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A couple of decades ago, a number of studies tried to link meteorological variables and gas phase
pollutants with NPF. In some cases, the analysis was concise enough to produce evidence that a
certain physical parameter played a role in NPF at a specific site.

Since then, studies - mostly chamber-based - have provided evidence on the ruling mechanisms of
nucleation and subsequent growth of newly formed particles. These are mainly related to the
concentration of low vapor pressure compounds such as sulfuric acid, or ELVOC as well as agents
that could stabilize the former (ammonia, amines, iodine) suggesting that NPF is dictated mainly by
gas phase chemistry rather than meteorology. However, other parameters such as the ones
investigated in this study, play a secondary yet important role. Therefore a summary of observations
from European, or even better global sites, is always welcome. During the past 15 years more than
20 compilations of results related to atmospheric NPF have been published, the majority of which
are summarized by Kerminen et al., 2018. Even though some of them (eg Kerminen et al., 2018,
Lee et al 2019) provide insight on the parameters this study is also focusing on, none has gone been
as detailed as the one presented in this work. Therefore, the compilation of results presented in this
work are of interest to the community and would be worthwhile publishing if the manuscript was
well written and the analysis provided informative and concise. I am afraid that this is not the case.
After reading the article, I was disappointed not to find any information on seasonality for any of
the parameters investigated even though multi year data were investigated.

RESPONSE: It is not clear by the comment what kind of analysis is expected (whether it is the
seasonality of the parameters themselves or the seasonality of their effect). The seasonality of the
parameters (which was found to favour mainly summer for the growth rate, while the results for the
formation rate were more variable) is separately investigated in a previously published paper for
the UK sites (Bousiotis et al., 2019) and for the rest of the sites in an already submitted manuscript
(Bousiotis et al., 2020) and thus was not discussed in the present study (this is noted in 2.1). The
seasonality of their effect was not studied in the present manuscript as this would extend its size
too much. It is worth pointing out that the variables most affected by season such as temperature
and insolation are considered in this paper, and to break down the data analysis according to
season would involve a great deal of repetition.
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Furthermore the authors fail to deliver any error metric whatsoever (deviation, error, confidence
level). The lack of the most elementary statistical analysis was striking.

RESPONSE: Much of this information is included in the paper. Deviation errors are included in
the SI figures for every subgroup of every variable studied (reporting these is unrealistic as they are
over a thousand). R? is reported for every slope calculated of every variable studied on the figures.
p-values are reported (when significant) for every variable in every site in tables 3 and 4. We have
calculated, but not included, the error of the slope for every variable calculated using the normalised
gradients, but have not included this as the normalised slopes do not have any significance other
than their absolute value; we include only information on their trend.

The other striking feature is the poor use of English and terminology, which I explain thoroughly
below. The use of English must be improved as there are many sentences that require revision.
RESPONSE: Many changes in terminology and corrections were applied throughout the
manuscript to improve the level of English.

The major drawback is the generalizations and uncertain phrases used throughout the manuscript.
The authors should be concise and specific instead.

RESPONSE: The manuscript was updated in many cases to reduce uncertainty (whenever there
was enough confidence in the statements presented)

As an example in Line 69 (76) it is advised to name the places (exceptions) were NPF is hardly
observed. A nice review can be found by Lee et al., 2019 (section 4.8).
RESPONSE: Exceptions where NPF events are not observed and references were added.

Example 2 Line 270: A few sites presented a strong correlation, which in all cases were background
sites (either rural or urban). A few sites (which ones?) presented a strong correlation (nowhere in
the manuscript strong, medium weak is defined. The reader has no idea what the author is
discussing) which in all cases were background sites (either rural or urban; to the best of my
knowledge rural sites are considered as background sites. What do the authors mean?). I assume
that the authors are trying to point at urban kerbside sites with this sentence, yet I am not really sure
what they mean. And the paragraph continues The relation (which one?) found in most cases (how
many, percentage?) was positive (does this mean a positive slope? Where is it shown? In which
table or graph?) apart from two roadsides (improper terminology) and GREUB, though due to the
low (again low is not defined?) R2 these results cannot be used with confidence (and where do the
authors draw the confidence line?). The above lines are just an example of improper phrasing used
throughout the manuscript that make it very hard to follow. Similar examples can be found
throughout the manuscript. A major drawback of this work is that many trends/relationships
reported are not referred to any table or Figure and hence are hard to follow.

RESPONSE: References to the sites mentioned in each case as well as R? values were added
throughout the manuscript to improve readability. References for the results were added in the
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beginning of each section (to avoid repetition). Specific references for unusual trends were also
added for the figures in the SI (figure numbering in SI was overhauled). References for SI figures
for simple relationships were not added as they are covered by the slopes found in tables 3 and 4.
Strong, weak and other characterisations of the correlations are now accompanied with either the R2
or a range of the R2.

NPF probability sounds to me as if you are trying to predict the occurrence of nucleation events.
Based on Line 218 (Equations are not numbered!) a more suited term would be NPF frequency.
RESPONSE: The term NPF frequency is used within the text for the frequency of the events
without taking into account any grouping of the data (into groups of condition ranges e.g NPF
probability for RH in the range 60 — 65%). To separate these the term probability was used instead.
Equation numbers were added.

The authors should consider adding reference formation and growth rates from other studies in
their figures for comparison. I understand that this is not always possible (especially for formation
rates) but is for the other two parameters in question.

