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Abstract. Atmospheric new particle formation (NPF) is crucial for aerosol number concentration and for studying the 

production processes of secondary aerosol particles. NPF events are commonly classified based on visible particle growth, and 

their occurrence frequency is often underestimated. Recent methodologies propose that “quiet” NPF (QNPF) events, which 20 

are not traditionally classified as NPF events, can contribute significantly to particle number concentrations. This study 

presents three-years (June 2020 - May 2023) of observations of ion and particle size distributions performed at the Finokalia 

environmental research station in Crete, Greece, using a Neutral cluster and Air Ion Spectrometer (NAIS) and a Mobility 

Particle Size Spectrometer (MPSS)  By analysing the observed ion number size distributions and applying a nanoparticle 

ranking analysis method, this study reveals that QNPF events are frequent and contribute significantly to particle formation 25 

and growth in the Eastern Mediterranean. Negatively charged intermediate size ions are found to be reliable indicators of 

particle formation, including both classical NPF and QNPF episodes. Our analysis indicates continuous particle formation 

even on days traditionally classified as “non-event” days, providing fundamentally new understanding of NPF processes in the 

region.  
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1 Introduction 30 

New particle formation (NPF) is a complex process consisting of the production of low-volatility vapours, clustering of those 

vapours, atmospheric nucleation, cluster’s stabilization, activation of the clusters with afresh vapours, and gradually growth 

towards larger sizes via condensation (Kulmala et al., 2014). NPF is considered to be the major source of aerosol numbers to 

the terrestrial atmosphere (Zhang et al., 2012), while a large fraction of CCN in the global atmosphere may originate from 

these processes (Merikanto et al., 2009).  35 

NPF events are observed worldwide, from boreal forests to megacities and all year round (Nieminen et al., 2018). However, 

particle number concentrations (PNC) from NPF at a specific location, are highly dependent on the prevailing environmental 

and meteorological conditions. Usually, reduced amount of particle pollution, thus low condensation sink (CS) and sufficient 

precursor vapours, such as sulfuric acid (H2SO4), ammonia (NH3), amines, volatile organic compounds (VOCs) and iodine 

under high temperatures, low relative humidity and intense solar radiation promote NPF (Kerminen et al., 2018; Wang et al., 40 

2022). NPF episodes were also identified under high number of pre-existing particles (Kulmala et al., 2017; Yan et al., 2021) 

and also occurred during the night or started during the day and continued throughout the following night (Kalivitis et al., 

2012; 2019).  

In the Eastern Mediterranean coastal environment, regional NPF has been observed to take place frequently (Kalivitis et al., 

2008; Pikridas et al., 2012; Kopanakis et al., 2013; Kalivitis et al., 2019; Kalkavouras et al., 2021; Baalbaki et al., 2021; 45 

Aktypis et al., 2024). In the island of Crete, Greece, an annual frequency of 27% (undefined days were 23%) has been found, 

using 10 years of particle number size distribution (PNSD) measurements, being less frequent than in other European locations 

(Kalivitis et al., 2019).  

To identify NPF events and characterize their dynamics, event-based methods have been utilized by visually inspecting PNSD 

and classifying days according to whether formation and subsequent growth can be observed (Dal Maso et al., 2005; Kulmala 50 

et al., 2012). However, such an approach has certain limitations, as several days may not be classified in an unambiguous 

manner and are therefore characterized as “undefined”, since they do not fulfil the criteria of an event day, although some 

indication of particle formation is apparent (Buenrostro Mazon et al., 2009). Furthermore, the calculation of the growth rate 

(GR) of newly formed particles is only possible on days when a distinct nucleation-mode (particles with diameters below 25 

nm) appears in the size distribution, and can grow undisturbed and without air mass changes for several hours (Dal Maso et 55 

al., 2005; Kulmala et al., 2012). This limitation introduces significant uncertainty in GR seasonality, range and variability, as 

the analysis is inevitably restricted to a small number of events per location per year.  

