal detection limit of the
CIMS is 5 x 10* cm~—3 over a 5min integration period. The error estimate in the observed
concentrations is given as factor of 2. Additionally, losses in the sampling line cause addi-
tional uncertainty in our measurement. However, these uncertainties represent a constant
factor in the absolute values observed, whereas our analysis depends on relative changes
in the observed concentration. Therefore, whenever shown, we show the part of uncertainty
representing random error in our plots, estimated as the short-term Sb-standard deviation
after de-trending the measurement. When comparing to other observations, the instrument
specific uncertainty is cancelled out by the fact that most other sulphuric acid observations
available in literature are obtained using similar instrumentation (Paasonen et al., 2010) or
even the same instrument (Sipila et al., 2010; Petdja et al., 2009).

2.2.2 VOC measurements

The concentrations of plant-emitted volatile organic compounds were determined by Proton
Transfer Reaction Mass Spectrometry (PTR-MS, lonicon) and by a Gas Chromatography
Mass Spectrometer (described in Heiden et al., 2003). The PTR-MS measurement were
performed with a time resolution of 10 min and the PTR-MS was switched between the out-
let line of the plant chamber and the outlet line of the reaction chamber. The reactant source
rate to the reaction chamber was deduced by accounting for the dilution factor caused by
ozone and water vapor addition to the plant chamber outflow (Mentel et al., 2009). The
GC-MS system was optimised to measure BVOC from Cs to Cyp. It was used to identify in-
dividual BVOC and to quantify its concentrations at the outlet of the plant chamber. Another
GC-MS system was used to quantify OH concentrations by determining the decrease in
concentration of a tracer compound in the reaction chamber (Kiendler-Scharr et al., 2009).
Calibration of all systems was conducted as described in Heiden et al. (2003).
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2.2.3 Aerosol measurements

The physical characterisation of aerosol populations was performed with a set of instru-
ments, with the aim of very detailed characterisation of the nano-CN formation size range
and to obtain particle formation rates independent of the growth rate. A TSI Scanning Mo-
bility Particle Sizer (SMPS TSI3071+TSI3025A) was used to measure the particle size dis-
tribution in the size range 15—-600 nm. We used a TSI condensation particle counter (CPC
TSI3022A) with a lower detection size limit of 7 nm to measure the total number of particles
larger than 7 nm. To detect the smallest particles, we used a Particle Size Magnifier (PSM,
Airmodus A09 prototype) to lower the cut-off size of a TSI CPC TSI3022A. In the PSM the
aerosol is turbulently mixed with air saturated with diethylene glycol, therefore creating a su-
persaturation high enough to activate even 1 nm ions, the nominal cut-off size being about
1.6 nm. The PSM was situated next to the reaction chamber, inside the thermal insulation,
to minimize tube losses. The sampling line length was approximately 1 m.

2.3 Experimental overview

During the experimental campaign, we performed a VOC and SO, oxidation experiment
roughly once every day. Aiming for atmospheric concentrations of VOC and sulphuric acid,
we gradually reduced BVOC concentrations by reducing the temperature in the plant cham-
ber; by varying the amount of OH generated we reduced the sulphuric acid production rate.

For a given OH source strength, determined by the UV flux (epening-of-the-UV-shielding
controlled by opening of UV shielding of the reaction chamber UV light, see section 2.1),

O3 and water concentration in the reaction chamber, the OH level is to a large extent
determined by the amount of OH-reactive VOC available in the chamber. The sulphuric
acid concentrations observed were ca. (3—4) x 10°> cm~3 in non-oxidising periods (UV light
off). During OH production, the observed concentrations were between 1.5 x 10° cm~3 and
1.0 x 10" cm~3. The lowest concentrations were obtained during an experiment in which no
ozone was added to the reaction chamber (the afternoon of 23 September). This was due
to the production mechanism of OH, which depends on the O3 concentration. Depending
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on the conditions in the reaction chamber, OH concentrations deduced from GC-MS mea-
surements were in the range between 107 and 108 cm~3. The SO, needed for sulphuric
acid production originated as a low background value in the purified air. An overview of the
particle size distributions, sulphuric acid and particle concentrations, and BVOC concentra-
tions in the plant chamber and the reaction chamber can be seen in Fig. 2. In addition to the
data shown, we also performed experiments with pure alpha-pinene on the 27 September,
and zero experiments (no BVOC added to the chamber) on 26 September and 1 October
(with added SO5).

2.3.1 PSM detection size in relation to the particle formation size

A key factor in our experiment was our ability to detect freshly formed aerosol particles
very shortly after they had been formed, and before they had grown significantly. In the
following, we will present the justification that this assumption was indeed correct. When
the UV light was switched off in the chamber, the nanoparticle concentration observed by
the PSM was approx. 100-200cm~3. When applying a HEPA filter to the inlet line, the
instrument showed 10—15 countscm—3. This is in line with the small amount of sulphuric
acid present in the chamber at this time, and also proves that no significant contribution
from nucleation inside the instrument was present. Upon igniting the UV light, the particle
concentration seen by the PSM started to increase almost immediately, as did the sulphuric
acid concentration (see Fig. 3). We consider the short time difference between the start
of OH production and increase in the concentration measured by the PSM as proof of
measuring nanoparticles at the size at which they are formed. We have tabulated the time
that elapsed from the moment of UV ignition to the time that the PSM concentration reading
reached a multiple of 2 and 5 of the “dark” concentration in Table 1. If we now consider the
case of the highest growth rates of the 1.6—-7 nm particles, (ca. 90 nmh~!, see Sect. 3.2)
and factor in a At of 16 s to doubling the particle concentration, we get at maximum a 0.4 nm
difference between the detection limit of the PSM and the formation size of particles. This
is likely an overestimation, since the rise in concentration can be clearly recognised earlier
than the 16s used. One has also to assume a timescale for the nucleation process itself,
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as well as a transport time from inside the chamber to the instrument. (The nucleation
process gives a timespan of ca. 10's for doubling the concentration of 150 cm~3, applying
the maximum nucleation rate of 15cm~3s~1.) Taking this all into account, we realistically
expect to detect particles only 0.05—-0.1 nm larger than the actual formation size.

