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Journal: ACP - MS No.: acp-2018-1057 
Title: Analysis of New Particle Formation (NPF) Events at Nearby Rural, Urban Background and Urban 
Roadside Sites 
Author(s): Dimitrios Bousiotis et al. 
 

RESPONSE TO REVIEWERS 
 
We thank the reviewers for their valuable comments, and respond point by point below. 
 
ANONYMOUS REFEREE #2 
Manuscript entitled ’Analysis of New Particle Formation (NPF) Events at Nearby Rural, Urban Background 
and Urban Roadside Sites’ by Bousiotis et al. reports the occurrence of new particle formation events at 
three sites of different environments in the United Kingdom: Rural, urban background and near road 
sites. The authors study parameters of new particle formation such as frequency, growth rates, number 

concentration of sizes 16 – 20 nm, condensation sink, urban increment, nucleation strength factor and 

survival probability. The authors also report trajectory cluster analysis as well as the connection of NPF 
between the three different sites. In general, the manuscript, contains valuable data (three sites of 
different environments) and treasured statistics (7 years of data). In addition, the manuscript is well written 
and literature from around the world is acknowledged. However, the authors make big assumptions and 
conclusions without enough supporting data. The major concerns listed below need to be addressed before 
the manuscript is considered for publication in ACP. 
 
Major Comments: 
1.   The authors report the observation of new particle formation events at three sites in the UK based on 
visual inspection of CPC (> 7 nm) and SMPS (> 16.6 nm). The general character of NPF events is missing. The 
lowest limit of the instrument is an issue and no big conclusions can be made before ensuring that the 
observed plume of particles is related to a new particle formation event. Authors should report how these 
events look like and whether they have a growing mode shape. Also, more characteristics of the growth 
should be reported such as possible shrinkage (see e.g. Salma et al. (2016)) and the size these particles 
reach. An example surface plot from each site should be added to the manuscript. 
 
Let’s take for example a regional event surface plot from Kerminen et al. (2018): figure 1, if we cannot 
observe the information below 16 nm, how can the authors prove that the increase in particle 
concentration is related to NPF, figure 2. 

 
Figure 1 Regional Event example. Figure from Kerminen et al 2018. 
 

 
Figure 2 Modified figure 1. 
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The manuscript refers to many NPF studies from around the world, many of which report NPF starting from 
6 nm (Salma et al., 2017), 3 nm (Dal Maso et al., 2005), 1.7 nm (Kirkby et al., 2016) while their 
measurement starts from 16.6 nm. The authors should present evidence that these observed particles are 
related to new particle formation events, and not for example a traffic growing mode (Brines et al., 
2015). 
RESPONSE:  The dataset available, as mentioned in the text ranges from 16.6 to 604 nm. To 
overcome this limitation additional data was used to ensure the correct identification of the NPF 
events.  
To achieve this: 

 CPC data was used to provide insight into whether there was an increase on the number of 
particles of smaller size. An increased number of particles in the size range 7 – 16 nm 
(provided by the CPC data) right before or at the same time when observed in the SMPS data 
was a necessary criterion for the occurrence of an event. 

 High resolution pollution data was used alongside particle number concentration data in a side 
by side comparison. A sharp increase in the particle number concentration which was 
accompanied by a similar increase in the concentrations of pollutants was an indication that 
these particles were probably associated with pollutant emissions. This was mainly an issue in 
the roadside (MR) and to a smaller extent with the background sites. Increased particle 
number concentrations observed at times matching the morning or evening traffic rush hours 
were also ignored at MR as they always coincided with increased concentrations of pollutants. 

 Meteorological data was used. This mainly applies to the urban background site (NK), being in 
close proximity to London city centre. The possibility of a plume of pollution originating from 
the London city centre was considered when the site was downwind of it. A power plant to the 
northeast of the rural background site (HW) was also considered as a possible source of 
particles, though the distance is larger. Finally, as mentioned in the text, Heathrow airport and 
its influence were also considered. 

 
In addition to this, the criteria set by Dal Maso et. al. (2005) were fully considered and unless there 
was a clear new mode of particles at the lower size range of the nucleation mode with a clear growth 
for at least 3 hours, an NPF event was not assigned. An example of the appearance of the events 
for each site has been added in the manuscript. Additionally, a discussion of particle shrinkage at 
later stages, which was observed at MR, is also added to the text. 

Due to the limitations of the dataset, events in which the newly formed particles failed to grow to 
greater than 16 nm could not be seen except in the CPC data. These were rare and due to lack of 
additional information about their development were ignored. This clarification has been added in 
the text. 

2.   Section 2.1: Which years are studied? 
RESPONSE:  The years studied are 2009 – 2015. This information has been added in the text. 

 
3.   Section 2.1: Distance between the three sites should be mentioned. 
RESPONSE:  The distance between MR and NK is 4.5 km. The distance between HW and London 
city centre is about 80 km. This information has been added to the text. 

 
4.   Section 2.2.1: Authors report a visual inspection of CPC and SMPS data. 
-     How was this exactly done? Please elaborate. 
-     Was there any kind of counter-calibration done between these instruments? 
RESPONSE:  The method used was visual inspection of SMPS data supplemented by the use of 
CPC data to confirm the increase of the particle number concentration in the smaller size range (7 
– 16 nm), as mentioned in (1). The text has been updated to clarify the method used.  Both 
instruments are calibrated by the National Physical Laboratory according to the latest 
internationally recommended protocols.   
 
5.   Section 2.2.2: Calculation of the growth rates: 
-     Size of growth rates should be mentioned. E.g. growth from 7 to 20 nm? To 50 nm? 
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-     How many points were taken in calculating the GR? 
-      Line 290: Authors claim that GR in NK (4.4 nm/h) are higher than the regional events GR (3.9 nm/h), 
what is the error bar on these calculations? Accordingly, these growth rates might be similar. 
RESPONSE:  As the lower size available was 16 nm, a calculation of the growth rate up to 50 nm 
was chosen (rather than up to 30 nm, which provided poor results in many cases due to the small 
range). The number of points taken depended on the development of the event and were considered 
from the start of the event until a) growth stopped, b) GMD reached 50 nm or c) the day ended. 
These points were added to the manuscript to clarify the method used.  

On the third point made, due to the large variation of the growth rates of the events, the error bars 
are overlapped for the two groups of events. This has been included as a note in the text. 

6.   On line 178: the author mention nucleation mode, which is by definition number of particles between 3 
and 25 nm, while the authors conduct a large study on a small fraction of this nucleation mode ( 16 – 25 
nm). 
RESPONSE:  We are not aware of a widely recognised definition of the nucleation mode, with the 
term taking in different size ranges in the literature. Regardless of that, in the text it is mentioned that 
“NPF events are considered when a distinctly new mode of particles which appears in the size 
distribution at nucleation mode size, prevails for some hours and shows signs of growth”, which is 
accurate in relation to the criteria set for NPF event selection in this study. 

7.   Section 2.2.4: Reference to Kulmala et al. 2017, calculating P = CS’/GR. What GR was used here? See 
point 4. 
RESPONSE:  The growth rate and condensation sink used are the ones calculated by the methods 
mentioned in the text. A clarification of this has been added in the text. 
 
8.   Section 3.1.1: Reference to Figure S1: cloudiness, and RH…. Is missing. Was cloudiness measured or 
calculated? 
RESPONSE:  Cloud amount data, as for all other meteorological data were measurements 
provided by the Met Office, as mentioned in the text. A plot with average cloud amount for each 
site has also been added in the supplementary. 
 