Atmospheric ion observations may be used to more robustly identify and characterize NPF. Atmospheric ions can be classified 

by size into i) small (<1.6 nm), ii) intermediate (1.6-7.4 nm) and iii) large ions (>7.4 nm) (Hirsikko et al., 2011). Small ions 

are continuously generated in the atmosphere through ionisation processes. In the lower atmosphere, these ions primarily 60 

originate from natural radioactivity, particularly the radioactive decay of radon (²²²Rn), a gas which diffuses into the 

atmosphere from the soil (Chen et al., 2016). The presence of radon and its decay products have a significant impact on ion 

concentrations in the atmospheric surface layer, particularly over land (Komppula et al., 2007). By contrast, in the upper 
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troposphere and lower stratosphere, galactic cosmic rays (GCRs) are the main source of ionization. GCRs ionise air molecules 

through high-energy collisions, which makes them really important in regions with low surface emissions, such as over oceans 65 

and in polar areas (Zhang et al., 2011). Large ions are generally formed when small ions attach to pre-existing aerosol particles. 

Intermediate ions, whose concentrations are typically low, can exhibit sharp increases under specific atmospheric conditions, 

such as intense precipitation events or NPF episodes (Tammet et al., 2014; Leino et al., 2016). For this reason, intermediate 

ions are valuable for identifying and characterising NPF events.  

Recently, Kulmala et al. (2022) suggested that the NPF mechanism should be considered differently and NPF can occur even 70 

on days that are usually considered non-event days, such events are termed “quiet” NPF (QNPF) events. They also developed 

a methodology to actually detect and quantify the intensity of QNPF. To date, QNPF events have been reported and 

investigated in boreal forests and urban sites in central Europe (Kulmala et al., 2022), as well as in a megacity in eastern China 

(Zhang et al., 2025) and in the Amazon boundary layer (Meller et al., 2025).  These episodes contribute significantly to the 

number concentrations of nucleation-mode particles. Furthermore, the dynamic properties (i.e., formation and growth rate) of 75 

the freshly formed particles are relatively similar between a typical NPF and QNPF day (Kulmala et al., 2022). This finding 

fundamentally changes the way in which we classify and analyze NPF dynamics, leading to a radical transformation in NPF 

studies (Kulmala et al., 2024). Within this framework, Aliaga et al. (2023) introduced a new probabilistic tool for evaluating 

the occurrence and intensity of NPF events, called the nanoparticle ranking analysis method.  

This study applies this newly proposed method to gain fresh insights into NPF events in the marine background of the eastern 80 

Mediterranean. We examine the role of ions in identifying and classifying NPF events using three years of measurements of 

ion and neutral PNSD at Finokalia in Crete, Greece.   

2 Materials and Methods 

2.1 Site description 

Ion and PNSD were measured at the Finokalia environmental research station of the University of Crete 85 

(https://finokalia.chemistry.uoc.gr) during a three-year period, from June 2020 to May 2023. Finokalia station is a European 

super-site for aerosol research, part of the ACTRIS Network (https://www.actris.eu/). The station is located on the north-

eastern part of Crete (35° 24´ Ν, 25° 60´, 250 a.s.l.), facing the sea in the broad north sector, situated on a hill above the 

coastline. Finokalia is representative of the background marine conditions of eastern Mediterranean (Kouvarakis et al., 2002; 

Lelieveld et al., 2002), with no significant human activity within 15 km. The nearest city is Heraklion with almost 180,000 90 

inhabitants, located 50 km west of Finokalia. 

2.2 Measurements  

Ion number size distributions were measured using a Neutral cluster and Air Ion Spectrometer (NAIS; Manninen et al., 2016; 

Mirme and Mirme, 2013), providing mobility distributions of air ions (0.8-42 nm) and total particles (2-42 nm) across 28 size-
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ranges. A full measurement circle was performed every 5 min (2 min ions, 2 min particles, 1 min offset). The NAIS inlet tube 95 

had a diameter of 35 mm with a sample flow rate of 60 L min⁻¹. Diffusional losses within the inlet tubing were considered 

negligible; however, losses in the sampling lines were accounted for during data inversion. The NAIS system underwent a 

calibration workshop in 2025 at the Cluster Calibration Center (CCC) which is hosted by Institute for Atmospheric and Earth 