2.4 Obtaining particle formation rates

A fresh nanoparticle of a size range [d,, d, + Ad),] formed in the reaction chamber can
have the following fates during its lifetime: (i) it grows to a larger size (ii) it coagulates with
other particles (iii) it is lost to chamber walls (iv) it is flushed out of the chamber into the
sampling line. Therefore, for the particle concentration N; in our size range, we can write
for its change in time

dN;
dt

= Ji_CiNi_NiZKiij —wiN; —yN; (1)
J

Herein J; is the formation rate of particles in the size range, w is a size-dependent wall
loss parameter, €-Cj; is the growth rate out of the size range ;-(defined as C; = 1/Ad, - GR,

with GR is the diamteter growth rate dd, /dt, see Dal Maso et al. (2002, e.g.)), K;; is the

coagulation coefficient between particles in size ranges i and j and + is the flush out.
For the next-largest size range N;.1,J;+1 is equal to C; N;. Therefore, for sequential size
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ranges, we can write:

dN;

?—eh JZ_N].E]:K].] j —w1N1 — N1 (2)

dN>

T —Jz—J3—N22K2] i — w2 N2 — v (3)
J

dN,,

57 = Jn—Jnt1—No > KpiNj = wnNy =Ny, (4)

J
We now assume that for the largest size range, the growth out of the largest size range is

negligible and thus J,, 11 is zero. Knowing the concentrations N;, and their time derivatives,
we can now solve for J; and arrive at

Jp = Z

i=1

"IN KNyt wn+y | NP DD KNy +wi+ | Ni (5)
J J

The coagulation coefficient was calculated using the Fuchs flux matching theory and the
dilution (flushout) was taken from measured chamber flow rates. We now assume that the
rate of formation at the detection limit of the PSM, measuring the smallest particles, was
our formation rate of nanoparticles. The size ranges that we used for analysis were based
on the instrumentation available: Ni6-7n0m,N7-15nm, and Ns15,m. These correspond to
concentrations measured with different instruments: N1 6-7nm = Npsm — Nepe, N7-15nm =
Ncpc — Nsmps, and Ns15.m = Nsmps, the concentrations referring to the total concentra-
tions measured by the instruments indicated by the subscripts. The benefit of this approach
is the fact that no measurement-based estimate of the growth rate is required. Therefore,
we can obtain a formation rate independently from the growth rate. However, the relatively
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choice of slow-changing size distributions (close to steady-state). The parameters >, K;, N,
Condensation Sink Diameter (CoSD,(Lehtinen et al., 2003)) for the size interval, but instead
2nd order polynomials,we found that the CoSD varied very little for the smallest size class,
being 3.0£0.1 nm. A 0.1 nm error in the estimation of the CoSD inside the size class

article diameter; therefore, the error in larger sizes is likely to be minimal compared to
instrument precision. On 23 September in the afternoon, we performed an experiment in

which the O3 supply was turned off for the afternoon, and the chamber was illuminated with
the UV light. This lead to a low formation rate of particles, but most crucially, also the growth
rate of particles was very low, and practically no particles reached the detection size of the
CPC. Therefore, we did not apply the aforementioned method for this period, but instead
simply used the time differential of the PSM data corrected with losses to obtain the forma-
tion rate. These points are indicated separately in the results. After the ozone supply was
turned on later, we observed a normal particle formation event (see Fig. 2). Wall losses
were empirically assessed in experiments from the concentration fall-off after the UV was

turned off—=re—ere—eto—smaterareaaa 2 when-compared-to-the-dilution
flow; for the smallest size range, the wall losses were estimated to be 5 x 10~*s~!, which
is of the order of the dilution rate.

12

IodeJ UOISSNoSI(]

IodeJ UOISSNoSI(]

IodeJ UOISSNOSI(]

IodeJ UOISSNOSI(]



For larger particles, the wall loss coefficient was estimated from the wall loss coefficient

for the smallest particles, and by assuming that it is proportional to the particle diffusion
coefficient, Verheggen and Mozurkewich (following 2006).

2.5 Obtaining particle growth rates

At the start of a particle formation pulse, one can obtain the particle growth rates follow-
ing the time delays in the rise of the particle concentration of PSM, CPC, and SMPS,
similarly to the analysis to determining the detection size of the PSM. We used the size
sections 1.6—7 nm (PSM-CPC) and 7-15nm (CPC-SMPS), which again correspond to the
detection limits of the instruments used. The growth rate was obtained by dividing the dif-
ference of the tewer-and-upper-diameter-of-the-size-section-size cut-off diameter of each
instrument with the time difference of observing Ng 5xmax, the concentration that was 50 %
of the maximum concentration observed for each respective instrument. This is also the
time of the maximum time differential in the concentration of each instrument, which can be
interpreted as the peak of a log-normal fresh mode passing the detection limit. Therefore,
this method gives us the change in time of the count mean diameter of the fresh particle
population, which is the conventional parameter used to represent growth rates of fresh
particle population (see e.g. Leppa et al., 2011)

3 Results and discussion

In the following sections, we will show the results of the particle formation experiments,
show the relation between the observed particle formation rates, sulphuric acid, and plant-
emitted VOC concentrations, discuss the particle growth rates, and discuss the possible
particle formation mechanisms that could explain the observed correlations.
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3.1 Particle formation rates related to sulphuric acid and VOC emissions

During periods when no UV light was on in the reaction chamber, PSM concentrations
were of the order of a few hundreds of particles per cm3. This indicates that in our chamber,
the formation rate of particles by ozonolysis is at maximum of the order of 0.1 (cm3s)~!
based on a steady-state analysis with dilution as the only sink. Additionally, it should be
noted that because ozonolysis reactions of some BVOC (e.g. alpha-pinene) yield OH as
a by-product, the formed particles may be produced by the OH-reactions, and ozonolysis
does not participate in particle production. These particles never grew to sizes where they
could be observed by the CPC at 7 nm. Based on this observation, we can state that BVOC
ozonolysis alone cannot be responsible for observed atmospheric particle formation.