RESPONSE: Similar to a previous comment, such an analysis was done in other studies either
already submitted or published (Bousiotis et al., 2020; 2019).

Table 2 should also include growth rates for this study.

RESPONSE: The parameters of NPF are already reported in previously submitted studies
(Bousiotis et al., 2020; 2019). The frequency and formation rate are reported here because they are
used in the calculation of the normalised slopes, which is not done for the growth rate (see the
methodology). Nevertheless, the growth rate and the number of NPF events for each site were
added in Table 2.

The authors fail to summarize the seasonality of the parameters they are exploring even though
they are having multi year data. This is very disappointing.
RESPONSE: This comment has already been addressed.

The statement in Lines 45-46 (49 — 50) is not true. Please read Kerminen et al., 2018 for example.
That work which explicitly states the opposite.

RESPONSE: The sentence was rephrased into “without always following” to state that exceptions
exist as pointed later in the Introduction part.

I have noted another case (Lines 98-99) (109 — 110) in the manuscript where the authors focus on
the exceptions (which always exist) rather than the rule giving a very distorted view to the reader.
RESPONSE: In the text it is stated that “the negative effect of CS is widely accepted” and follows
mentioning the exceptions found in the literature as “cases were found”. This does not imply that
the exceptions are anything more than that and it is essential that they are mentioned.
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The introduction is very poor on references.
RESPONSE: More references were added in the introduction and throughout the manuscript

Lines 107-111 (118 — 123) should be rephrased. I cannot make sense of it at all.

RESPONSE: This sentence was included to show that the NPF events considered in our study
were not driven by combustion products but by secondary formation. A parenthesis was added
though which makes the sentence easier to understand.

Lines 82-84 (94 — 96). Please mention that increasing temperatures also have a negative effect as
they increase the energy barrier the clusters have to overcome to become stable and grow in size.
RESPONSE: The comment has been added.

Kerminen, V. M., Chen, X., Vakkari, V., Petdjd, T., Kulmala, M. and Bianchi, F.: Atmo- spheric
new particle formation and growth: Review of field observations, Environ. Res. Lett., 13(10),
doi:10.1088/1748-9326, 2018.

Lee, S. H., Gordon, H., Yu, H., Lehtipalo, K., Haley, R., Li, Y. and Zhang, R.: New Particle
Formation in the Atmosphere: From Molecular Clusters to Global Climate, J. Geophys. Res.
Atmos., 124(13), 7098-7146, doi:10.1029/2018JD029356, 2019.

Anonymous Referee #2

Received and published: 26 September 2020

General comments

The focus of this study is to investigate the effect of meteorological conditions and atmospheric
composition on the occurrence of new particle formation (NPF) events at 16 sites (rural, urban
background and roadside) located in 6 European countries. The results are based on more than 85
years of meteorological and atmospheric composition data. The authors are using a binned linear
regression to find correlations between parameters such as windspeed, temperature, pressure, or
solar radiation intensity, ozone or volatile organic compounds mixing ratios to name a few, and the
occurrence of NPF, particle growth and the formation rates. This is an interesting study and of
interest to the community, however the following comments should be addressed before publishing.
On many occasions the authors claim that certain variables are weakly or strongly correlated but do
not provide any numbers or figure to support these statements. Please provide references to the
exact figures in the manuscript or in the supplemental material (SM). This is an issue reappearing
throughout the manuscript. Following on that, Figure S1 in SM contains many figures and only one
caption. These figures are not marked with a number/letter. Please consider adding individual
numbering (or introduce letters) so the respective figures corresponding to individual sites when
being discussed in the manuscript could be easily found in SM.

RESPONSE: This is addressed in a later comment
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It looks like the authors use terms frequency of NPF occurrence and NPF probability
interchangeably. NPF probability doesn’t really fit here since you do not predict NPF events.
However, the NPF probability term is explained in the text and in the equation (line 191; also please
number equations). In results, however, the authors are using term frequency of NPF occurrence
(line 245). Please clarify, review the explanation in text and use the correct term throughout the
manuscript. | assume what you want to use is NPF frequency.

RESPONSE: This is explained later

I understand you identify the number of days with NPF according to the method by Dal Maso et al.
(2005) with additional certain criteria. It would be good to report the numbers of NPF events for
each site (and season?). Please explain what days with “relevant data” are when calculating the
frequency.

RESPONSE: Two additional papers analysing in detail the conditions of the NPF events at all the
sites were either published (for UK) or were submitted (for the rest of the sites). This is noted in
section 2.1. A figure has been added to the Sl to show the seasonality.

If | understood correctly to calculate the frequency, you divide the number of days identified as
NPF event-days by all days that you have data available or “relevant(?)” data available? I am
curious how does the frequency changes when you use the number of all days with all data and not
only with “relevant data available”? It would be good to mention this number somewhere in the
manuscript or in the SM? Following on the above, please explain what is in e.g. line 191 “available
data” and ”given group”?

RESPONSE: The term “relevant data” refers to all the data available at each site and are
considered in each analysis (and of course when those are available). At each site the data were
almost in their entirety available and the limitation was in most cases the SMPS data (its availability
for each site is reported in Table 1). The data is always considered only when they are available for
each variable studied (by the code used in the analysis, as they were calculated one by one), so no
hours of data with missing values were included. In other words, when e.g. temperature was studied
only the hours with both SMPS and temperature data were considered.