System Research (INAR), University of Helsinki, Finland (https://www.actris-ecac.eu/ccc.html#CCC). In both particle and 

ion modes, the sizing accuracy was within 20% of the reference DMA. For negative ions at 3 nm, the detection efficiency in 100 

the ion mode was less than 20% of the reference, although the positive mode differed from the reference by a reasonable 

amount. The detection efficiency for positive mode in particle mode ranged from 40% less than reference at 4 nm to around 

30% more than reference at 10 nm. When compared to the reference instrument, the negative mode detection efficiency fell 

within an acceptable range. Additionally, PNSDs (9–850 nm) were measured every 5 min with a TROPOS type mobility 

particle size spectrometer (MPSS) (Kalivitis et al., 2019). PNSD data covered only 200 common days with NAIS due to MPSS 105 

malfunctions. 

Radon activity concentrations were determined by active deposition onto a 13.8 cm2 moving cellulose filter and detection of 

short-lived progeny (²¹⁸Po, ²¹⁴Po) using an LSCE moving-filter progeny monitor, with 2 h ambient air sampling at 12–14 m3 h-

1 (deposition velocity ~1 m s-1) (Schmithüsen et al., 2017).  

Meteorological parameters, including wind speed and direction, temperature, relative humidity and solar radiation, were 110 

continuously monitored throughout the study period by an automatic weather station installed at an altitude of 2 m at Finokalia. 

The time resolution for all measurements was 5 minutes. 

2.3 Event based NPF classification  

Based on an extensively approach proposed by Dal Maso et al. (2005), measurement days were classified into “NPF”, “non-

NPF”, and “undefined” using the daily distributions from NAIS. A day can be classified as “NPF” when: i) a new nucleation-115 

mode distinctly appears, ii) this new mode persists for at least 1 h, and iii) it shows signs of gradual growth, exhibiting a 

characteristic “banana-shaped” pattern. This study used negative polarity due to its better representation of NPF (Kalivitis et 

al., 2012). NPF events were further classified as i) Class I when the evolution of particle size and number concentration could 

be clearly observed and the dynamic properties could be retrieved, and as ii) Class II when variations in the nucleation-mode 

concentrations made it difficult or impossible to describe the event dynamics. 120 

The formation rate (Jdp; particles cm-3 s-1) describes the net flux of changes in the number concentration of particles in the 

nucleation range, and can be calculated following the methodology by Kulmala et al. (2012). The growth rate of particles from 

di to dj (GR(di-dj); nm h-1) is estimated from the slope of a first-order polynomial fit to the growing geometric mean diameter 

(GMD) of the nucleation-mode particles as a function of time (Dal Maso et al., 2005; Kulmala et al., 2012). For the present 

analysis, only those events that are registered as Class I are used, as Jdp and GR(di-dj) could be determined with high confidence 125 

according to Hirsikko et al. (2011). Condensation sink (CS; s-1) shows how rapidly gaseous compounds condense on available 
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aerosol particle’s surface (Kerminen et al., 2018), and is calculated following Kulmala et al. (2012). The coagulation sink 

(CoagS; s-1) reflects the coagulation rate of particles above a certain diameter (dp) and is determined using the approach 

proposed by Kerminen et al. (2001). 

2.4 The ranking analysis method 130 

The nanoparticle ranking analysis method proposed by Aliaga et al. (2023) was applied to focus on the smaller available 

nanoparticle measurement sizes and observe NPF phenomena on days classified as “non-event”. This method considers particle 

and ion concentrations in the 2.5 to 5 nm size range (Ν2.5-5). The selected size limits are set to avoid interference from molecular 

clusters (low limit) and from any randomly occurring primary sources of ultrafine particles (upper limit) (Aliaga et al., 2023). 

The methodology is outlined as follows. First, a median 2-hour rolling smoothing is performed to N2.5-5. Then, “active” and 135 

“background” periods are identified based on the maximum and minimum diurnal concentrations of N2.5-5, respectively. The 

background number concentration for each day is calculated as the median value of the smoothed N2.5−5 during the background 

region, defined as the hours from night-time to early morning.  The active peak number concentration is determined by the 

maximum value of N2.5−5 during the active region in the daytime. The times of the two regions are obviously season dependent 

and are presented in Table 1. The ΔΝ2.5-5 value is then calculated as the difference between the active peak daytime number 140 

concentration and the background number concentration for each day. The ΔN2.5−5 is used to rank and group days into 

percentiles in order to assess potential NPF patterns. The main advantage of this approach is that it provides a probability 

distribution for all days for which data are available (Kulmala et al., 2024). Furthermore, it can be used combined with 

clustering techniques to categorize days depending on the dynamics of each event (Aliaga et al., 2025).  