Clearly detectable particle formation was observed when the UV light was turned on. To
derive the nano-CN formation rates at the PSM detection limit, we applied the data anal-
ysis methods described in Sect. 2.4 to the measured particle number concentration and
size distribution data. This resulted in a time series of particle formation rates covering the
whole particle formation event period. As the method relies on the assumption of a quasi-
steady-state in the particle size distribution, we selected time periods during which changes
in the particle concentrations, the size distribution, and BVOC observations were slow (see
Fig. 2) for the formation rate analysis. We found that during a single event, after the ini-
tial burst of particles, sulphuric acid concentrations slowly increased as time progressed;
simultaneously, also particle formation rates increased proportionally to the H,SO4 concen-
tration. However, when conditions in the plant chamber were adjusted to change the VOC
emission rates, the rate of formation for similar H,SO, concentrations markedly changed
(see Fig. 4).

A decrease in VOC inflow into the reaction chamber corresponded to a decrease in nano-
CN formation rates. This was in line with existing hypotheses that compounds formed by
the oxidation of plant-emitted VOCs are key compounds in the formation of new particles.
Our dataset contained two experiments in which we modulated the input into the reaction
chamber: on 23 September, we turned off the ozone input to the chamber and turned the
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UV light on, and on 27 September, we replaced the plant chamber inflow with pure alpha-
pinene. These days are indicated separately in Fig. 4, as the data analysis for those days
was different than for the rest of the data. For the no-ozone experiment, sulphuric acid
levels were very low ((1-2) x 10° cm~3), and the nano-CN formation rate was also markedly
lower than on the other days; the BVOC inflow into the chamber was on a similar level than
the previous days, but the steady-state BVOC concentration was markedly higher both for
the dark period and the UV-on period, in line with the removal of the ozonolysis reaction
pathway and the reduction of OH production from ozone photolysis. The nano-CN formation
rate calculation for this experiment was based only on PSM data, as described in Sect. 2.4.
For the alpha-pinene experiment, we had no direct measurement of the BVOC source rate,
as the plant chamber was bypassed; however, we can estimate the source rate from the
dark-time steady state concentration in the reaction chamber. The concentration was similar
to the concentration at the highest plant-induced event, corresponding to an plant chamber
concentration of 3—4 ppb. However, the particle formation rate was very much lower than
during the plant-induced events (Fig. 2) despite the sulphuric acid level being at a similar
level to the strongest of those events. This makes the alpha-pinene event a clear outlier of
our data, and it has been excluded from the following correlation analysis.

Following the methodology of earlier studies (e.g. Paasonen et al., 2010), we attempted
to relate the observed particle formation rate to the product of BVOC and oxidants (O3 and
OH), and sulphuric acid in the reaction chamber, corresponding the following formulation
for the formation rate J:

K x [BVOC]gg x [Ox]gg x [H,SO4]
- S (®)
where the concentrations [BVOC]ss and [Ox]ss refer to steady-state concentrations of pre-
cursor BVOC and their oxidants, ozone and the hydroxyl radical. CS stands for the conden-
sation sink. Despite findings reported in literature, little correlation could be found with this
approach (see Table 2). However, when we used the VOC inflow rate (Qgvoc, obtained from
the flow rate from the plant chamber to the reaction chamber carrying the measured VOC
concentration in the plant chamber, with dilution accounted for) multiplied with the sulphuric
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acid concentration, i.e. a parameterization of the form
J=kx Q[BVOC] X [H2SO4] (7)

we found very good correlation (R? = 0.81) with the observed particle formation rate in the
reaction chamber (as seen in Fig. 5). The coefficient k£ in Eq. (7) can be derived from the
least-square fit to our observation data, and in our experiments it was 1.1£0.1 x 10712 cm3,
with Q expressed as molecules (cm3s) . Note that this formulation does not include a con-
centration of the organic compound, as commonly used, but rather a source rate of the

precursor. We-will-discuss-this,—and-the-However, it can be shown that Eq (7) is a result

of the same mechanism as Eq. (6), and the better correlation is due to better accuracy of
the parameters in Eq. (7). This, and the rest of our findings in relation to different particle
formation mechanisms in Sect. 3.3, and discuss the implications for atmospheric particle
formation in Sect. 3.4.