More detail on the site selection criteria would be helpful. Do these sites belong to a network? How
were these sites selected? In Line 120: the authors mention “geographical region and type of
environment”. I suggest adding more description on the sites (e.g. in SM), their characteristic and
typical meteorological conditions, e.g. features they have in common/differences, number of NPF
studied and identified.

RESPONSE: A justification for the sites chosen is given in the Site description section. As
mentioned earlier, the analysis of the events, as well as the typical conditions for all the sites were
given in two separate earlier papers.
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Having this extensive dataset, | encourage the authors to discuss variability e.g. seasonal, site to
site/regional. A figure where you plot frequency of NPF occurrence or number of NPF events for
each station in each season (e.g. bar plot?) on (y axis), for each site type (x axis) would be helpful.
Exploring e.g. seasonal variability would add value to the paper.

RESPONSE: This was already done in two earlier papers (Bousiotis et al., 2020; 2019).

Where there any limitations of the study? If yes, these should be discussed. Further, errors should

be included.

RESPONSE: The study is pretty straightforward, and the only limitation was the lack of data for

some variables at some sites e.g. SO data was not available at all sites. A comment was added for
this limitation at the end of 2.1 Site Description and Data Availability section.

Avre there general trends for these three site types? Maybe you could discuss these more. It would be
helpful to highlight (e.g. text in bold) data in Table S1 e.g. significant correlations.

RESPONSE: As explained in the response to the first comment, these are provided in other studies
(Bousiotis et al., 2020; 2019). Stronger correlations were highlighted with bold numbers.

What is the importance of the result of this study? The authors could discuss it more e.g. in
conclusion. | feel that is missing in the current version.

RESPONSE: The statement: “This study, apart from providing insights into the effect of a number
of variables on the occurrence and development of NPF events in atmospheric conditions across
Europe, also shows the differences that climatic, land use and atmospheric composition variations
cause to those effects. Such variations are probably the cause of the differences found among
previous studies.” was added in the last paragraph of the text (838).

Please improve the language. It is critical to make the text more concise and clearer. It is hard to
follow the line of thoughts at points. There are some repetitions and long sentences that could be
shortened (e.g. lines: 76-82, 107-111, 325-330).

RESPONSE: Many changes were made in the manuscript to improve readability.

Specific comments

Line 38-62: in the abstract the authors could also mention: 85 years of data; how good these
correlations are (r2)’ mention “meteorological conditions” e.g. such as ...

RESPONSE: The information that a combined dataset of 85 years was used was added (52).
Added the highest R? values found for some variables (54 — 56). Added “(such as solar radiation
and relative humidity)” (58)

Line 42 (46): “except at very clean air sites” — more information is needed to this statement.
Something is missing. Please review or explain.
RESPONSE: This phrase has been removed.
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Line 54 (60): What “higher values” means there exactly? Provide a number.

RESPONSE: Added the word “average”. No values can be provided as what is implied by the
results is that the importance of some variables becomes less as the average values (average
conditions) become higher or lower, depending on the general trend.

Line 61- 62 (67-68): you could give these values in brackets

RESPONSE: No values were added as the text implies that one increases with the other
simultaneously, similar to the meteorological conditions.

Line 97 (108): “negative effect” on?

“on the occurrence of the events” was added.

Line 99 (110): “average conditions”? What does it mean here?
RESPONSE: No change in the text. It means the average CS which is well covered with the term
“average conditions” in this case.

Line 107-111 (118 — 123): hard to follow, please review and shorten
RESPONSE: Already mentioned by referee #1 and addressed.

Line 121 (133): please add references to the studies you refer to
RESPONSE: References were added

Line 122 (134): NPF probability? Or NPF occurrence? As mentioned above, probability doesn’t
really fit here

RESPONSE: NPF probability was not changed as every time it is mentioned it implies the results
from the analysis/modelling that was done in this study. An explanation for this was provided (213)

Line 124 (138): I suggest calling this section: “2. Methods”, 2.1 as is. 2.2 as is or similar. This way
you can remove 2.2 Methods so it does not appear twice. In 2.1 the authors could mention which
cities/countries/sites were used; which meteorological and atmospheric composition variables did
you use in this study already at this point. Which stations had a full set of data and which only some
etc. Maybe also mention which are dependent and which independent variables. And what do you
consider relevant data days, what do you mean by available data: e.g. in line 189. Please be more
specific upfront. You could also add information on how these sites were chosen? Any criteria you
applied to select these? Are they belong to a network? Are they similar or different in any respect?
RESPONSE: Section naming was not changed as it is considered sensible for a chapter named
“Data and Methods” to have section 1 named “Sites and data” and section 2 as “Methods”. The
countries and cities included in the study are mentioned. A list of the data available in each site is
found in Table 1, as mentioned in the text. A justification for the sites chosen was also added. The
sites do not belong to a single network and thus such information is not provided.
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Line 127 (140): | feel that the number of events (1950) is already a result so it should go to the
result section and not methods. Also, it is mentioned before the description of the NPF selection
method itself.

RESPONSE: The number of events was moved to the beginning of the Results section

Line 131 (142): it is also referring to the result. | suggest moving this sentence to the result section.
RESPONSE: The reference for the Table with results was moved to the beginning of the Results
section.

Line 136-143 (156 — 165): please add more details to the approach taken in this study. What “Ia”
exactly refers to and which additional criteria was used (line 142).

RESPONSE: The process of NPF event extraction was rewritten and more details were added for
the approach taken (156 — 169).