Table 1: Definition of the of the time interval in UTC that “active” and “background” regions occur per season at the Finokalia 145 
environmental conditions. 

TIME (UTC) SUMMER AUTUMN WINTER SPRING 

Background region 01:00-07:00 01:00-08:30 01:00-08:00 01:00-05:00 

Active region 07:00-16:00 08:30-15:30 09:00-18:00 06:30-15:00 

 

3 Results and discussion 

3.1 Traditional classification of NPF 

A total of 775 plots of daily ion and particle number size distributions (INSD) were analyzed. The relative frequency of the 150 

NPF events (Class I and II), as well as undefined and non-NPF event days, were determined following the methodology by 

Dal Maso et al. (2005) (section 2.3), is summarized in Fig.1 and Table 2. Over the three-year measurement period, the data 

coverage was 71% and all months presented coverage higher than 50%, indicating that the reported frequencies may be 
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considered representative (Fig. 1). The missing days were due to technical faults, maintenance issues or rain-affected 

measurements, which usually occurred during winter. Of the valid observation days, 37% (n=291) were classified as NPF 155 

event days, and 21% (n=162) were categorised as “undefined”. The annual average NPF frequency at Finokalia is somewhat 

higher than the global NPF frequency range reported by Nieminen et al. (2018), where the median NPF frequency varies from 

8% to 31%. It lies at the upper limit of the NPF frequencies calculated using long-term PNSD measurements in the eastern 

Mediterranean (10 to 36%) (Kopanakis et al., 2013; Kalivitis et al., 2019; Kalkavouras et al., 2020; Baalbaki et al., 2021). This 

average value is 1.5 times higher than that reported by Kalivitis et al. (2019), based on 10 years of PNSD measurements. One 160 

possible explanation for this difference is that NAIS data may be more indicative of local NPF events involving limited particle 

growth. Such events may not be apparent in MPSS data. Nevertheless, an earlier study at Finokalia based on one year of AIS 

measurements found a NPF frequency of 23% (Manninen et al., 2010). 

  

 165 

Figure 1: Relative frequency of the NPF (class I and II), undefined and non-NPF event days classified according to the traditional 

event-based method by Dal Maso et al. (2005). Percentage of missing days is also presented for each month.  
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Table 2: Classification of all measuring days to event (Class I and II), undefined and non-event days according to the 

criteria of Dal Maso et al. (2005). 170 

Days classification Number of days Frequency (%) 

Total events 291 37 

Class I 104 13 

Class II 187 24 

Undefined 162 21 175 

Non-event 322 42 

Total days 775  

 

NPF generally occurs throughout the year; however, it exhibits a clear seasonal pattern, with higher frequencies in winter and 

spring and lower frequencies in summer (Fig.1). The highest monthly frequency of NPF episodes was observed in April (56%) 180 

owing to the higher emissions of biogenic aerosol precursor compounds and intensive photochemistry. A secondary maximum 

is found in October (48%), probably due to the onset of the wet period and the decrease in CS. The lowest frequencies of NPF 

events occurred in July (22%) and August (11%), due to the dominance of Etesian winds in the central Aegean and the high 

CS associated with the long-range pollution transport from the Balkans, as well as central and eastern Europe (Kalkavouras et 

al., 2017). The seasonality of NPF frequency is consistent with that reported by Baalbaki et al. (2021) for the Agia Marina 185 

Xyliatos station in Cyprus. Kalivitis et al. (2019) using MPSS data, found a similar seasonality at the Finokalia station in earlier 

years; however, analysis based on ion spectrometer data showed that the maximum event frequency occurred in March, 

although data were available for only 1.5 years. In contrast, Pikridas et al. (2012) reported a different annual variation at the 

same location, with the highest NPF frequency occurring in February and the lowest in August. 