9.   Section 3.1.2: How can the authors prove that NPF events are happening at the near road site and not 
transported to the location? 
RESPONSE:  It cannot be stated with certainty whether the NPF took place at the site or particles 
were advected. What can be said though with confidence is that regardless of where the particle 
formation took place (either on the spot or in the close vicinity, as particles of that size range 
cannot travel to distances greater than some kilometers before either reaching detectable sizes or 
being diluted – especially in a polluted environment such as the London city centre), the new mode 
not only persists but it also grows for at least 3 hours. A clarification of this has been added in the 
text.  If the events at the roadside site were due to advection, or a purely regional phenomenon, a 
much closer correlation of event days and growth rates between MR and NK would be expected 
than was observed.   
 
10. The authors make big conclusions regarding the SO2 driving mechanism of NPF which cannot be proved 

without adequate chemical speciation of the particles formed. These conclusions shall be minimized 
throughout the manuscript. Authors could try calculating sulfuric acid proxy from SO2 and CS (Petäjä et al., 
2009). 
RESPONSE:  In the text is stated that SO2 was found to be lower on event days compared to the 
average, which logically leads to the conclusion that either the greater concentrations of SO2 are 
associated with a more polluted environment with an increased condensation sink (which 
consequently has a negative effect in the occurrence of an event), or its concentration is adequate 
and it is not a factor affecting the occurrence of an event (positively or negatively). The calculation 
of the H2SO4 proxy was carried out and provided information that did not help in clarifying this point. 
It was found that the proxy was higher on event days at the background sites and gave an unclear 
result for the roadside. This result though provides no additional information as the increased values 
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of the proxy are the result of the higher solar radiation and the lower condensation sink found during 
events. Changes were made in the text to “soften” these conclusions. 

 
ANONYMOUS REFEREE #1 
The MS mainly deals with the occurrence frequency, particle growth rate, condensation sink, nucleation 
strength factor, survival parameter and relationships among them at 3 different locations (rural, urban 
background and urban roadside sites) in the UK over several years. It contains valuable results and 
conclusions. Some parts of the MS should be elaborated better (some items are given below as examples), 
and they can definitely be handled and improved. There is, however, a conceptual weakness of the study 
related to the lower diameter limit of the SMPS system (of 16.6 nm) which can represent the largest source 
of inconclusive or ambiguous interpretations for the urban sites. 
 
Major comment: 
1. New particle formation and growth events are mainly identified, separated from emission sources and 
classified on the basis of particle number size distributions in the particle diameter range <20 nm (e.g. 
Kulmala et al., Nat. Protoc., 7, 1651–1667, 2012). The diameter interval available for this in the evaluated 
work, namely 16.6–20 nm is quite narrow in particular, when you consider the logarithmic scale of the 
abscissa of size distributions. More importantly, the lower limit is requested to be even smaller (preferably 
below 10 nm or at 3 nm) for studies in urban atmospheric environments, where huge emission peaks can 
temporary dominate the smallest size ranges as well (Nieminen et al., Atmos. Chem. Phys., 
18, 14737–14756, 2018). This property (16.6 nm lower limit) of the measuring system and its consequences 
for the data treatment, results and conclusions at the urban sites should definitely be discussed in detail, 
explained and resolved before any further opinion could be formed or decision can be made. 
RESPONSE:  The limitations and consequences due to the available dataset, as well as the 
additions in the method to ensure the correct selection of NPF events are explained at length in the 
response to Referee #2 (earlier in this document). As a result of this, clarification of the method and 
the additional data used have been added to the text. 
 
Some minor comments: 
1. Lines 21, 69, etc.: it is advised not to start a sentence with abbreviation. 
RESPONSE:  Text updated to address the comment. 

 
2. Line 61: consider writing primary particles or emission sources instead of primary emissions. 
RESPONSE:  Text updated to address the comment. 

 
3. Lines 106–109: it is unusual to attribute particles with a diameter between 1.3 and 3 nm to road traffic 
emissions, and, therefore, this should be discussed and explained in more detail. 
RESPONSE:  Text updated to accurately reflect the conclusions of the study mentioned. 

 
4. Lines 149–151 or Table 1: supply more detailed data coverage, e.g. for each year or season of years. 
RESPONSE:  Table has been added in the S.I. for detailed seasonal data coverage. 

 
5. Lines 198–203: it is requested that the diameter of particles under consideration is specified as the 
growth rate changes with diameter. 
RESPONSE:  Text updated to include the size range of the particles considered in the calculation 
of the growth rate. 

 
6. Lines 262, 263, Table 2: revisit your rounding off strategy. 
RESPONSE:  Text and tables updated to follow a uniform rounding scheme. 

 
7. Lines 462–463: remove; it is a repetition from lines 235–239. 
RESPONSE:  Text updated to remove repeated information. 
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8. Fig. 2: it is unclear from the figure or related text which time interval was considered here. A number of 
NPF events of 90 at Harwell in summer (JJA, 92 days) should be clarified to avoid any misunderstanding. 
RESPONSE:  The figure’s description has updated to clarify the period plotted. 
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ABSTRACT 29 

New Particle fFormation (NPF) events have different patterns of development depending on the 30 

conditions of the area in which they occur. In this study, NPF events occurring at three sites of 31 

differing characteristics (rural Harwell (HAR), urban background North Kensington (NK), urban 32 

roadside Marylebone Road (MR), London, UK) were studied (seven years of data). The different 33 

atmospheric conditions in each study area not only have an effect on the frequency of the events, 34 

but also affect their development. The frequency of NPF events is similar at the rural and urban 35 

background locations (about 7% of days), with a high proportion of events occurring at both sites 36 

on the same day (45%).  The frequency of NPF events at the urban roadside site is slightly less (6% 37 

of days), and higher particle growth rates (average 5.5 nm h-1 at MR compared to 3.4 nm h-1 and 4.2 38 

nm h-1 at HAR and NK respectively) must result from rapid gas to particle conversion of traffic-39 

generated pollutants.  A general pattern is found in which the condensation sink increases with the 40 

degree of pollution of the site, but this is counteracted by increased particle growth rates at the more 41 

polluted location.  A key finding of this study is that the role of the urban environment leads to an 42 

increment of 20% in N16-20nm in the urban background compared to that of the rural area in NPF 43 

events occurring at both sites. The relationship of the origin of incoming air masses is also 44 

considered and an association of regional events with cleaner air masses is found. Due to lower 45 

availability of condensable species, NPF events that are associated with cleaner atmospheric 46 

conditions have lower growth rates of the newly formed particles. The decisive effect of the 47 

condensation sink in the development of NPF events and the survivability of the newly formed 48 
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particles is underlined, and influences the overall contribution of NPF events to the number of 49 

ultrafine particles in an area. The other key factor identified by this study is the important role that 50 

urban pollution plays in new particle formation events. 51 

 52 

53 
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1.  INTRODUCTION 54 

Ultrafine particles (particles with diameter smaller than 100 nm) typically make the greatest 55 

contribution in the total particle count, especially in urban environments (Németh et al., 2018), but a 56 

very small contribution to total volume and mass (Harrison et al., 2000). Research studies have 57 

indicated that ultrafine particles can cause pulmonary inflammation and may contribute to 58 

cardiovascular disease (Oberdörster, 2000) and have increased possibility to penetrate the brain and 59 

central nervous system (Politis, Pilinis and Lekkas et al., 2008) compared to fine and coarser 60 

particles.  Since some studies report that toxicity per unit mass increases as particle size decreases 61 

(Penttinen et al., 2001; MacNee et al., 2003; Davidson et al., 2005); it is considered possible that 62 

particle number concentrations may be a better predictor of health effects than mass concentrations 63 

(Harrison et al., 2000; Atkinson et al., 2010; Kelly et al., 2012; Samoli et al., 2016). Additionally, 64 

NPF events have an impact on climate (Makkonen et al., 2012) either by increasing the number of 65 

cloud condensation nuclei (Spracklen et al., 2008; Merikanto et al., 2009; Dameto de España et al., 66 