Line 137 (158): add size range of the nucleation mode you consider in your study
RESPONSE: Added “(smaller than 20 nm in diameter)”.

Line 139 (160): you could mention confidence level in the brackets
RESPONSE: Changed to level of certainty to avoid misunderstandings.

Line 151 (178): add “respectively” after "particles”. You could already mention there Fuchs
correction factor and keep it explained below.

RESPONSE: Added the word “respectively” (178). Second was not mentioned to avoid repetition
and flow distraction.

Line 149 (176): Formulas need to be numbered
RESPONSE: Equation numbers were added

Line 188 (216): given group? please explain

RESPONSE: The NPF probability is calculated for the range of data in a specific group (time
range, range of a given variable ex. for relative humidity from 50 to 55% etc.). Text was slightly
modified to reflect this better.

Line 191 (219): Again: | am not sure | follow this equation: what are these groups? Is it just a
number of days with NPF that was accompany by all relevant data? From explanation you seem
only to take days with NPF that were accompanied by relevant data.

RESPONSE: For the analysis done, data was separated into smaller groups as mentioned earlier.
Thus, the term probability is considered more appropriate than frequency. This is clearly stated in
the text.
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Line 196 (224): low significance? Please give a number

RESPONSE: The results found from the analysis of raw data, due to the large spread, almost never
provided with any significant result (the R2 was always very low). A single number cannot be
provided as the results are numerous. The word “statistical” was added.

Line 212 (241): extreme values? Please give a number

RESPONSE: As previous. The cases that extreme values that biased the results were many. For
example, an extreme value of wind speed (a single very windy day with no event) would result in
an NPF probability of zero for that wind speed range. This though would result in biasing the whole
analysis by a very limited range of data.

Line 239 (268): Results and Discussion? You could include here sentence in line 126: You mention
1950 events studied, could you provide information on how many were identified? It would be
helpful if authors mention that in the paper a summary of data can be found in the manuscript and in
the SM data/results for individual sites is presented.

RESPONSE: The sentence mentioned (the number of events extracted) was moved to the Results
section as suggested. The events studied were those that all the work was focused on. While other,
less clear events (without the expected growth, advected, uncertain etc.) were also extracted, they
were considered only as exceptions or special cases in previous works. For further information
about the events for each site as well as the comparative study between them, references were added
in the Site Description section.

Line 245 (277): what is relevant data? Please explain more clearly in methods section and refer to it.
Diagnostic features — wouldn’t these be better in methods?

RESPONSE: Added “depending on the variable studied”. Relevant data refer to the data available
depending on the variables studied, e.g. to find the frequency of NPF events, the days with available
SMPS data were only considered. These diagnostic features are used to present the results in Table
2 and thus were not moved to Methods.

Line 252 (286): “slopes and R2” please use correct terms for these or more careful description
RESPONSE: Changed to the terms gradient (instead of slope) and coefficient of determination for
R2,

Line 261 (296): very strong? Please provide references to the exact figures in the
figures/supplemental material when discussing results

RESPONSE: In this case very strong correlations were considered for R2 > 0.75 as explained in the
parenthesis (and a clarification is added to any characterised correlation). The correlations (whether
weak or strong) are found in Tables 3 and 4 (references added). References to the figures in the Si
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are not needed when discussing slopes and R2 and were only referenced when variable/unusual
trends were found.

Line 279 (315): low? Please give a number and refer to the figure. Also, you placed all figures in
the SM under Figure 1. Maybe it would be better for the reader to have them split into different
figure numbers or a,b,c,d? This way it would be easier to find the one you describe at the very
moment.

RESPONSE: The value of the R? was added in a parenthesis. Also, changed the numbering scheme
for the figures in SI. References to figures in the Sl that present results not in the tables (i.e. variable
trends) were added in the text.

Line 296 (333): reference?
RESPONSE: A reference was added

Line 301-303 (339): why? Could you explain? When describing results maybe worth mentioning
these for various site specifics? Anything in common?

RESPONSE: A possible explanation was added “This may be due to the different seasonality of
the events found for the Greek sites (being more balanced within a year), as there was increased
probability of NPF events for the seasons with higher RH compared to other sites, making it a less
important factor for their occurrence.”

Line 369 (414): which factors remain constant?
RESPONSE: Added the word “meteorological”

Line 377 (420): reference?
RESPONSE: References for this are found in the introduction

Line: 398 (441 - 443): maximum? Low?
RESPONSE: Maximum changed to greatest. Low wind speeds changed to “close to zero wind
speeds”.

Line 420 (464): Ethesian: add few words what these are could be added
RESPONSE: A brief description has been added (“a pressure system that develops in the region
every summer”).

Table 3: what is a “p value”? has it been defined somewhere? In tables: the authors could use bold
text to highlight significant correlations? So these patterns/trends could be clearly seen?
RESPONSE: Added the definition of p-value (line 286). Used bold text for all correlation r > 0.50

Figures: no need to mention in each caption “of the present studies”
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RESPONSE: The phrase was removed

Line 433 (479): you could already mention here which pollutants (such as. . .) are studied and
described in the upcoming sections.

Added the chemical compounds studied in a parenthesis

Line 752 (806): “at higher values”?

Changed to “at sites with higher average values”

Line 755 (810): “meteorological conditions” such as?
“such as temperature or relative humidity” was added

Line 756-757 (812): is that the only explanation? How about chemistry/composition at such type of
site? Anything else that might play a role?