 190 

3.2 Identification of site-specific indicators for NPF 

At Finokalia, the median number concentration of small, intermediate and large negative (positive) ions was found to be 216 

cm-3 (254 cm-3), 7 cm-3 (3 cm-3), and 38 cm-3 (25 cm-3), respectively. As expected, the intermediate ion concentrations remain 

low throughout the period under study and can be used to identify NPF (Hirsikko et al., 2011).  A major research question to 

be answered is “which sizes and polarity are optimal for identifying an NPF event”. For this purpose, we analysed the number 195 

concentrations of intermediate ions, focusing only on diameters between 1.87 and 2.88 nm (geometric mean diameter) for both 

polarities, corresponding to the lower measuring bins of the “intermediate ions” size range. In Fig. 2, average diurnal variability 

for all the available measurement days is presented. For the lowest diameter under consideration (1.87 nm), positive ions have 

68% higher concentrations than the negative ions and present clear daily variability with a mid-day increase, whereas negative 
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ions are more abundant at night. For the next size (2.16 nm), the concentrations of ions for both polarities decrease by factors 200 

between 2 and 10, reflecting the transition to the intermediate ion regime, which remains clearly unaffected by the small ion 

range. At this size, negative ions become 60% more abundant than positive ions. Diurnal variability also changes for the 

negative polarity, becoming more pronounced, with a sharp increase in concentrations around midday, which reflects an NPF 

event.  For the remaining two diameter categories the daily patterns are similar to those at 2.16 nm, with the negative ions 

being relatively more abundant by 71% and 93% than the positive ones. Around noon, a ~50% enhancement in ion 205 

concentrations is observed, which can be attributed to NPF events. Therefore, it is reasonable to claim that the intermediate 

ion regime at Finokalia starts at a diameter of approximately 2 nm, and that slightly larger diameters may be used to identify 

and analyse events of intermediate ion formation.  

 

Figure 2: Average daily variation of ion concentrations for all available measurement days at the Finokalia station. Negative (blue) 210 
and positive (red) ion concentrations for diameters of 1.87, 2.16, 2.49 and 2.88 nm. The shaded area presents the 95% confidence 

intervals. 

 

To choose the most suitable polarity for identifying these events, we investigated the relative standard deviation (RSD) of the 

intermediate ion concentrations (not shown). Higher RSD values were observed for negative polarity intermediate ions, 215 

indicating larger variability and more pronounced formation events. Thus, negative intermediate ions appear to be more 

suitable for detecting NPF episodes, in agreement with observations by Tuovinen et al. (2024) in a Finnish boreal environment. 

It should be noted that ion‒based identification of NPF episodes may raise the question of sensitivity to ion‒induced 
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nucleation. However, owing to rapid charge‒neutral equilibrium, intermediate ions mirror both charged and neutral particle 

formation pathways (Leino et al., 2016) and can therefore be considered a proxy for total NPF activity. 220 

A wind rose diagram was constructed using meteorological data and negative ion concentrations from the NAIS instrument in 

the 2–3 nm size range to examine the relationship between the wind direction and ion concentrations (Fig. 3). The majority of 

winds originated from the western and southern sectors, with 62% coming from the west, southwest, and south. In addition, 

the west and southwest sectors contributed 58% to the total ion number concentrations. These results are consistent with 

Kalkavouras et al. (2021) and Aktypis et al. (2024), who observed that during NPF events at the Finokalia station, air masses 225 

mainly passed over the land in central Crete, possibly picking up ammonia and amine precursors essential for NPF activity. 

Radon decay has been suggested to contribute to NPF, since the emission of alpha particles during radioactive decay leads to 

air molecule ionisation and may initiate ion-induced nucleation (Chen et al., 2016).  Interestingly, the diurnal variation in radon 

concentration measured at Finokalia correlates well with that of small ions (0.8 to 1.6 nm; Fig. 4). The average daily patterns 

of both radon and small ions show a maximum between 03:00 and 07:00 UTC, followed by a minimum around 15:00 UTC, 230 

which is consistent with boundary layer (BL) dynamics. During the night, the BL traps and accumulates radon near the surface 

air layer, while during daytime, the enhanced BL promotes its dispersion. Locally produced small ions probably follow similar 

dynamics, although further investigation is needed to quantify the contribution of radon decay to their production.  