2017; Kalkavouras et al., 2017), or directly affecting the optical properties of the atmosphere 67 

(Seinfeld and Pandis, 2012). 68 

 69 

The sources of ultrafine particles in urban areas can either be primary particles or emission sourcess 70 

from traffic (Shi et al., 1999; Harrison et al., 2000), airports (Masiol et al., 2017) and other 71 

combustion related processes (Keuken et al., 2015; Kecorius et al., 2016), or by new particle 72 

formation (NPF) from gaseous precursors. NPF New particle formation as described by Kulmala et 73 
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al. (2014), is the process of production of low-volatility vapours, clustering of these vapours, 74 

nucleation, activation of the clusters with a second group of vapours and condensational growth to 75 

larger sizes. This process can occur both locally or on a larger scale; in the latter case the events are 76 

characterized as regional. Regional events have been found to take place in a scale of hundreds of 77 

kilometres (Németh and Salma, 2014; Shen et al., 2018), without being affected by air mass 78 

advection (Salma et al., 2016). NPF is one of the main contributors of particles in the atmosphere 79 

(Spracklen et al., 2010; Kulmala et al., 2016; Rahman et al., 2017) and this relative contribution 80 

increases moving from a kerbside to a rural area (Ma and Birmili, 2015). While NPF events in rural 81 

and remote areas have been widely studied for many years (O’Dowd et al., 2002; Dal Maso et al., 82 

2005; Ehn et al., 2010; Dall'Osto et al., 2017; Kalkavouras et al., 2017), in urban areas intensive 83 

studies have started mainly in recent years (Jeong et al., 2010; Minguillón et al., 2015; Peng et al., 84 

2017; Németh et al., 2018). Early studies in Birmingham, UK highlighted the connection of NPF 85 

events with solar radiation (Shi et al., 2001) and a low condensation sink (Alam et al., 2003), a 86 

measure of pre-existing aerosol loading (Dal Maso et al., 2002). The importance of a low 87 

condensation sink was further underlined by later studies, as being one of the most influential 88 

variables in the occurrence of NPF in all types of environment (Wehner et al., 2007; Park, Yum and 89 

Kim, 2015; Pikridas et al., 2015). An important contributor to many NPF pathways is SO2 (Woo et 90 

al., 2001; Berndt et al., 2006; Laaksonen et al., 2008), which in the presence of solar radiation forms 91 

H2SO4, often the main component of the initial clusters (Kuang et al., 2008; Kulmala et al., 2013; 92 

Bianchi et al., 2016; Kirkby et al., 2016). Dall’Osto et al. (2013) pointed out that the role of SO2 is 93 
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less significant in urban areas compared to rural and background areas. SO2 concentration 94 

variability in urban areas was found to have a small impact on the frequency of NPF events (Alam, 95 

Shi and Harrison et al., 2003; Jeong et al., 2010), though it can have an effect on the number of 96 

particles formed (Charron, Birmili and Harrison et al., 2007). Furthermore, Dall’Osto et al. (2018) 97 

in their research at 24 sites in Europe, pointed out the different role SO2 seems to play depending on 98 

its concentration, and that of other species. Jayaratne et al. (2017) however found that in the heavily 99 

polluted environment of Beijing, China, NPF events were more probable in sulphur rich conditions 100 

rather than sulphur poor. Apart from its role in the initial formation of the clusters, H2SO4 seems to 101 

participate in the early stages of growth of the newly formed clusters (Kulmala et al., 2005; Iida et 102 

al., 2008; Xiao et al., 2015). In later stages of growth, low or extremely low volatility organic 103 

compounds (O’Dowd et al., 2002; Laaksonen et al., 2008; Metzger et al., 2010; Kulmala et al., 104 

2013; Tröstl et al., 2016; Dall’Osto et al., 2018) appear to be more important, while the role of 105 

ammonium nitrate in particle growth is also considered (Zhang et al., 2017). While in rural areas the 106 

organic compounds are mainly of biogenic origin (Riccobono et al., 2014; Kirkby et al., 2016), in 107 

urban areas they mainly originate from combustion procedures processes (Robinson et al., 2007; 108 

Gentner et al., 2012). Many comparative studies have reported higher growth rates in urban areas 109 

compared to background  sites (Wehner et al., 2007; Jeong et al., 2010; Salma, et al., 2016; Wang et 110 

al., 2017), as well as greater particle formation rates (Salma, et al., 2016; Nieminen et al., 2018) and 111 

a higher frequency of NPF events (Peng et al., 2017), which was attributed to the higher 112 

concentration of condensable species. Salma et al. (2014) however reported fewer NPF events in the 113 
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city centre of Budapest compared to the urban background, due to the higher condensation sink. 114 

Due to the complexity of the conditions and mechanisms within an urban area (Harrison, 2017), 115 

NPF events are harder to study and factors to be attributed. A large number of particles of size 1.3 – 116 

3 nm has been attributedIncreased concentrations of particles in the size range 1.3 – 3 nm were 117 

measured at a kerbside site when being downwind from the road, following the trends ofin traffic-118 

related nucleation mode particles, associating them to with traffic emissions at a kerbside site and 119 

thus not related toresulting from homogeneous nucleation mechanisms (Rönkkö et al., 2017; 120 

Hietikko et al., 2018), and studies in Barcelona, Spain (Dall’Osto et al., 2012; Brines et al., 2014) 121 

and Leicester, U.K. (Hama et al., 2017), attributed a larger portion of nucleation mode particles to 122 

vehicular emissions compared to photochemically induced nucleation. As the condensation sink is 123 

higher within an urban environment, NPF events are less favoured. Their occurrence is attributed to 124 

either ineffective scavenging or the higher growth rate of the newly formed particles (Kulmala et 125 

al., 2017), when sufficient concentrations of precursors are present in the atmosphere (Fiedler et al., 126 

2005), as particle formation was found to take place on both event and non-event days (Riipinen et 127 

al., 2007). 128 

 129 

In this study, NPF events in three areas of different land use in the southern U.K. are analyzed. 130 

Studies for NPF events have been conducted in the past for Harwell, Oxfordshire (Charron et al., 131 

2007; 2008) and the effect of NPF upon particle size distributions was also considered for N. 132 

Kensington, London (Beddows et al., 2015). A combined study including all three sites has also 133 
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been conducted, but in the aspect of ultrafine particle variation (Von Bismarck-Osten et al., 2013). 134 

The present study is the first to use a combined long term database for all three sites, focusing on 135 

the trends and conditions of NPF events at these sites, as well as the first which identifies NPF 136 

events at the highly trafficked Marylebone Road site, as up to this point ultrafine particles were 137 

attributed only to traffic (Charron and Harrison, 2003; Dall’Osto et al., 2011). As in this study a 138 

rural and an urban background area are studied alongside a kerbside site in the city of London in 139 

close proximity, the conditions and development of NPF events in a mid-latitude European region 140 

are discussed in relation to the influence of different local environments. 141 

 142 

2.  DATA AND METHODS 143 

2.1  Site Description and Data Availability 144 

This study analyseds NPF events in three areas in the southern United Kingdom (Fig. 1). Harwell in 145 

Oxfordshire, is located about 80 km west of the greater London area. The site is in the grounds of 146 

the Harwell Science Centre in Oxfordshire (51° 34' 15" N, 1° 19' 31" W) and is representative of a 147 

rural background area; a detailed description of the site was given by Charron et al. (2013). North 148 

Kensington is a suburban area in the western side of London, U.K, 4.5 km west of Marylebone 149 

Road. The site is located in the grounds of Sion Manning School (51° 31' 15" N, 0° 12' 48" W) and 150 

is representative of the urban background of London. A detailed description of the site was given by 151 