3.2 Particle growth rates related to sulphuric acid and VOC concentrations

To study the effect of sulphuric acid and plant-emitted BVOC on the early growth of particles,
we obtained the growth rate of particles at the start of each particle formation burst from the
time-difference analysis as described in Sect. 2.5. The results of the analysis are presented
in Fig. 6 for two size ranges, 1.6—7 nm (the dection limits of the PSM and the CPC) and 7—
15 nm (detection limits of the CPC and SMPS). Over the experiments performed during the
campaign, the growth rate of fresh particles ranged from ca. 3 up to ca. 90 nm h—. During
the no-ozone experiment on 23 September, particle growth rate could not be obtained due
to the particles not reaching the CPC detection limit during the 3.5h that ozone was off;
therefore, we assume that the growth rate during this time was clearly below 2nmh~1.
During the alpha-pinene experiment on 27 September, the growth rates differed from the
general trend and they are therefore indicated in the result figures. We found that the growth
rate of particles was well correlated with the BVOC concentration in the plant chamber at
the start of the particle formation burst (Fig. 6a).
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The growth rate of 1.6—7 nm particles was generally somewhat higher than for the larger
particles; this is somewhat surprising, because recent literature (e.g. Kulmala et al., 2013)
points towards slower growth at the early stages of particle formation. We suspect that the
reason might be related to the temporal variation of the condensing species: quick oxidation
of BVOC already in the chamber leads to higher low-volatility vapour concentrations at the
start of the event. However, due to their short lifetime and the decline of precursor BVOC by
oxidation, their concentration at the time particles have reached the size of 7 nm will have
diminished, causing lower growth rates. The growth rate showed little correlation with the
measured concentration of sulphuric acid (Fig. 6b). This we interpret as an evidence of the
growth of particles being dominated by the condensation of organic species resulting of
the oxidation of plant-emitted BVOC, and this is also in line with literature reports that have
estimated the contribution of sulphuric acid to particle growth to be an order of magnitude
lower than the contribution of organics in boreal forest conditions (Boy et al., 2005; lida
et al., 2008; Paasonen et al., 2010). The same conclusion was reached in Liao et al. (2014),
where the gas phase was modelled near-explicitly, and the growth of larger particles was
analysed. Such a contribution would be lost in the growth signal of our experiments. It
should also be noted that the maximum growth rate that sulphuric acid could theoretically
contribute (following e.g. Nieminen et al., 2010) is of the order of 0.1=1 nmh™! with the
observed H,SO,4 concentrations.

As also found in the detailed modelling study by Liao et al. (2014) (companion paper
submitted to ACPD), particle growth occurs via condensation of low-volatility vapours to
the surface of existing nanoparticles. These low-volatile vapours are considered to be the
result of oxidation of BVOCs, and therefore, their concentration should be proportional to
the product of the BVOC concentration and the concentration of the oxidant. As the growth
rate is theoretically proportional to the condensing vapour concentration, we compared the
observed growth rates to the product of BVOC (we chose monoterpene as the dominant
BVOC) and the measured ozone and the observed OH concentrations (Fig. 6¢ and d, re-
spectively). We observed that the growth rate correlated very well with the product of ozone
and monoterpenes, but did not correlate with the product of OH and monoterpenes. This
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suggests that oxidation by ozone is the limiting factor in the production of condensable va-
pors from monoterpene precursors; this supports the findings of Hao et al. (2011), who
came to similar conclusions using a modelling approach. We also want to point out that we
found clear low outliers in the growth rate data when we performed an experiment where
we only used a-pinene as a BVOC precursor instead of real plant emissions. This suggests
that the dominant BVOC acting as a condensing ELVOC precursor is not a-pinene, but
some other emitted BVOC.

3.3 Discussion of the nano-CN formation mechanism

Recent studies in the particle formation mechanism and the participating species have
shown that organic compounds are likely to participate in the nucleation mechanism to-
gether with sulphuric acid, and some stabilising bases, such as amines are also con-
sidered (see e.g. Riccobono et al.,, 2014; Zhang et al.,, 2004; Almeida et al., 2013;
Schobesberger et al., 2013). In this study we did not have the capability to observe the
full chemical composition of all possible species; the aim was to perform experiments
as close to realistic boreal conditions as possible, and relate our findings to real-world
conditions. Therefore, we will explain our findings in the light of observable parameters,
and discuss the implications of our results. As shown in Sect. 3.1, the best correla-
tion of the observed particle formation rate was found using the BVOC influx and sul-
phuric acid concentration as the measurable independent parameters (see Eqg. 6). The
approach taken in earlier studies, of assuming that the concentration of the organic com-
pound participating in particle formation can be estimated from the product of the con-
centrations of the BVOC precursor and the oxidant, as in Eqg. (6) did not show agree-
ment with our data. The reason for this is likely due to the low concentrations used,
which led to almost all BVOC precursor being consumed during UV-on periods, and thus
the measurement noise for reaction chamber measurements makes predictions using
Eqg. (6) inconclusive. However, as we found that the BVOC influx into the reaction cham-
ber clearly influenced nano-CN formation, and the expression in Eq. (7) resulted in good
correlation, we consider it likely that BVOC were involved in the formation process. To ex-
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plain the findings, we eonstructed-show using a conceptual mechanism involving a reaction
system with BVOC and H>SO4, and leading to nano-CN formation, and-antysed-it-te-fine
whetherthat our findings are in line with the modet—+he-proposed mechanism. The reaction
system is based on the principle of maximum simplicity, which makes it useful fer-also in
the field, where the degree of gas phase and particle characterisation may often be lower
than in laboratory conditions.

In eur-the conceptual system, the source strength of the precursor of BVOC is deter-
mined by the concentration of BVOC in the plant chamber and the flow rate between the
chambers. The resulting source rate is denoted by ¢. The total BVOC react with oxidants
with a lumped reaction rate constant ko, producing oxidised compounds; a small fraction
(denoted by n) of the BVOC is oxidised to produce a product that is able to form clusters
with sulphuric acid (NucOx). This compound, in turn, forms nano-CN with sulphuric acid
with a reaction rate k. In addition, the major fraction (denoted by i = (1 —n)) of BVOC
may react to form compounds that do not participate in nano-CN formation (OxVOC, inert
in terms of nano-CN formation), as well as be lost to dilution and to the wall. The same
applies to the nano-CN-forming compounds: they may react further or be lost to the walls
and by dilution. The simplified mechanism is described by the following set of reactions,
and a schematic illustration is given in Fig. 7.