 

 235 

 

 

 

 

 240 

 

 

 

 

 245 

 

 

 

 

 250 

 

Figure 

3: Wind rose diagram for ion concentrations at the Finokalia station on the island of Crete. The colour scale represents the 

concentration of negative ions in the 2-3 nm range. 
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 255 

 

Figure 4: Average diurnal cycle of atmospheric ion in the 0.8 to 1.6 nm size range and radon concentrations at the marine remote 

background environment of the Finokalia station. 

3.3 Quiet NPF in the Eastern Mediterranean 

NPF appears to occur more frequently than suggested by traditional detection methods, particularly when analysis is performed 260 

on long‒term averaged observations rather than daily variability. Although a long time series of MPSS data is available at 

Finokalia (Kalivitis et al., 2019), its lower cut-off size of 9 nm introduces uncertainties as to whether the detected NPF events 

come from local nucleation or reflect regional influences associated with transported particles. Observations from the NAIS 

instrument that measures ions and particles of diameters down to 0.8 nm, help fill this knowledge gap. Thus, we here focus on 

the three years with available NAIS data that we analyse to detect QNPF at the Finokalia. As shown above, these measurements 265 

provide the necessary information on the sizes where NPF is actually taking place. 

The NAIS data were classified as described in section 3.1. The undefined data were removed, and only the event and non-

event days were analysed further, divided into two distinct groups (positive vs. negative). The ion number concentrations for 

each group on all days were averaged, and their average diurnal variations are presented in Fig. 5 (left column). For both 

polarities on event days there is a growing mode at midday. On non-event days, there is some indication of intermediate ion 270 

formation around midday, particularly for negative polarity. Normalizing the average size distributions within each size bin 

with values ranging from 0 to 1 so that eventually only the shape of the size distribution matters, it becomes evident that both 

event and non-event days present intermediate ion formation and subsequent growth (Fig. 5, right column). A small difference 

in average growth rates is observed, with values of 1.2 and 2.6 nm h-1 for positive ions and 2.2 and 3.7 nm h-1 for negative ions 
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on non-event and event days, respectively. This relatively small difference in growth rates has also been reported for QNPF 275 

events in different environments, such as a boreal forest in Finland and an urban site in Hungary (Kulmala et al., 2022). 

Formation rates in the 3-7 nm size range (J3-7) were 170% and 172% higher for negative than positive ions during NPF and 

QNPF days, respectively. Remarkably, the average J3-7 for negative ions was 27% higher during QNPF compared to NPF 

periods. For larger diameters (7-25 nm), J7-25 was 26% higher during NPF days; however, in both cases, it is clear the QNPF 

contributed to the overall production of intermediate ions at Finokalia.  280 

Daily production rates for 3-7 nm negative ions reached 449 cm-3 day-1 during QNPF days, compared to 341 cm-3 day-1 during 

the common NPF periods. This indicates a constant production of intermediate ions, even when traditional classification does 

not identify NPF events (Table 3). It is noteworthy that the production of positive ions in this size range is less than 10% of 

that of negative ions (Table 3). For the 7-25 nm size range, negative ion production remains higher than that of positive ions, 

with values of 1,812 and 1,391 cm-3 day-1 during NPF and QNPF periods, respectively. Considering that about 10% more non-285 

event than event days were observed (Table 2), the overall production of new particles at Finokalia is about comparable when 

NPF and QNPF phenomena occur. 
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Figure 5: Average diurnal variation of ion number size distributions (dN/dlogDp) for NPF event days (a) and (c), and non-event 290 
days (b) and (d), for positive and negative polarity respectively. Annual diurnal variation of concentrations normalized (from 0 to 

1) using the maximum concentration per channel for the same data e), f) and g), h) respectively. In the normalized distributions NPF 

is visible in all cases. 