Bigi and Harrison (2010). Marylebone Road is located in the centre of London, U.K. The site is 152 

located on the kerbside of Marylebone road (51° 31' 21" N; 0° 9' 16" W), a very busy arterial route 153 

Commented [DB(wISAS+5]: Addressing comment 3 (2nd) 
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within a street canyon. A more detailed description of the area can be found in Charron and 154 

Harrison (2003). 155 

 156 

At all three sites, seven years (2009 – 2015) of particle number size distributions in the range of 157 

16.6 – 604 nm have been measured and recorded as 15-minute averages, using a Scanning Mobility 158 

Particle Sizer (SMPS), comprised by an Electrostatic Classifier (EC, TSI model 3080) and a 159 

condensation Particle Counter (CPC, TSI Model 3775), operated on behalf of the Department for 160 

Environment, Food and Rural Affairs (DEFRA) in the U.K. At all sites the inlet air is dried, and 161 

operation is in accord with the EUSAAR/ACTRIS protocol (Wiedensohler et al., 2012). These 15-162 

minute measurements were averaged to an hourly resolution. In Harwell there were 46930 hours of 163 

available SMPS data (76.5% coverage), in N. Kensington 51059 (83.3% coverage) and in at 164 

Marylebone Road 45562 (74.3% coverage). Detailed data availability is found in tTable S1.  A free-165 

standing CPC (TSI model 3022A) also operated alongside for most of the years of the survey and 166 

was used to give an estimate of particles in the 7-16.6 nm range by difference from the SMPS.  167 

 168 

Additionally, air pollutants and other aerosol chemical composition data were extracted from the 169 

DEFRA website (https://uk-air.defra.gov.uk/). Meteorological data for Harwell and Heathrow 170 

airport (used for N. Kensington and Marylebone road) were available from the Met Office, while 171 

solar radiation data from Benson station (for Harwell) and Heathrow airport (for N. Kensington and 172 

Marylebone Road), were extracted from the Centre for Environmental Data Analysis (CEDA) site 173 

Commented [DB(wISAS+6]: Addressing comment 2 (2nd) 

Commented [DB(wISAS+7]: Addressing comment 4 (1st) 

https://uk-air.defra.gov.uk/


10 
 

(http://www.ceda.ac.uk). Back trajectory data calculated using the HYSPLIT model (Draxler and 174 

Hess, 1998), were extracted by the NOAA Air Resources Laboratory 175 

(https://ready.arl.noaa.gov/READYtransp.php) and were processed using the Openair package for R 176 

(Carslaw and Ropkins, 2012).  177 

 178 

2.2  Methods 179 

2.2.1  NPF events selection 180 

The identification of the NPF event days was made by visual inspection of SMPS data, 181 

supplemented with the use ofand CPC data to confirm the formation of a new mode of particles, 182 

using the criteria set by Dal Maso et al. (2005). NPF events are considered when a distinctly new 183 

mode of particles which appears in the size distribution at nucleation mode size, prevails for some 184 

hours and shows signs of growth. Using these criteria, NPF events are classified into two classes, I 185 

and II depending on the confidence level. Class I events are further classified to Ia and Ib, with class 186 

Ia containing very clear and strong particle formation events, while Ib contains less clear events. In 187 

this study the events of class Ia are only are considered as being the most suitable for analysing case 188 

studies of NPF events (Figure S1). At this point it should be mentioned that due to the particle size 189 

range available, NPF events in which new formed particles failed to grow beyond 16.6 nm (if any) 190 

could not be identified. Though such rare formationsoccasions were identified using the CPC data, 191 

bursts of new particles in the size range < 16.6 nm that did not appear onin the SMPS dataset were 192 

ignored as their development was unknown.  High time resolution data for gaseous pollutants and 193 
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aerosol constituents was used to identify pollution events affecting particle concentrations and these 194 

were removed from the data analysis.  This analysis took account of the fact that nanoparticle 195 

emissions from Heathrow Airport affect size distributions at London sites (Harrison et al., 2018), 196 

and such primary emission influences were not included as NPF events.  197 

 198 

2.2.2  Calculation of the condensation sink and growth rate 199 

For the calculation of the condensation sink the method proposed in Kulmala et al. (2001) was used 200 

in which the condensation sink is calculated as 201 

 202 

  (1) 203 

 204 

where r is the radius of the particles and N is the number concentration of the particles. D is the 205 

diffusion coefficient calculated (for T = 293 K and P = 1013.25 mbar) according to Polling et al. 206 

(2000): 207 

 208 

 (2) 209 

 210 
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where P is air pressure, M is the molar mass and Dx is the diffusion volume for air and H2SO4. βM is 211 

the Fuchs correction factor calculated as (Fuchs et al., 1971): 212 

 213 

 (3) 214 

 215 

where Kn is the relation of the particle diameter and the mean free path of the gas λm, called the 216 

Knudsen number. 217 

 218 

The growth rate of the particles on nucleation event days was also calculated as proposed by 219 

Kulmala et al. 2012, using the formula  220 

 221 

 (4)  222 

 223 

for the size range 16.6 – 50 nm. The number of points taken depended on the development of the 224 

event and were considered from the start of the event until a) growth stopped, b) GMD reached 50 225 

nm or c) the day ended. 226 

for the period of each event day when growth was observed. 227 

 228 

 229 
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2.2.3  Calculation of the urban increment (U.I.) 230 

The urban increment is defined as the ratio of the number concentration of particles below 20 nm 231 

for event days to the average (for the period April – October, when the majority of the events take 232 

place) for North Kensington to that at Harwell. This provides with a measure of the new particles 233 

formed in each area in comparison to the average conditions, and is calculated by 234 

 235 

U.I. =  (5) 236 

 237 

where NKNuc Max is the maximum concentration of particles below 20 nm found in the diurnal cycle 238 

on event days (found at 13:00) and NKBg is the average mean concentration at the same time (same 239 

for Harwell in the denominator). 240 

 241 

2.2.4  Calculation of nucleation strength factor (NSF) and the P parameter  242 

The Nucleation Strength Factor (NSF) was proposed as a measure of the effect nucleation events 243 

have in the composition of ultrafine particles in an area. Two factors were proposed. First is the 244 

NSFNUC. This is calculated as  245 

 246 

 (6) 247 
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 248 

and provides of a measure of the concentration increment on nucleation days exclusively caused by 249 

new particle formation (NPF). The second factor is NSFGEN calculated as 250 

 251 

 (7) 252 

and gives a measure of the overall contribution of NPF on a longer span (Salma et al. 2017). 253 

The dimensionless survival parameter P, as proposed in Kulmala et al. (2017), was calculated as 254 

 255 

 256 

where CS’ = CS/(10-4 s-1) and GR’ = GR/(1 nm hour-1). CS and GR values used aswere calculated 257 

with the methods mentioned at 2.2.2. An increased P parameter is an indication that a smaller 258 

percentage of newly formed particles will survive to greater sizes. Hence this is the inverse of 259 

particle survivability, and values of P<50 are typically required for NPF in clean or moderately 260 

polluted environments, although higher values of P are observed in highly polluted atmospheres 261 

(Kulmala et al, 2017). 262 

 263 

 264 

 265 
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3.  RESULTS AND DISCUSSION 266 

3.1  NPF Events at in the Background Areas 267 

3.1.1  Conditions and trends of NPF events 268 

The number of NPF event days for each site per year, those that took place simultaneously on at 269 

both urban and rural background sites, as well as those events that took place in at all three sites 270 

simultaneously appear in Table 1. Given that overall data recovery was in the range of 74-83%, 271 

results from individual years are unreliable, but the seven-year runs should average out most of the 272 

effects of incomplete data recovery. The number of events is similar for Harwell and N. 273 