Qinflow — BVOC R1

(R1)
.BVOC + OX 24 . OxVOC + 1 - NucOX (R2)
BVOC + (X) 22, dilution + losses (R3)
(R4)
(RS)

NucOX + H,S0, E1y hanoCN R4
NucOx + (X) 2%, dilution + losses R5

voc. and stand for the total loss rate of BVOC and NucOx, respectively, and b

loss we mean either losses to walls or dilution, or to chemical pathways that do no lead
to particle formation. From our measurements, we know that the BVOC is in steady state

during the analysis period, and we can assume that NucOx is also in steady state. Now we
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can solve for the concentrations of BVOC and NucOx using the steady-state approximation,
setting the time change of these concentrations to zero. The BVOC concentration now is

q
BVOC(C] = . °
[ ] n - kox[OX] + i - kox[OX] + vBVOC o

and the NucOX concentration is

n - kox[BVOC][OX]
k7[H2504] + YNucox

[NucOX] = 9)
Solving for the nanoCN formation rate J, which we get from reaction (R4) as J =
k j [H2S0O4][NucOx], we will arrive at

q
i-Kox [OXH' uc
(1+ HhelOigmoc ) (14 o)

In our system, the oxidizing reactions are dominating loss reactions for BVOC during UV-
on periods (see e.g. Mentel et al., 2009), and therefore i - kox [OX] 4+ vvoc =~ @ - kox[OX]; it
should be noted that this assumption does not necessarily hold in the atmosphere. For the
nucleation reaction, ynucox is likely to be significantly greater than the nucleation channel
rate (this can be assumed from estimating the amount of molecules that form a new particle)
and the second term in the denominator reduces to Ynucox/k.[H2504]. If we now also
assume that only a small fraction of BVOC is converted into NucOx (¢ > n, leading to
(14+1i/n) ~i/n), then the previous equation reduces to

J=

(10)

E kJ[HzSO4]

J =q-
2 YNucOX

:KXqX[HQSO4] (11)

in-which-the-where the parameter is defined as K = “—F.__Now, the nucleation rate is

expressed only as a function of measured quantities, namely the BVOC source rate ¢ and

the measured sulphuric acid concentration, multiplied by a€enstantthe constant K that
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depends on the relative molecular yield of nucleating oxidation products, the rate coefficient
ks, and the loss rate of NucOX. The dependence on the sulphuric acid causes an implicit
dependence on the photochemical oxidation rate; an OH dependence found by Kiendler-
Scharr et al. (2009) is thus still observable in our experiments. As the isoprene levels were
very low in our experiments, the isoprene inhibition effect could not be observed.

The reaction system presented above postulates that NucOx are rapidly formed from ox-
idation of plant BVOC with a yield that is comparatively small compared to the yield of the
total oxidised BVOC. In addition, it states that the rate of formation of nano-CN depends on
the concentrations of both NucOx and H2SO,, both of which are regulated by their respec-
tive sources and losses. For H,SO4, we have experimental knowledge of the concentration,
which accounts for its inclusion in the expression for nano-CN formation rate. As NucOx
remains experimentally unquantified, its concentration is not included directly, but its contri-
bution can be estimated from the measured source rate. In principle, the steady-state con-
centration of NucOx could be estimated also from the product of BVOC in the plant chamber
and the oxidant concentration, assuming known loss rates. However, as in our experiments
almost all of the BVOC is oxidised, and the concentration levels in the reaction chamber
are close to the detection limit of our instrumentation, and OH observations are limited in
their time resolution. Thus, the relative uncertainty in the respective measurements correla-
tion analysis (Table 2) is unable to discern between different mechanisms. Substituting the
source rate and applying the assumptions leading to Eq. (11), we managed to describe the
mechanism using observations with lower relative uncertainties, which enables us to state
that our observed data for J indeed shows the correlation that is expected from the pos-
tulated reactions. This information was also used to perform detailed modelling of the gas
phase chemistry and particle formation and growth in the plant chamber system:; this is pre-
sented in a companion paper (Liao et al., 2014), which describes in detail the simulations
and also focuses on particle growth.

The factor n/i =n/(1 —n)~n (for n < 1) conceptually represents the stoichiometric
fractional yield of oxidised BVOC capable of participating in the particle formation process.
Based on the recent results by Ehn et al. (2014), it is possible that these compounds are
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similar to the ELVOC identified in their experiment. Ehn and co-authors found a stoichio-
metric yield of a few percent in their experiment with alpha-pinene; similar yields could be
expected in our experiments. In this study, the chemistry was fairly constant, with low NO,
values in the chamber. Wildt et al. (2014) performed experiments in JPAC where they varied
the amount of NOy, and found that high NO, inhibits particle formation; this was attributed
to higher formation rate of RO, permutation reaction products (PRP) at low-NO, conditions,
whereas at high-eenditions-NO, conditions RO, reacts predominantly with NO (see (Wildt
et al., 2014) for details). For our case, this would mean that the ratio n/i gets smaller, and
less NucOX gets produced.

The factor [H2SO4] - k.7 /vnucox describes the ratio between the amount of NucOx lost by
the nucleation process and the loss by other processes. We can estimate this ratio qualita-
tively: the maximum value for k; can be estimated from kinetic gas theory, and is at maxi-
mum of the order of 1071%cm3s~1 (Weber et al., 1996). Thus the numerator is necessarily
less than 1073 s~ in our experiments. Comparing this to the condensation sink, which was
of the order of 5 x 1073571, and the wall losses for NucOx of the order of 10~2s~! (assum-
ing similar wall losses as in Ehn et al., 2014), we can see that the nucleation process itself
has little influence on the concentration of NucOx. In our experiments, it is likely that the
wall losses dominated the loss of NucOx, leading to a minor influence of the condensation
sink on the formation rate; however, in field conditions it is likely that the condensation sink
dominates and J is partly regulated by CS. This has been shown for several field studies
previously (e.g. Dal Maso et al., 2007). In their study, Metzger et al. (2010) estimated the
concentration of NucOx from the particle growth rate; based on their approach, the yield of
NucOx was 0.025 % of the VOC concentration. In their study, the growth rate was used also
for the determination of the formation rate of nano-CN, which in our study was not required.
Therefore, we present an independent confirmation of the results of Metzger et al. using
different methodology.