RESPONSE: Added “compared to the urban environments and the more complex chemical
interactions found there”

Line 782-783 (840): seems out of place here; it would be more suitable at the beginning of
conclusion section or removed.

RESPONSE: Moved the sentence to the start of the Conclusions section (line 796).

Interactive comment on Atmos. Chem. Phys. Discuss., https://doi.org/10.5194/acp-2020-555, 2020
B R R
RESPONSE: Additionally, four authors were added in the list of authors

Table 1 was updated

Bousiotis, D., Pope, F. D., Beddows, D. C., Dall’Osto, M., Massling, A., Nejgaard, J. K.,
Nordstrom, C., Niemi, J. V., Portin, H., Petdjd, T., Perez, N., Alastuey, A., Querol, X., Kouvarakis,
G., Vratolis, S., Eleftheriadis, K., Wiedensohler, A., Weinhold, K., Merkel, M., Tuch, T., and
Harrison, R. M.: An Analysis of New Particle Formation (NPF) at Thirteen European Sites, Atmos.
Chem. Phys. Discuss., https://doi.org/10.5194/acp-2020-414, in review, 2020.

Bousiotis, D., Dall'Osto, M., Beddows, D. C. S., Pope, F. D., and Harrison, R. M.: Analysis of new

particle formation (NPF) events at nearby rural, urban background and urban roadside sites, Atmos.
Chem. Phys., 19, 5679-5694, https://doi.org/10.5194/acp-19-5679-2019, 2019.
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ABSTRACT
Although new particle formation (NPF) events have been studied extensively for some decades, the
mechanisms that drive their occurrence and development are yet to be fully elucidated. Laboratory
studies have done much to elucidate the molecular processes involved in nucleation, but this
knowledge has yet to be linked to NPF events in the atmosphere

. There is great difficulty in successful application of the results from laboratory studies to
real atmospheric conditions, due to the diversity of atmospheric conditions and observations found,
as NPF events occur almost everywhere in the world without following a clearly defined
trend of frequency, seasonality, atmospheric conditions or event development. The present study

seeks common features in nucleation events by applying a binned linear regression over an

extensive dataset from 16 sites of various types ( rural and urban
backgrounds as well as roadside ) in Europe. A clear positive relation is found
between the solar radiation intensity , temperature and
atmospheric pressure with the of NPF events, while relative
humidity presents a negative relation with NPF event

Wind speed presents a less consistent relationship which appears to be heavily affected by local
conditions. While some meteorological variables
appear to have a crucial effect on the occurrence and characteristics of NPF events, especially at

rural sites, it appears that their role becomes less marked when at higher values.
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The analysis of chemical composition data presents interesting results. Concentrations of almost all
chemical compounds studied (apart from O3) and the Condensation Sink (CS) have a negative
relation with NPF event probability, though areas with higher average concentrations of SO>
had higher NPF event probability. Particulate Organic Carbon (OC), Volatile Organic Compounds
(VOCs) and particulate phase sulphate consistently had a positive relation with the growth rate of
the newly formed particles. As with some meteorological variables, it appears that at increased

concentrations of pollutants or the CS, their influence upon NPF probability is reduced.

15



472

473

474

475

476

477

78

79

80

481

482

483

484

485

486

487

488

89

90

91

1. INTRODUCTION

New Particle Formation (NPF) events are an important source of particles in the atmosphere
(Merikanto et al., 2009; Spracklen et al., 2010), which are known to have adverse effects on human
health (Schwartz et al., 1996; Politis et al., 2008; Kim, et al., 2015) as well as affecting the optical
and physical properties of the atmosphere (Makkonen et al., 2012; Seinfeld and Pandis, 2012).
While they occur almost everywhere in the world (Dall’Osto et al., 2018; Kulmala et al., 2017;

O’Dowd et al., 2002; Wiedensohler et al., 2019; Chu et al., 2019; Kerminen et al., 2018),

great diversity is found in the

atmospheric conditions within which they take place. Many studies have been done in a large
number of different types of locations (urban, traffic, regional background) around the world and
differences were found in both the seasonality and intensity of NPF events. To an extent this
variability is due to the mix of conditions that are specific to each location, which blurs the general
understanding of the conditions that are favourable for the occurrence of NPF events (Berland et al.,
2017; Bousiotis et al., 2020). For example, solar radiation is considered as one of the most
important factors in the occurrence of NPF events (Kulmala and Kerminen, 2008; Kirten et al.,
2016; Pikridas et al., 2015; Salma et al., 2011), as it is needed for the photochemical reactions that
lead to the formation of sulphuric acid (Pet4jd et al., 2009; Cheung et al., 2013)

is considered as the main component of the formation and growth of the initial clusters (lida

et al., 2008; Weber et al., 1995) in many cases
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NPF events did not occur in the seasons with the highest insolation (Park et al., 2015; Vratolis et al.,

2019). Similarly, uncertainty exists over the effect of temperature (Yli-Juuti et al., 2020;

Stolzenburg et al., 2018). Hhigher temperatures are considered favourable for the growth of the

newly formed particles as increased concentrations of both Biogenic Volatile Organic Compounds
(BVOCs) and Anthropogenic Volatile Organic Compounds (AVOCs) (Yamada, 2013; Paasonen et
al., 2013) and their oxidation products (Ehn et al., 2014) are associated towith the growth of the

particles. The negative effect of increasing temperatures in increasing the energy barriers the

clusters have to overcome to become stable and grow in size though should not be overlooked