Kensington, with a frequency of about 7% of all days with data. There is a clear seasonal variation 274 

favouring summer and spring (Figure 2) for both areas of the study. A similar pattern of variation 275 

was found for N. Kensington by Beddows et al. (2015). In general, higher solar radiation, lower 276 

relative humidity, low cloud cover and higher pressure conditions, lower concentrations of 277 

pollutants as well as lower condensation sink are found when NPF events took place in all areas 278 

(Figure S21), as was also reported by Charron et al. (2007) for Harwell. While SO2 is one of the 279 

main factors for NPF events to occur, concentrations are lower when events take place. This is 280 

indicative that SO2 concentrations in these areas are sufficient for events to take place, and higher 281 

concentrations are likely to be associated with higher pollution and a higher condensation sink. The 282 

proxy for [H2SO4] was calculated for the background sites using the method outlined in (Petäjä et 283 

al., (2009) and was found to be higher on event days for both background sites (results not 284 

included). This indicates the possible positive effect of increased concentrations of H2SO4 in the 285 

Field Code Changed
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occurrence of NPF events as well as, since SO2 concentrations were found lower, the increased role 286 

of either the solar radiation (via the formation of OH radical) or the reduced condensation sink to its 287 

formation. This is alsoSimilar isFor the case for of gaseous ammonia (results not included) for 288 

Harwell where data was available, as there was no distinct variation found between event and non-289 

event days, but as the concentration of ammonia in the U.K. is in the range of few ppb (Sutton et al., 290 

1995), it is sufficient according to ternary nucleation theory (Korhonen et al., 1999) for NPF events 291 

not to be limited by ammonia. The average growth rate for Harwell was found to be 3.37 4 nm h-1, 292 

within the range given by Charron et al. (2007) and  higher at N. Kensington at 4.22 nm h-1, a trend 293 

found for all seasons (Figure 3). The increased growth rate in the urban area can be related to the 294 

greater presence of organic matter and other condensable species. In both areas NPF events had 295 

higher growth rates in summer than in spring, as was also found in previous studies (Kulmala et al., 296 

2004; Nieminen et al., 2018). This may be associated with the higher presence concentration of 297 

organic compounds emitted by trees during summer (Riipinen et al., 2007), or faster oxidation rates 298 

due to higher concentrations of hydroxyl radical and ozone (Harrison et al., 2006).  299 

 300 

About 45% of the events took place simultaneously in both background areas. These events are 301 

characterized as regional, as NPF takes took place in on a larger scale, regardless of the local 302 

conditions on of the given area. In this case, meteorological conditions were even clearer, indicative 303 

of the greater dependence of regional events on synoptic conditions rather than local. While most 304 

chemical constituents were also lower in concentration during regional events, different patterns 305 
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were found for organic compounds and sulphate for each background area. In Harwell sulphate was 306 

higher during regional events, while in N. Kensington organic compounds were higher during 307 

regional events. This may be indicative of the variable role that specific chemical species have in 308 

condensational nanoparticle growth (Yue et al., 2010). In all cases though, the concentrations of 309 

these species were lower compared to the average conditions. Despite these differences, the growth 310 

rate of particles was found to be higher for local events in N. Kensington (4.4 nm h-1) compared to 311 

regional events (3.9 nm h-1), though within the margin of erroruncertainty. In Harwell, no difference 312 

was found in the growth rate between regional and local events. 313 

 314 

3.1.2  Variability of the origin of the air masses on NPF events  315 

As both background areas sites are relatively close to each other (about 80 km) and had similar 316 

number of event days, a combined clustering of back trajectories for the event days (only) in these 317 

two areas was attempted. This would provide an insight into the origin of air masses for local and 318 

regional events, as well as the conditions for these air masses. The data for local N. Kensington 319 

events and both local and regional events in Harwell were clustered together and the results along 320 

with the characteristics of the air mass clusters are found in Figure S32.  321 

 322 

Cluster C3, which is placed between C2 and C4 among those originating from the Atlantic Ocean, 323 

has the highest percentage for both area specific and regional events. Specifically, for regional 324 

events the percentage is over 35%, much higher compared to all other, showing a clear “preference” 325 
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of regional events for cleaner and faster moving air masses from mid-latitudes of the Atlantic 326 

Ocean. This “preference” explains the lower production and growth rate of the new particles found 327 

for regional events, compared to local ones, as air masses from this area have lower organic carbon 328 

and SO2
 concentrations.  Cluster C5, originating straight from the north but representing air masses 329 

that have crossed the Irish Sea and have not extensively gone over land presents a similar case. 330 

These cold and clean air masses are associated with a low growth rate and survivability of the 331 

newly formed particles. Local events for both sites apart from those in Cluster C3 are highly 332 

associated with Clusters C1 and C2. C1, which contains slow and polluted air masses, presents the 333 

highest growth rate and as a result high particle survivability, as given by the P parameter (see 334 

later).  On the other hand, C2 which consists of warm and moist air masses from lower latitudes is 335 

the least common for regional events and presents high growth rate and survival probability of the 336 

particles. Apart from the weak relation found with particulate organic carbon concentrations and 337 

growth rate (Figure S32), there appears to be an inverse relation between the temperature and 338 

survivability of the particles. Warmer air masses seem to be related to higher particle survival 339 

probability, which may be attributable to greater growth rates as temperature increases (Yli-Juuti et 340 

al., 2011).  341 

 342 

3.1.3  Urban increment and particle development 343 

The urban environment, depending on the conditions, may have a positive or negative effect in the 344 

number of the particles formed and their consequent survival and growth. Both Harwell and N. 345 
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Kensington are in background areas, rural and urban respectively. As a result, while the 346 

concentrations of pollutants are higher in N. Kensington than Harwell, their effect is smaller 347 

compared to that of Marylebone Road. A comparison of the particles smaller than 20 nm, gives 348 

insight into the formation and survival of the newly formed particles in the initial stages. 349 

Calculating the urban increment (equation 5) using the two background sites showed around 20% 350 

more particles of size 16 - 20 nm in N. Kensington than Harwell for event days, an increment that is 351 

even stronger when solely local events are considered (Figure 4). As the sizes of the particles in the 352 

calculation are relatively large and due to the higher condensation sink found in N. Kensington, this 353 

increment is expected to be larger for smaller size particles. A possible explanation for this result 354 

may be the greater concentration of organic compounds which is observed in N. Kensington, as 355 

discussed earlier, which leads to more rapid formation of secondary condensable species that 356 

enhances the nucleation process in the more polluted area.  357 

 358 

Considering the local events, most of the pollutant concentration data available appear to be higher 359 

which is reflected in the condensation sink as well. The role of the polluted background appears to 360 

be decisive in the further growth of the newly formed particles, especially for Harwell. This, at both 361 

sites causes the number of particles of greater size to be smaller for the later hours in the days of 362 

local events (Figure S43). Another possible reason for this difference in the larger size ranges can 363 

be the higher concentration of organic content on the days of regional events at N. Kensington (as 364 

discussed earlier). On the other hand, for Harwell all hydrocarbons with available data are lower 365 
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throughout the day (apart from ethane) during regional events. Unlike N. Kensington, at Harwell 366 

particles smaller than 20 nm as well as the growth rate of the newly formed particles are almost the 367 

same for regional and local events. 368 

 369 

The calculation of the increment in Marylebone Road provided negative results; particles smaller 370 

than 20 nm were less abundant on event days compared to the average, throughout the day. This is 371 

due to the fact that Marylebone road is heavily affected by traffic pollution and on average, 372 

conditions do not promote NPF events due to the high condensation sink, unless clear conditions 373 

prevail, which are also associated with a low particle load. 374 

 375 

3.2 NPF Events at Marylebone Road 376 

For many years, NPF events were thought not to take place in heavily polluted urban areas, as the 377 

effect of the increased condensation sink was considered detrimental crucial in suppressing the 378 

formation and growth of new particles. Recent long term analyses have shown this is not the case 379 

and nowadays an increasing number of studies studies confirm the occurrence of NPF events in 380 

urban areas. In this study, for the same period of seven years as for the two background areas, NPF 381 

events were found to occur for 6.1% of days at Marylebone Road, lower than in the background 382 

areas. Though, due to the particle size range available there cannot be a definitive answer to 383 

whether the formation of the particles takes place in the specific arealocality of the sampling site, 384 

due to the observed increase in particle concentrations in the range 7 – 16 nm (provided by the CPC 385 
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data) and the increased growth rates found in urban areas in general, it can be assumed that the 386 

formation takes place either in the area of the measuring site or in its close vicinity, while the 387 

growth of the particles persists in the area for several hours, despite the high condensation sink.  388 