As shown in studies by Mentel et al. (2009, 2013) and Kiendler-Scharr et al. (2009), the
mixture of BVOC has a profound effect on the particle formation, with pure alpha-pinene
producing markedly less aerosol than real plant BVOC mixtures. This is confirmed by our
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experiments. For similar total BVOC source rate, pure alpha-pinene produced ca. one order
of magnitude lower particle formation rates at equivalent H,SO4 concentrations. We inter-
pret this as a sign that the yield of NucOx from alpha-pinene is much lower than for real
plant emissions.

In _their experiment in_the CLOUD chamber, Riccobono et al. (2014) used pinanediol
formation of the form J = K[H2504]?[BioOxOrg]*. Pinanediol is an oxidation product of
alpha-pinene, and we_speculate_that the differences between the results of Riccobono

et al. (2014) could be caused by a different oxidation path. Above, we have shown that
our findings support the hypotheS|s that oxidised products of plant BVOC em|SS|ons en-

hance nano -CN formation.

testing—of-this-hypothesisremains—to-beperformed-in—future—studies—Our results for the
growth rates of particles show that in contrast to particle formation, sulphuric acid played
little role in nano-CN growth to larger sizes. However, the concentration of monoterpene
(or BVOC in general, as total BVOC and monoterpene were strongly correlated) correlated
very well with the growth rate of small particles, the only exception being pure alpha-pinene.
Correlations corresponding to growth occurring by OH-induced oxidation reaction products
could not be observed in our experiments, while the correlations with estimations of BVOC
ozonolysis products were found. As the growth rates of particles were obtained at the very
start of particle formation when concentrations both in the gas and particle phase were in
strong transition, we cannot reliably estimate the concentrations and yields of the condens-
ing vapors. To do this, detailed modelling of the gas and particle dynamics is required; this
work has been performed in the MALTE modelling study of Liao et al. (submitted to ACPD).
While the correlations are not conclusive evidence of the ozonolysis products governing
nanoparticle growth, the data seems to suggest that this is likely, at least for boreal forests.
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3.3.1 Relevance to atmospheric particle formation

The key aim of our study was to quantify the effect of boreal BVOC on the particle
formation rates at realistic concentration levels. Because the emission was de-coupled
from the photochemistry and aerosol formation in our experiments, we now can deter-
mine whether the BVOC source is comparable to ambient conditions. We compared the
rates with which the BVOC were introduced to the reaction chamber to ambient rates re-
ported in literature. In boreal forests, average monoterpene emission rates to the atmo-
sphere vary between 20 and 100 ngs~! m—2 depending on the season and type of vege-
tation (Spanke et al., 2001). For our experiment, the ambient emission rate needs to be
compared to the rate at which BVOC were introduced to the reaction chamber, i.e. the
source rate ¢ in our simplified reaction system (Reaction R2). We measured the source
rate into the reaction chamber by measuring the concentration in the plant chamber out-
let. Taking dilution into account, a measurement of a 1 ppb concentration at the outlet of
the plant chamber corresponds to a BVOC source rate of 1.35 x 103 moleculess™! into
the 1.45m3 chamber, corresponding to 2.08 ngs~! m~3 (assuming monoterpene, M =
136 g mol~! =2.26 x 10722 g molecule™!). Thus, the source rate in our chamber can be es-
timated as 1.5-8 ngs~' m~3. To compare this to ambient conditions, we need to estimate
the “reaction volume” in the atmosphere. Spanke et al. (2001) observed that the area of
the strongest chemical degradation of monoterpenes in the boreal forest occurs near the
top of the forest canopy. We can therefore assume that the reaction volume extends some
tens of meters above the forest. Also, as discussed before, we assume that the oxidation
of emitted BVOC occurs quickly after it is exposed to an oxidising atmosphere. Thus we
can estimate the “reaction volume” to be a layer of roughly 10-50 m thickness, centered at
the the VOC-emitting vegetation, giving a maximum source rate into the ambient reaction
volume of 20-100 ng s~! m~2 divided by 10-50 m, resulting in 0.04—10ng s~ m~3, which is
directly comparable to our chamber.

24

IodeJ UOISSNOSI(]

IodeJ UOISSNOSI(]

IodeJ UOISSNOSI(]

IodeJ UOISSIOSI(]



To convert our relation of the particle formation rate and BVOC source rate to units used
for boreal forest emissions, we apply the formulation

qﬁ /ﬁJ[HzSO4]

J =q-
2 YNucOX

= KE X % X [H2504] (12)
Here, E is the ambient emission rate of BVOC in ngm~2 of forest area, h is the particle
formation layer height (=the “reaction volume”) in meters, and K is the fit parameter,
which for our experiments was Kz = 4.5 x 10"®m3ng~!. Thus for an emission rate of
50 ngs~! m~2 mixed into a layer of thickness 50 m and at a sulphuric acid concentration of
1.0 x 108 cm—3, we would get J = 10cm—3s~! (see Fig. 8). Because the chemical identity
of NucOx is presently still unknown, this formulation may be more robust than formulations
involving yields, reaction rates, and sink strengths of unknown chemical compounds that are
essentially fitting parameters. Assuming that atmospheric particle formation occurs similarly
to the process in our chamber, i.e. the BVOC oxidation and subsequent nano-CN formation
occurs quickly after emission if sufficient sulphuric acid is present, then our formulation can
be directly applied to atmospheric conditions.