(Kdirten et al, 2018; Zhang et al., 2012). This appears to be true in most cases, as higher growth

rates are found in most cases in the local summer (Nieminen et al., 2018), although the actual
importance of those VOCs in the occurrence of NPF events is still not fully elucidated, with

oxidation mechanisms still under intense research (Trostl et al., 2016; Wang et al., 2020). The effect

of other meteorological variables is even more complex, with studies presenting mixed results on
the effect of the wind speed and atmospheric pressure. Extreme values of those variables may be
favourable for the occurrence of NPF events, as they are associated with increased mixing in the
atmosphere, but at the same time suppress due to increased dilution of precursors (Brines et al.,

2015; Rimnacova et al., 2011; Shen et al., 2018; Siakavaras et al., 2016), or favour them due to a

reduced condensation sink (CS).
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The effect of atmospheric composition on NPF events is also a puzzle of mixed results. While the
negative effect of the increased CS is widely accepted (Kalkavouras
et al., 2017 ; Kerminen et al., 2004; Wehner et al., 2007), cases are found when NPF events occur
on days with higher CS compared to average conditions (GroR et al., 2018; Kulmala et al., 2005).
Sulphur dioxide (SO2), which is one of the most important contributors to many NPF pathways, in
most studies was found in lower concentrations on NPF event days compared to average conditions
(Alam et al., 2003; Bousiotis et al., 2019), although there are studies that have reported the opposite
(Woo et al., 2001; Charron et al., 2008). Additionally, in a combined study of NPF events in China,
events were found to be more probable under sulphur-rich conditions rather than sulphur-poor
(Jayaratne et al., 2017). Similar is the case with the BVOCs and AVOCs, which present great
variability depending the area studied (Dai et al., 2017), and their contribution in the growth of the
particles is not fully understood yet. Until recently, it was considered unlikely for NPF events, as
they are considered in the present study; (deriving from secondary formation not associated with
traffic related processes such as dilution of the exhaust), to occur within the complex urban
environment due to the increased presence of compounds, mainly associated with combustion
processes, which would suppress the survival of the newly formed particles within this type of
environment (Kulmala et al., 2017). Despite th , NPF events were found to occur within
even the most polluted areas and sometimes with high formation and growth rates (Bousiotis et al.,

2019; Yao et al., 2018).

18



530
531
532
533
534
535
536
‘537
538
539
’540
541
542
543
544
545
546
547
548

49

It is evident that while a general knowledge of the role of the meteorological and atmospheric
variables has been achieved, there is great uncertainty over the extent and variability of their effect
(and for some of them even their actual effect) in the mechanisms of NPF in real atmospheric
conditions, especially in the more complex urban environment (Harrison, 2017). The present study,
using an extensive dataset from 16 sites in six European countries, attempts to elucidate the effect
of several meteorological and atmospheric variables not only in general, but also depending on the
geographical region or type of environment. While studies with multiple sites have been reported in

the past_(Dall’Osto et al., 2018; Kulmala et al., 2005; Rivas et al., 2020), to the authors’eur

knowledge this is the first study that focuses directly on the effect of these variables upon the
probability of NPF events as well as the formation and growth rates of newly formed particles in

real atmospheric conditions.

2. DATA AND METHODS

2.1 Site Description and Data Availability

The present study uses a total of more than 85 years of hourly data from 16 sites from six countries
of Europe of various land usage and climates-from-which-1950-NPF-events were-extracted-and
studied. It was considered very important that at least a rural and an urban site would be available

from each country to study the differences between the different land usage on NPF events

throughout Europe. The sites were chosen to cover the greatest possible areaextent of the European

continent, with sites from both northern, central and southern Europe, as well as from western and
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eastern. The sites are located in the UK (London and Harwell), Denmark (Copenhagen greater

area), Germany (Leipzig greater area), Finland (Helsinki and Hyytiéld), Spain (Barcelona and

Montseny — a site in a mountainous area) and Greece (Athens and Finokalia). Unfortunately, not all

sites had available data for all the variables studied, which to an extentd may bias some of the

results. An extended analysis of the typical and NPF events> conditions, seasonal variations and

trends at these sites for the same period is found in other studies (Bousiotis et al., 2019; 2020). A

list of the available data and a brief description for each site is found in Table 1 (for the ease of
reading the sites are named by the country of the site followed by the last two letters which refer to
the type of site, being RU for rural/regional background, UB for urban background and RO for

roadside site), while a map of the sites is found in Figure 1. Fhe-NPFfrequency-and-formationrate

2.2 Methods
2.2.1  NPF events selection

NPF events were selected using the method proposed by Dal Maso et al (2005). As-of-thisan NPF

event is considered-identified when-a-new-mede-of particles-appearsby the appearance of a new

mode or particles in the nucleation mode (smaller than 20 nm in diameter), which prevails for some

hours and shows signs of growth. The events can then be classified into classes | and 1l according to
the level of cenfidencecertainty, while class | events can be further classified to la and Ib. E-with-la

events having both a clear formation of a 5y+-new mode of particles atin the smallest size bins
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available (thus excluding possible advected events) as well as a distinct and persistent growth of the

new mode of particles for at least 3 hours were classified as la, while Ib consists of rather clear

events that fail though by at least one of the criteria set. Additionally, for the roadside sites, a

formation of particles in the nucleation mode accompanied withby a significant increase of the

concentrations of pollutants was not considered as an NPF event, as it may be associated tewith

mechanisms other than the secondary formation. In the present study, only the events of class la

were considered with the additional criterion of at least 1 nm h-! growth for at least 3 hours.