Seasonal variation is similar to that at the background sites, but day of the week variation is stronger 389 

at Marylebone Road further favouring weekends (Figure S54), as on these days traffic intensity is 390 

lower. 391 

 392 

In general, similar conditions found in the background areas to affect NPF events at the background 393 

sites are also found at Marylebone Road, despite a much larger condensation sink. (Figure S21). As 394 

a result, less particles of size smaller than 20 nm were found on NPF event days than the average 395 

for the site, as the sum of background particles plus those formed on these days were less than that 396 

on an average day. The growth rate of the newly formed particles (5.5 nm h-1), is higher than that of 397 

the background sites (5.5 nm h-1), which is in agreement with the findings in the study of the 398 

background areas on the possible role of the condensable species, the concentrations of which are 399 

even greater at the urban kerbside. About 15% of NPF event days at Marylebone Road presented 400 

particle shrinkage after the initial growth; the study of these cases though is outside of the context 401 

of the present work. At Marylebone Road, the number of NPF days which were common with the 402 

background sites was fewer, as local conditions (high condensation sink) are detrimental to the 403 

occurrence of NPF events and thus the days of regional events including Marylebone Road were 404 

separately studied for this site. The regional event days that were common for all three sites were 37 405 
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(31% of events at Marylebone Road) (Table 1). As with the other two areas, the growth rate is 406 

higher during local events, but the conditions are mixed, with lower concentrations of sulphate and 407 

organic compounds but higher SO2, NOx and elemental carbon. The relationship with higher wind 408 

speed (mainly western) (Figure S65), solar radiation (which results in greater H2SO4 formation) and 409 

lower relative humidity, indicate the stronger relation of the regional events with synoptic 410 

conditions than the local events in the heavily polluted environment of Marylebone Road.  411 

 412 

3.3  Connection of NPF Events with Incoming Air Masses 413 

3.3.1  Air mass back trajectory clustering and connection with NPF events 414 

The origin of the air masses plays a very important role in the occurrence of NPF events, as shown 415 

in Section 3.1.2. Air masses of different origins have different characteristics. Back trajectories 416 

provide excellent insight into the source of the air masses. Air mass back trajectories were 417 

calculated both for all days and for NPF event days for each site separately, with the aim of 418 

complementing the analysis in Section 3.1.2 which addressed only the event days.  The additional 419 

analysis gives a view of the frequency of NPF events within different air mass types. The initial air 420 

mass back trajectory clustering ended up with an optimal solution of 9 clusters of different air 421 

masses. As many of these clusters had similar characteristics and origin, solutions with fewer 422 

clusters were attempted. As the number of clusters was decreasing clusters became a mixture of 423 

different origins, thus making the distinction of different sources harder. As a result, the method 424 
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chosen was to merge clusters of similar origin and characteristics, which kept the detail of the large 425 

number of clusters and made the separation of the different origins more distinct. 426 

 427 

The resulting four merged clusters (Figure 5), using the characterisation proposed by McIntosh et 428 

al., (1969), are: 429 

 An Arctic cluster, which originates mainly from the northerly sector. It occurs about 10% of 430 

the time and consists of cold air masses, which either passed over northern parts of the U.K. or 431 

through the Irish Sea. 432 

 A Tropical cluster, which originates from the central Atlantic. It occurs 25% of the time and 433 

contains warmer air masses. A small percentage of this cluster contains masses that have 434 

passed over countries south of the U.K. Even though these days were more polluted, the 435 

clustering method was unable to clearly distinguish these days as it does not take into account 436 

particle numbers or composition, even when the 9-cluster solution was applied. 437 

 A Polar cluster, which originates from the north Atlantic. It is the most common type of air 438 

mass arriving in the areas of study and occurs about 40% of the time bringing fast moving, 439 

“clean” air masses with increased marine components (Cl, Na, Mg) from the west. This cluster 440 

also contains airmasses that have passed through Ireland, though an effect on particle size and 441 

chemical composition is not distinct. 442 

 A Continental cluster, which originates from the east. It occurs about 25% of the time and 443 

consists mainly of slow moving air masses, originating from the London area (for the 444 
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background areas) and/or continental Europe. It has higher concentrations of most pollutants as 445 

well as the highest condensation sink. 446 

 447 

The occurrence of each air mass class for average and event days for Harwell and London (both 448 

sites) can also be found in Figure 5, while their main characteristics for each site can be found in 449 

Table S21. Though in this case the air mass grouping for each site was done in a different analysis, 450 

the resulting groups are almost identical in their characteristics and frequency, as the sites are close 451 

to each other. 452 

 453 

The Polar cluster is the one prevailing on both average and event days. This consists of clean fast-454 

moving air masses originating mainly from mid and high latitudes of the Atlantic, and this cluster 455 

presents favourable conditions for NPF events. The association of NPF events with air masses from 456 

the mid-Atlantic at N. Kensington was also found by Beddows et al. (2015). Cool Arctic air masses 457 

on average are not clean as they may have passed over the northern U.K. The event days associated 458 

with this air mass type have the lowest concentrations of the pollutants within available data for all 459 

areas. The increased percentage of events with this air mass at all sites indicates that lower 460 

temperatures, in a clear atmosphere with sufficient solar radiation are favourable for NPF events as 461 

found in previous studies (Napari et al., 2002; Jeong et al., 2010; Kirkby et al., 2011). A similar 462 

trend of increased probability with polar and arctic maritime air masses was also found for Hyytiälä, 463 

Finland by Nilsson et al. (2001). Tropical air masses have a lower probability for NPF events, 464 



25 
 

which is associated with the fact that a number of these days are associated with air masses which 465 

have passed from continental areas south of the U.K. (France, Spain etc.). Specifically for 466 

Marylebone Road the NPF probability is a lot lower (11% versus 17% for N. Kensington and 20% 467 

for Harwell). This is due to the fact that these air masses are more related to southerly winds which, 468 

in Marylebone Road are associated with a street canyon vortex which causes higher pollutant 469 

concentrations at this site. Finally, the Continental cluster presents the lowest probability for NPF 470 

events. The air masses in this group originate from continental Europe and for the background areas 471 

in most cases have passed over the London region as well. This results in both a higher 472 

condensation sink and concentration of pollutants, which limits the number of days with favourable 473 

conditions for NPF events. Growth rate for all sites though appears to be higher for air masses 474 

originating from more polluted areas (Figure 6), which appear to enhance the growth process due to 475 

containing a higher concentration of condensable species (after oxidation). 476 

 477 

3.4  Nucleation Strength Factor (NSF) 478 

The NSF (equations 6 and 7) is used to describe the effect nucleation events have on the number of 479 

particles at a site. The values of NSF for each site and for seasons spring and summer are shown in 480 