However, if the oxidation of BVOC occurs more slowly and other loss processes (vzvoc
in Eq. (10)) dominate, then the simple formulation will not hold and the formation rate will
depend on the loss rate of BVOC. One caveat remains: as stated in the discussion of Eq.
(11), K (and therefore also Kg) is actually a parameter including the fractional yield n /i of
NucOx, the “activation parameter” k;, and the loss rate of NucOx. In our chamber the loss
rate was influenced (and probably dominated) by the wall loss rate, which does not apply
for ambient conditions, where the condensation sink will be the dominant sink. Therefore,
for atmospheric application, the K should be scaled by the condensation sink. It should
also be noted that our parameterisation is only valid for unstressed boreal vegetation; other
types of vegetation, or stress conditions, leading to different emission profiles (e.g. Mentel
et al., 2013) will produce NucOx with a different fractional yield n, and thus K will change
for such emissions; this is exemplified by our a-pinene experiment, which produced almost
an order of magnitude lower particle formation rates than the boreal plant mixture for sim-
ilar BVOC and H»SQO4 levels. Such stress conditions could occur e.g. during early spring
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recovery of the forest, which has been show to produce more nucleation mode particles
(Dal Maso et al., 2009). In addition, our experiments were performed under fairly constant
and high OH production; it is likely that variable OH will have an influence on the n/i ratio,
and therefore the simplified form in Eq. (11) is not applicable, and one should apply the full

form given in Eq. (10). While our formulation for ./ does not present a new mechanism for
measurable quantities such as sulphuric acid and the source rate of BVOC and the oxidant
congentrations_ do not need to be estimated using proxy formulations. Because modelling
of BVOC emissions is generally easier than concentration modelling (Lappalainen et al.,

2013), it might prove a useful expression for modelling particle formation rates over forested
areas.

4 Conclusions

We performed controlled nano-CN formation experiments in the Jilich Plant-Atmosphere
Chamber setup using boreal forest BVOC emitters and simultaneously monitoring BVOC
levels, HoSO4 concentration and nano-CN concentration. The experiments allowed us to
observe the formation rate of nano-CN (J) as a function of H,SO4 concentration without
need for the determination of the particle growth rate, which has been reported to cause
the largest uncertainties in the nano-CN formation rate determination. To our knowledge,
this is the first time that nanoCN, H»,SO4, and realistic levels and mixtures of BVOC have
been observed in controlled laboratory conditions.

In agreement with many other studies, (Kulmala et al., 2013; Almeida et al., 2013;
Schobesberger et al., 2013; Wildt et al., 2014; Riccobono et al., 2014), we found con-
clusive evidence that realistic boreal forest BVOC directly influence nanoparticle formation
rates at levels that are similar to atmospheric levels, while sulphuric acid is also required

for the process. In addition we found that realistic BVOC mixtures produce higher particle

formation rates than pure « — pinene, again in agreement with previous studies (Mentel
et al., 2009). We found no correlation for the formation rate with steady-state observa-
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tions of BVOC concentrations in the reaction volume; however, we found high correlation
when using BVOC source rate as the independent variable. We found that such a correla-
tion is consistent with a gas-phase mechanism in which BVOC is quickly oxidised to form
a compound that is able to stabilise H,SO4, but also rapidly condenses on existing par-
ticulate matter and available wall surfaces. Possible candidates for such compounds are
the recently observed ELVOC (Ehn et al., 2014), which are formed at least by ozonolysis.
Our observations are not conclusive in determining the oxidation pathway for the forma-
tion of the nucleating compounds. We could parameterise the formation rate in our cham-
ber as a function of the BVOC source rate and the sulphuric acid concentration, yielding
J=1.1x10"cm3 x Qgvoc x [H,S04], with @ given in units of moleculescm™3 per sec-
ond, and [H,S04] in moleculescm™3. To translate this for application with atmospheric ob-
servations, we obtained J = 4.5 x 1079 m3 ng~! x Egvoc h™! x [H2S04], in which Egyoc is
the emission rate of BVOC per unit area of boreal forest, and & is the height of the layer
in which particle formation occurs. The prefactor for J is expected to be dependent on the
BVOC mixture, in line with observations of e.g. Mentel et al. (2009, 2013), on NO, concen-
trations (Wildt et al., 2014), and possibly also the OH concentration (e.g. Kiendler-Scharr
et al., 2009, 2012), and it should be scaled by the difference of the NucOx loss rates be-
tween the atmosphere and chamber.

After formation of the initial nuclei, oxidised plant emissions are responsible for the main
part of the aerosol growth to larger sizes. Thus, plant derived organic compounds enhance
aerosol formation in both the formation and the growth phase. In the atmosphere, with
enough oxidants present, the strength of the nucleation source is determined by the avail-
ability of precursor BVOC, and by sulphuric acid concentrations. For growth, a larger frac-
tion of the BVOC oxidation products are condensing and the slower oxidation by ozonolysis
steers the pace of the growth.

Our findings are a step towards more exact predictions of the response of atmospheric
aerosol formation to future changes in trace gas emissions and land use changes. The nu-
cleation process presents an upper limit for the cloud condensation nuclei (CCN) produc-
tion; loss processes such as deposition and coagulation result in only a fraction of formed
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particles reaching CCN size. The faster the nanoparticles grow, the higher this fraction is.
As plant-emitted organics enhance both the maximum number and the survival probability
of potential CCN, biogenic activity and stress impacts on plants may play a significant role
in negative climatic feedbacks via aerosol effects (Kulmala et al., 2004, 2014). Also, the im-
pact of organic emissions on particle concentrations is enhanced compared to a situation
where only sulphuric acid determines the initial nuclei formation rate.