2.2.2  Calculation of condensation sink, growth rate, formation rate, and NPF event
probability

The condensation sink (CS) is calculated according to the method proposed by Kulmala et al.,

(2001) as:

CS = 41D ,qy Z BurN )

where r and N is the radius and number concentration of the particles respectively and Dygp is the

diffusion coefficient calculated as (Poling et al., 2001):

Mzl + Mgk

air

Dyap = 0.00143 - T'7® )

x,air x,vap

1 1 \?
P<D3 + D3 )
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for T =293 K and P = 1013.25 mbar. M and Dy are the molar mass and diffusion volume for air and

sulphuric acid. Bm is the Fuchs correction factor calculated as (Fuchs and Sutugin, 1971):

14K,

Bm = (3)
1+ (i + 0.377) K, + ZK,>2

3a 3a
where Kp is the Knudsen number, calculated as Ky = 2Am/dp where Am is the mean free path of the

gas.
Growth rate (GR) is calculated as (Kulmala et al., 2012):

Dp, —
R=—2 P 4
G t, — t; @)

for the size range between the minimum available particle diameter up to 30 nm (50 nm for the UK
sites due to the higher minimum particle size available). The time window used for the calculation
of the growth rate was from the start of the event until a) growth stopped, b) GMD reached the

upper limit set or c) the day ended.

The formation rate J was calculated using the method proposed by (Kulmala et al., 2012) as:
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dN, GR
]dp = T‘l‘ Coangp X Ndp + A_dp X Ndp + SlOSSES (5)

where CoagSap is the coagulation rate of particles of diameter dp, calculated as (Kerminen et al.,

2001):
drp=max

CoagSy, = f K(d, d'p)n(d’p)dd’, = Z K(dp,d'p) Ng, (6)
drp=dp

K(dp, d’p) is the coagulation coefficient of particles with diameters dp and d’p, while Sisses accounts
for additional loss terms (i.e. chamber wall losses), which are not applicable in the present study.
For the present study, the formation rate of particles of diameter of 10 nm was calculated for

uniformity (16 nm for the UK sites), though most sites had data for particle sizes below 10 nm.

The NPF probability was
calculated by the number of NPF event days divided by the number of days with available data in
the given group (temporal, etc.). The results presented in this

study were alse-normalised according to the data availability, as:
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NNPF event days for group of days X

NPFprobability = N
days with available data for group of days X

2.2.3  Calculation of the and intercept for the variables used
Due to the large datasets available and the great spread of the values, a direct comparison between a
given variable and any of the characteristics associated with NPF events (NPF probability, growth
rate and formation rate) always provided results with low significance. As a result, an
alternative method which can provide a reliable result without the of the large
datasets was used in the present study, to investigate the relations between the variables which
are considered to be associated with the NPF events. For this, a timeframe which is more directly
associated with the NPF events typically observed in the mid-latitudes was chosen. For NPF
probability and GR the timeframe between 05:00 to 17:00 LT) was chosen, which is
considered the time when the vast majority of NPF events take place and further develop with the
growth of the particles. For the formation rate a smaller timeframe was chosen, 09:00 to 15:00 LT
which is + 3 hours from the time of the maximum formation rate found for almost all
sites (12:00 LT). This was done to exclude as far as possible the effect of the morning rush at the
roadside , as well as only to include the time window when the formation rate is mostly
relevant to NPF events (negative values that are more probable outside this timeframe

towith would bias the results).
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or the CS the timeframe 05:00 to 10:00 LT was chosen. This was done to avoid
including the direct effect of the NPF events as
well as to provide results for the conditions which either promote or suppress the characteristics
studied, which specifically for the CS are more important before the start of the events. The extreme
values (very high or very low) which bias the results only carrying a very small piece (forming bins
of very small size) of information were then removed, though 90% of the available data
used for all the variables. The data left was separated into smaller bins and a minimum of 10 bins
was required for each variable (for example if the difference between the minimum and the
maximum relative humidity (RH) is 70%, then 14 bins each with a range of 5% were formed). The
variables of interest were then averaged for each bin and plotted, and a linear relation was

considered for each one of them.

The of these linear relations (an, ac and a; for NPF probability, growth rate and
formation rate Jio accordingly) found in this analysis should be used with great caution as apart
from the atmospheric conditions (local and meteorological as well as atmospheric composition) it is
also affected by the variable in question (e.g. a greater NPF probability will provide a greater
), resulting in giving the same trend for all the atmospheric variables tested; the sites
with the higher values of these variables (NPF probability and formation rate) always had greater
values and vice versa. In order to remove the effect of the variable in question (NPF

probability or formation rate — growth rate will provide an result as it is
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64 calculated in a different range for each site due to the lower available size of particles), the

65 were normalised by dividing them by their respective variable (e.g. divide the

66 of the NPF probability with the NPF ), providing with a new
667 normalised slope (an* for NPF probability or a;* for the formation rate) that will have no

668 significance other than its absolute value, which can be used for direct comparisons:

669 = N
AN = NPF %
70 Where an is the of the relation between the given variable and NPF
71 (NPF %)
672
_ 9
673 ay = —
J1o
’574 Where aj is the of the relation between the given variable and the formation rate of

675 10 nm particles Jio (Ji6 for the UK sites).