Table 2. The decrease of the contribution of NPF events to particle number, moving from the rural 481 

area to the kerbside was also found in previous studies (Salma et al., 2014; 2017). This is explained 482 

by the increased contribution to the particle number concentrations of other sources, mainly 483 

combustion in the urban environment, compared to rural areas. Apart from this trend, in the 484 
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background areas the increase of N16-100 was greater in spring than summer. This effect seems 485 

stronger in the urban background area compared to the rural, as in that area the variability of N16-100 486 

is greater for event days compared to that of the rural area. On the other hand, the contribution of 487 

NPF events in the longer span, as is illustrated by the NSFGEN appears to favour summer for all 488 

areas, showing the increased formation and survivability of particles in this season. 489 

 490 

For Marylebone Road the result for the increase of the N16-100 is greater in summer than in spring, in 491 

contrast to what was found for the background sites. This is due to the fact that in summer the 492 

traffic intensity is decreased, giving the contribution from NPF events a stronger effect compared to 493 

the other sources. The very small increase found on NPF events in Marylebone Road, with a factor 494 

of just 1.26, a lot lower than that found in the urban area of Seoul, South Korea (Park et al., 2015), 495 

is indicative of the reduced effect of NPF events in an area which is heavily affected by traffic, as 496 

also pointed out by Von Bismarck-Osten et al. (2013) in their study on particle composition in 497 

Marylebone Road. 498 

 499 

3.5  The Survival Parameter P 500 

The survival parameter P is a measure of the probability for newly formed particles to survive to 501 

detectable sizes. The average values of the P parameter for each of the areas of this study are 10.5 502 

for Harwell, 15.8 for N. Kensington and 28.9 for Marylebone Road. The values found put 503 

Marylebone Road to the upper end of heavily polluted areas in Europe, North Kensington to the 504 
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same level as many other urban areas in Europe, while Harwell had somehow higher values 505 

compared to other rural background areas in Europe, as calculated by Kulmala et al. (2017). The 506 

seasonal, air mass origin and local versus regional variations can be found in Figure 7 (winter is 507 

excluded due to very low number of events). While the increasing trend of the P parameter as we 508 

move from rural background to kerbside was expected, it can be seen that there is a clear seasonal 509 

pattern in all three areas, with summer having the lowest P parameter (greatest survivability) 510 

compared to the other two seasons. This is associated with the higher growth rate found in summer 511 

for all areas of this study, as the differences in the condensation sink on event days are negligible 512 

between seasons. The case is similar for regional and local events. The result per air mass origin is 513 

related to the different conditions and parameters of each incoming air mass in each area. For 514 

example, the higher P parameter for Tropical air masses at Marylebone Road, is associated with the 515 

higher condensation sink found for this kind of air masses, due to the street canyon effect which is 516 

specific for Marylebone Road for southerly wind directions with which these air masses are mainly 517 

related, while the higher values for the rather clean Arctic air masses for the other two areas are 518 

associated with the lower growth rates found for this kind of air mass in these areas. The more 519 

polluted Continental air masses seem to have a different effect for rural and urban areas. Their 520 

higher condensation sinks and concentrations of pollutants have a negative effect on P-values for 521 

the rural site and a positive effect at the urban sites. The exact opposite is found for the cleaner air 522 

masses of the Polar cluster, which appear to result in reduced P-values of the newly formed 523 
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particles at the urban sites. This is related to the lower condensation sink associated with this air 524 

mass type. 525 

 526 

4.  CONCLUSIONS 527 

Seven years of data from three distinct areas (regional background, urban background, kerbside) in 528 

the southern U.K. were analysed and the conditions associated with NPF events were studied. NPF 529 

events were found to occur on about 7% of days at background sites and less at the kerbside site. 530 

The conditions on event days for all three areas were similar, with clear atmospheric conditions and 531 

a lower condensation sink. While the condensation sink appears to be the most important factor 532 

limiting NPF events at the kerbside site, SO2 was found to have smaller concentrations on event 533 

days for all areas, which indicates that either on average it is in sufficient concentrations for NPF 534 

events to occur, or that other variables that participate in the production mechanism of H2SO4 are 535 

more important. The growth rate of the newly formed particles increases from the rural site to the 536 

kerbside and is greater in summer compared to other seasons for all three sites. Almost half of the 537 

NPF events at the rural and urban background sites were found to happen simultaneously. In these 538 

cases, the atmospheric conditions were cleaner, which resulted in slower growth rates. While most 539 

of the chemical species available were at lower concentrations in regional events, a difference in the 540 

behaviour with respect to sulphate and organic compounds was found between the two background 541 

site types.  542 

 543 
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The prevailing origin of air masses in the southern U.K. is from mid and high latitudes of the 544 

Atlantic Ocean. These fast-moving air masses present an increased probability for NPF to occur. 545 

The case is similar for the cooler and cleaner arctic air masses, while air masses from the tropics 546 

and continental Europe, having greater pollutant content, have decreased NPF probability, but a 547 

higher growth rate of particles when NPF events occurred. Regional events appear to be more 548 

associated with cleaner air masses, presenting a smaller growth rate and condensation sink 549 

compared to local events. The difference in growth rate is probably related to the greater content of 550 

condensable species; a positive relation of particle survival probability with temperature was also 551 

found. 552 

 553 

Comparing the background areas in this study, particles of 16-20 nm were found to be about 20% 554 

greater in concentration (above long-term average) on NPF event days at the urban backbround 555 

background site compared with the rural site. This is associated with a higher abundance of 556 

condensable species in the urban environment, which enhances the nucleation and growth process. 557 

This effect though is limited as particle size increases and NPF events have a greater effect on the 558 

overall N<100 nm in the rural areas, compared to urban, as calculated by the NSF. The effect becomes 559 

even smaller at the kerbside as the number of background particles emitted by traffic is a lot greater. 560 

 561 

The occurrence of NPF events at the highly polluted Marylebone Road site is at first sight 562 

surprising given the elevated condensation sink.  This must be counteracted by an abundance of 563 
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condensable material, which is surprising given the generally modest rate of atmospheric oxidation 564 

processes in comparison to residence times in a street canyon (Harrison, 2017).  However, Giorio et 565 

al. (2015), using Aerosol Time-of-Flight Mass Spectrometry, reported rapid chemical processes 566 

within the Marylebone Road street canyon leading to production of secondary particulate matter 567 

from road traffic emissions.  They postulated that this resulted from very local gas to particle 568 

conversion from vehicle-emitted pollutants.  Condensation of such reaction products upon pre-569 

existing particles could explain the enhanced particle growth rates observed at Marylebone Road 570 

(Figure 3). 571 

 572 

Finally, particle survival probability was found to decrease moving from rural to urban areas. While 573 

formation and initial growth of new particles is increased in urban areas, their survivability reduces 574 

as their size increases. The probability of particles to survive to greater sizes was found to be 575 

increased in summer for all areas, which is also explained by the higher growth rate. The probability 576 

is also different depending upon the origin of the air masses and is related to conditions specific for 577 

each area. 578 

 579 

In the present work, the effects of atmospheric conditions upon the NPF process are studied. NPF is 580 

a complex process, highly affected by meteorological conditions (local and synoptic), the chemical 581 

composition as well as the pre-existing conditions in an area. For this reason, the study of NPF 582 

events in one area cannot provide safe assumptions for other areas, as the mixture of conditions 583 
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found in different places is unique and alters the occurrence and development of NPF events. Thus, 584 

more studies on the conditions and the trends in NPF events should be conducted to better 585 

understand the effect of the numerous variables that affect those processes. 586 
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Figure 1:  Map of the measuring stations. 1054 

Figure 2:  Number of NPF events per season for all seven years of the present study (Winter – 1055 

DJF;  Spring – MAM;  Summer – JJA; Autumn – SON) at Harwell (rural), N. 1056 

Kensington (urban background) and Marylebone Road (urban roadside). 1057 
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Figure 3:  Growth rate per season at the three sites. 1059 

 1060 

Figure 4:  Diurnal variation of N16-20nm at each site:  annual average and NPF event days. 1061 

 1062 

Figure 5:  Map and frequency of incoming air mass origin – average and for NPF events per site. 1063 

 1064 

Figure 6:  Growth rate per incoming air mass at each of the sites. 1065 

 1066 

Figure 7:  Survival parameter P (a) per season, (b) for regional and local events (for Marylebone 1067 

Road) is regional for all 3 sites and (c) by incoming air mass origin. 1068 
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 1071 

Table 1: Number of NPF events per site.   1072 

 1073 

 Harwell N. 