More generally, the magnitude of the BVOC effect depends on the SO, concentration. In
SO,-polluted environments, the effect of variation in BVOC will diminish and particle forma-
tion is mainly determined by the H,SO,4 concentration. At low SO, concentrations, the BVOC
effect becomes more dominant. Therefore, the effect of BVOC cannot be ignored when
modelling tropospheric aerosol formation in clean conditions, such as the pre-industrial pe-
riod (Merikanto et al., 2010) or rural areas, or when making projections for future aerosol
loadings (e.g. Arneth et al., 2010). In these cases SO, levels are likely to be low, and the
BVOC effect on nucleation has potentially a major impact on particle and CCN formation.
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Table 1. Overview of the particle formation experiments performed, as well as the time delay be-
tween lighting the UV light and observing a concentration increase, measured by the PSM instru-
ment.

JTode g worsSsnosI(]

Event Aty (s) Atgs(s) Atpio(s) Notes

18 Sep 14:01:36 16 48 76 Plant experiment

19 Sep 14:01:36 23 48 76 Plant experiment

20 Sep 14:01:36 24 59 92 Plant experiment —
21 Sep 14:01:36 25 69 106 Plant experiment .
22 Sep 14:01:36 40 101 137 Plant experiment =
23 Sep 14:01:36 128 - - No ozone =
24 Sep 14:01:36 31 81 137 Plant experiment é
26 Sep 13:01:21 117 226 - Zero experiment -
27 Sep 13:01:21 135 - - a-pinene experiment &

The subscript for At states the value that the PSM concentration has reached in time At, with
respect to the value at UV on (t = 0). E.g. At = 16 s means that the concentration doubled in
16s.
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Table 2. Coefficients of determination (R?) between the observed nano-CN formation rate (.J) and
different parameterizations of nucleation mechanisms.

Parameterization R2
[BVOCplantChamber] X [H2SO4] 0.81
[BVOCReactionChamber] X [H2504] 0.111 (=)

[BVOCReactionChamber] X [H2SO4] X [OH] 0.031 (—)
[BVOCReactionChamber] X [HQSO4] X [03] 0.165 (—)
[H2S04] 0.404
[H2S04]? 0.325

(-) after the R? value means that the correlation was negative.
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Figure 1. A schematic illustration of the Juelich Plant Chamber (JPAC) setup as it was during the
experiments presented here.
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Figure 2. (a) Contour plots of aerosol particle number size distributions as function of time measured
by SMPS. (b) Time series of total particle number concentrations (blue: PSM concentration, black:
CPC concentration, green: SMPS concentration) and sulphuric acid concentrations (red), and (c)
Time series of monoterpene concentrations measured by PTR-MS during the chamber experiments
for both chambers. The purple bars indicate the UV-on periods and the cyan bars illustrate the
selected periods of steady state for calculating nano-CN formation rates (see Sect. 2.4). On 23
September, the event starting later is due to late ozone addition.

IodeJ UOISSIOSI(]

38



x10°

6 10000 15

8000

w

—
o
3

H,S0, concentration (cm™)

< 6000

L
[

SO, concentration (cm™)

4000

Particle concentration (cm'a)
n
T

L

N
HZ
o

-
T

2000f! !

0 0 0
15:00 18:00 21:00 00:00 13:3013:4013:50 14:00 14:1014:20 14:30 14:40 14:50 15:00

Figure 3. (a) A time series of PSM (blue markers), CPC (black), and CIMS (red) data at the start of
one event. The purple area illustrates the time period that UV light was switched on in the reaction
chamber. The area shaded blue is the steady-state period from which the particle formation rate
was obtained. Sub-figure (b) shows the zoomed-in time delay of particle formation after turning the
UV light on, which was used to verify that particles are measured very close to their formation sizes.
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Figure 4. (a) Particle formation rates (J) as function of BVOC concentration, and marker colours
indicate the corresponding H>SO,4 concentrations in log scales. (b) Particle formation rates (J) as
function of H,SO,4 concentrations. Marker colours indicate the corresponding BVOC concentration
from the inlet flow. Biamone-Square markers correspend-to-experiments—with-no-ezene;-sguare
markers-show data from alpha-pinene experiments; star markers show a zero experiment with no
BVOC added.
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Figure 5. Particle formation rates (J) as function of the product of BVOC inflow and sulphuric acid

concentration. Marker colours indicate the corresponding monoterpene concentration from the inle
flow of JPAC reaction chamber. The pure a-pinene experiments indicated in the figure were no
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Figure 6. Particle growth rates (GR) at the beginning of the particle formation burst as function of
(a) monoterpene concentrations in the JPAC reaction chamber, (b) H,SO, concentrations in the
JPAC reaction chamber. (¢) Proxy concentrations of oxidation products of monoterpenes by Os in
the JPAC reaction chamber (d) proxy concentrations of oxidation products of monoterpenes by OH
in the JPAC reaction chamber. Red squares are growth rates of particles ranging from 1.6—7 nm,
and blues markers indicates growth rates of particles with diameter of 7—15 nm.
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Figure 7. A conceptual figure of the gas-phase reaction system leading to the formation of nano-
CN in the JPAC chamber. BVOC are emitted in the plant chamber (Q) and then transported to the
reaction chamber in the connecting flow, leading to a source rate ¢ in the reaction volume. BVOC
then reacts, producing oxidised products that are either able to participate in nano-CN formation
(NucOx) or inert products (OxVOC), with fractional yields n and i, respectively. BVOC can also
be lost by other pathways. NucOx has two fates: react with H,SO4 or be lost by condensation (to

particles or the wall) or dilution. The loss process is dominant. The reaction with H,SO, produces
nano-CN.
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Figure 8. Comparison of our results to atmospheric formation rate studies as reported in Paa-
sonen et al. (2010). Nucleation parameterizations of the form J = Kg - E/h- [HSO4], with Kg =
4.5x107°m3ng~! and three different source rates E/h are shown together with measured data

points.
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