676

677 3. RESULTS

678 In this study NPF events are generally observed as particles grow from a smaller size (typically 3-
’579 165 nm depending on the size detection limit of instruments used) to 30 nm or larger. They

680 therefore reflect the result both of nucleation, which creates new particles of 1-2 nm (not detected
681 with the instruments used in this study), and growth to larger sizes. In analysing NPF events, we

682 therefore consider three diagnostic features:
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83 e the frequeney-probability of events occurring (i.e. days with an event divided by total days with

84 relevant data, depending on the variable and range studied),

685 e the rate of particle formation at a given size (Jio in this case),

686 « the growth rate of particles from the lower measurement limit to 30 nm (or 50 nm for the UK

687 sites).

588 From the analysis of the extended dataset a total of 1952 NPF events were extracted and studied.

689 The NPF frequency, growth and formation rate for each site is found in Table 2. The seasonal

590 variation of NPF events is found in fFigure S14.

91

692
693 3.1 Meteorological Conditions

594 The slopes-gradients, coefficients of determination (ard-R2) and the p-values (deriving from one-

695 way ANOVA test) from the analysis of the meteorological variables, as well as the average
696 conditions of these variables are found in Table 3. The results for each site and variable are found in

697 fFigures S1 - S5.

698

699 3.1.1  Solar radiation intensity

’700 As mentioned earlier, solar radiation intensity is considered as-to be one of the most important
701 variables in NPF occurrence, as it contributes to the production of H2SO4 which is a main

702 component of the initial clusters and participates in the early growth of the newly formed particles.
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Hidy et al. (1994) reported up to six times higher SO oxidation rates into H2SO4 in typical summer
conditions compared to winter}. For almost all sites this relation is confirmed with very strong
correlations (R? > 0.75) between the intensity of solar radiation and the probability for NPF events
to occur.- The relationship between the solar radiation and NPF probability was positive at all sites
and only three sites (FINUB, SPARU and GREUB) presented weak correlations (R2 <belew 0.40).
Weaker correlations were found for the southern European sites, which might be associated with the
higher averages for solar radiation intensity, or the interference of other processes (such as
coinciding with increased CS by recirculation of air masses (Carnerero et al., 2019)), possibly

making it less of an important factor for these areas.

The relationship of solar radiation te-with the growth rate was weaker in all cases and did not

present a clear trend. Only some rural background sites (GERRU, FINRU and GRERU) A-few-sites

presented a strong correlation (R? > 0.50)..which-in-al-caseswere background sites {eitherrural-er
wrban)- The relationship found in most cases was positive apart from two roadside sites (GERRO

and UKRO)s and two urban background sites (GREUB and UKUB), though due to the low R? (<

0.10) these results cannot be used-considered with confidence. It seems though that the solar
radiation intensity is probably a more important factor at background sites rather than at roadside
sitess, where possibly local conditions (such as local emissions) are more important (Olin et al
2020). Finally, the formation rate has a positive relationship with the solar radiation intensity, with

relatively strong correlations in most areas (R > 0.50). The correlations were stronger at the rural
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background sites compared to the roadside , Which further underlines the increased importance
of this factor at this type of site. A negative relation between the solar radiation intensity and

the formation rate was found at the GRERU site but the R2 is very low

Plotting the normalised for NPF event probability an* with the average solar
radiation at each site (Figure 2) a negative relation is found (R2 = 0.62), with the
southern areas (those with higher average solar intensity) having smaller an* compared to those in
higher latitudes (and thus with a lower average solar radiation). This may indicate that while solar
radiation is a deciding factor in the occurrence of an NPF event, when in greater intensity its role
becomes relatively less important, a finding that was also implied by Wonaschiitz et al. (2015).
Additionally, the a;* was found to be higher at all rural sites compared to their respective roadside
(and urban background sites for all but the Greek and German ones), making it a more

important factor at this type of site (Figure 3).

3.1.2 Relative humidity

Relative humidity is considered to have a negative effect on the occurrence of NPF events (Jeong et
al., 2010; Hamed et al., 2011; Park et al., 2015; Dada et al., 2017; Li et al., 2019). While water in
the atmosphere is one of the main compounds needed for the formation of the initial clusters either
on the binary or ternary nucleation theory ( Korhonen et al., 1999; Mirabel

and Katz, 1974), atmospheric conditions it may also play a negative role suppressing the
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number concentrations of new particles by increasing aerosol surface area (Li et al. 2019).
Consistent with this, a negative relationship of the RH with NPF probability was found for all the
sites of this study with very high R for almost all of them (R? > 0.80). This is not simple to
interpret as solar radiation intensity, temperature, RH and CS are not independent variables, since
an increase in temperature of an air mass due to increased solar radiation will be associated with
reduced RH, which in turn affects the CS. The sites in Greece presented lower RZ compared to the

other sites while, GRERU was found to have the weakest correlation (R? = 0.22). This may be due

to the different seasonality of the events found for the Greek sites (being more balanced within a

year), as there was increased frequency of NPF events for the seasons with higher RH compared to

other sites, making it a less important factor for their occurrence. Growth rate on the other hand had

a variable relationship, either positive or negative, with only a handful of background sites having
strong correlations. T-Ameng-these-the German background sites as well as FINRU, which were
among the sites with the highest average RH (average