Kensington 

Marylebone 

Road 

Regional 

(Background 

sites)* 

Regional 

(All 3 

sites)** 

2009 9 0 4 0 0 

2010 29 22 22 11 9 

2011 15 10 23 4 1 

2012 8 28 12 3 0 

2013 25 23 27 13 11 

2014 29 34 13 18 6 

2015 25 22 18 11 10 

Overall 140 139 119 60 37 

* Refers to events occurring simultaneously at Harwell and N. Kensington 1074 

**  Refers to events which occur simultaneously at all three sites 1075 

 1076 

 1077 

1078 
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Table 2: Annual and seasonal NSF for all areas of study.  1079 

 1080 

 Harwell N. 

Kensington 

Marylebone 

Road 

NSFNUC 

(Spring) 

2.04 2.03 1.20 

NSFNUC 

(Summer) 

2.01 1.72 1.26 

NSFNUC (Year) 2.25 1.86 1.26 

NSFGEN 

(Spring) 

1.10 1.07 1.02 

NSFGEN 

(Summer) 

1.18 1.11 1.01 

NSFGEN (Year) 1.10 1.06 1.02 

1081 
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 1082 
 1083 

Figure 1: Map of the measuring stations. 1084 
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 1085 
 1086 

Figure 2: Number of NPF events per season for all seven years of the present study (Winter – DJF;  1087 

Spring – MAM;  Summer – JJA; Autumn – SON) at Harwell (rural), N.Kensington (urban 1088 

background) and Marylebone Road (urban roadside). 1089 
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 1091 
 1092 

Figure 3: Growth rate per season at the three sites.  1093 
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 1112 
 1113 

Figure 4: Diurnal variation of N16-20nm at each site:  annual average and NPF event days. 1114 
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 1131 
 1132 

 1133 

 1134 

Figure 5: Map and frequency of incoming air mass origin – average and for NPF events per site. 1135 
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 1136 

 1137 
 1138 

Figure 6: Growth rate per incoming air mass origin at each of the sites. 1139 
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 1149 

 1150 
 1151 

Figure 7: Survival parameter P (a) per season, (b) for regional and local events (for Marylebone 1152 

Road regional is for all 3 sites) and (c) by incoming air mass origin. 1153 
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 9 

Table S1: Data availability per season (all numbers are percentages of available data) 10 

 Harwell N. Kensington Marylebone Road 

 Winter Spring Summer Autumn Winter Spring Summer Autumn Winter Spring Summer Autumn 

2009 15 97 10 80 57 97 100 100 100 65 86 68 

2010 37 53 100 95 58 87 93 100 46 100 87 86 

2011 72 75 99 73 89 87 73 89 79 99 100 67 

2012 82 86 100 95 56 88 99 86 0 0 87 66 

2013 91 70 99 100 84 92 98 98 57 92 84 100 

2014 97 62 99 99 84 78 97 98 89 79 76 99 

2015 77 100 61 70 80 99 65 100 74 100 98 100 

 11 

 12 

  13 
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Table S21: Conditions per air mass origin for NPF event days (April – October average in 14 

parenthesis) for all areas of study. 15 

Harwell 

 Continental Arctic Polar Tropical 

Condensation sink 
(s-1) 

5.05E-03 (5E-
03) 

2.71E-03 (3.32E-
03) 

2.57E-03 
(2.87E-03) 

3.19E-03 
(2.87E-03) 

Wind speed (m s-1) 3.52 (3.63) 3.87 (3.47) 3.64 (3.69) 3.74 (4.17) 
Temperature (oC) 15.5 (13.6) 12.2 (11.5) 13.6 (13.1) 16.3 (15) 
SO2 (μg m-3) 1.87 (1.81) 1.11 (1.82) 1.11 (1.27) 1.22 (1.36) 
NOx (μg m-3) 9.58 (13.9) 5.49 (8.01) 4.66 (7.2) 5.81 (7.69) 
SO4

2- (μg m-3) 2.70 (3.3) 1.37 (2.05) 1.44 (1.64) 1.37 (1.57) 
Particulate OC (μg 
m-3) 

2.85 (2.88) 1.35 (1.59) 1.52 (1.63) 1.98 (1.76) 

 16 

North Kensington 

 Continental Arctic Polar Tropical 

Condensation sink 
(s-1) 

7.20E-03 
(9.35E-03) 

5.20E-03 (6.37E-
03) 

5.40E-03 
(6.38E-03) 

4.89E-03 
(6.32E-03) 

Wind speed (m s-1) 3.89 (3.44) 3.92 (3.65) 4.46 (4.2) 4.74 (4.44) 
Temperature (oC) 18.4 (15) 12.7 (13.1) 15.5 (14.6) 17 (16.4) 
SO2 (μg m-3) 1.68 (2.23) 1.33 (1.89) 1.73 (1.75) 1.74 (1.72) 
NOx (μg m-3) 33.5 (55) 28.5 (39.2) 30.3 (39.4) 24 (34.9) 
SO4

2- (μg m-3) 1.93 (2.23) 0.95 (1.36) 0.98 (1.13) 1.30 (1.47) 
Particulate OC (μg 
m-3) 

3.84 (4.90) 2.24 (2.95) 2.81 (2.96) 2.43 (3.03) 

 17 

Marylebone 

 Continental Arctic Polar Tropical 

Condensation sink 
(s-1) 

1.65E-02 
(1.96E-02) 

1.16E-02 (1.57E-
02) 

1.4E-02 (2.14E-
02) 

1.82E-02 
(2.39E-02) 

Wind speed (m s-1) 3.92 (3.41) 3.50 (3.64) 3.84 (4.13) 4.77 (4.4) 
Temperature (oC) 17.4 (15.2) 13.4 (13.4) 15.3 (14.8) 16.9 (16.3) 
SO2 (μg m-3) 4.99 (6.39) 4.31 (5.63) 5.38 (7.43) 6.95 (8.17) 
NOx (μg m-3) 172 (250) 139 (214) 191 (303) 269 (336) 
SO4

2- (μg m-3) 3.24 (3.35) 1.47 (1.6) 1.52 (1.61) 1.24 (1.8) 
Particulate OC (μg 
m-3) 

6.03 (6.91) 3.81 (4.73) 4.67 (5.97) 5.31 (6.6) 

 18 

  19 
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20 

 21 

22 
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 23 

Figure S1: Example of a regional NPF event for all the sites of the present study (from top to 24 

bottom is HW, NK, MR) 25 
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 35 

Figure S21: Average and NPF event conditions for Harwell and N. Kensington and Marylebone 36 

Road. On Marylebone Road, Regional events’ conditions refer to the Regional event days for all 3 37 

sites. 38 
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 55 

 56 

Figure S32: Air mass origin frequency and conditions for NPF events in Harwell and N. 57 

Kensington. 58 
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 60 

Figure S3: Diurnal variation of N20-50nm for Harwell and N. Kensington during local and regional 61 

NPF events. 62 

 63 

 64 

Figure S44: Weekly variation of NPF events in Marylebone Road. 65 
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 67 

 68 

 69 

Figure S65: Wind profile for Local (left) and Regional (right) NPF events in Marylebone Road. 70 

 71 