Table 3: Daily production estimation of atmospheric ions for the 3-7 and 7-25 nm range during NPF and QNPF periods (traditionally 

classified as event and non-event days respectively) in cm-3 day-1. 295 

3-7 nm NPF QNPF                

Positive ions 27 33 

Negative ions 341 449 

7-25 nm  

Positive ions 932 687 300 

Negative ions 1,812 1,391 
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3.4 Ranking analysis method to the NAIS dataset 

As NPF occurs continuously and only its daily intensity varies, a new approach is used to characterize the examined days, 

involving the ion number size distributions. We further apply the “nanoparticle ranking analysis method” (Aliaga et al., 2023) 305 

to characterize the NPF phenomena at Finokalia (see section 2.4). The 2.5-5 nm size range used in this method is suitable for 

the Finokalia site, as it is largely unaffected by variations in cluster ion sizes and effectively reflects local formation of 

intermediate ions. The analysis is based on INSD data, focusing on negative ions measured by the NAIS. From the ΔN2.5-5 

values calculated for all available measurement days, we assigned a rank to each day and grouped them into 5% intervals. 

Afterwards, the number size distributions in each interval were averaged (Fig.6). 310 

 

  

Figure 6: Daily ion number size distributions for the negative polarity ions from NAIS, grouped in 5% intervals based on the ΔN2.5−5 

ranks in dN/dlogDp for all available measuring days. 

 315 
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Initial signs of NPF appear in the 40–45% range and become more pronounced from the 50–55% range onwards, providing a 

clear indication of an increase in charged particle concentrations. When applying the same normalization procedure as in 

section 3.3, the midday formation becomes noticeable even in the 25-30% interval (Fig.7). Therefore, intermediate ion 

formation is identified on at least 75% of the available days, twice as much compared to using the event‒based NPF 

classification. 320 

 

  

Figure 7: Normalised daily ion number size distributions for the negative polarity from NAIS grouped in 5% intervals based on the 

ΔN2.5−5 ranks and normalized to the maximum concentration for all available measuring days. 

 325 

When these results are compared with the traditional classification scheme, it can be seen that the 35–40% interval is where 

more days start to be classified as event days (Fig.8). Overall, when using ΔN2.5-5 as the sole criterion, a clear escalation in 
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NPF intensity can be seen in the average plot for each interval.

  

Figure 8: Comparing the results of the ranking method to the traditional classification scheme using the ΔN2.5−5 metric and the 330 
subsequent percentile ranking in X and Y scales respectively. 

 

The GR for intervals higher than 40-45% was calculated, and an increasing tendency was identified. For intervals below 70-

75%, the GR was 2.5±1.1 nm h-1, while for higher intervals the GR was 3.7±1.0 nm h-1. 

To assess how well particle production is captured, we examine the above classification in relation to the actual rate of particle 335 

formation. This analysis is limited by the availability of MPSS data needed to calculate the coagulation sink (CoagS), and 

hence the J3-7 and, therefore, was only possible for 200 days, where J3-7 was greater than 0.1 cm-3 s-1. As the values of ΔN2.5-5 

increase, so do the rank and J3-7, proving that the ΔN2.5-5 metric is indeed adequate for characterizing the intensity of the new 

particle formation (Fig. 9). As expected in all automated methods, there are days that would not traditionally be characterized 

as NPF days which fall within the upper percentile range. However, there is a clear tendency for Class I events to be correctly 340 

classified. 
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Figure 9: Daily formation rates of particles at negative polarity versus ΔN₂.₅-₅. The color scale represents the percentile ranking, and 

stars indicate days traditionally classified as Class I NPF events. 

 345 

4 Conclusions 

Here, we present a fresh perspective on NPF at the remote marine environment of Finokalia, Greece, using ion and neutral 

particle concentration data and advanced analytical methodologies. Following the traditional event-based classification, NPF 

events were observed on approximately 37% of the examined days, exhibiting a notable seasonal pattern with higher 

frequencies in winter and spring. Intermediate ions show a pronounced increase in concentrations around midday and can be 350 

used as critical indicators of NPF events. Therefore, NPF events can be identified by the formation of ions that are larger than 

2 nm. The study concludes that ions of negative polarity are a more reliable indicator for NPF events at the Finokalia station, 

as they present more pronounced formation events than positive ions. Our analysis indicates continuous particle formation 

even on days traditionally classified as “non-event” days, highlighting the need to reconsider the classification and analysis of 

NPF phenomena.  When accounting for QNPF, the frequency of NPF events increases from 37 % to 75% of the observation 355 

days. QNPF events, although not traditionally classified as NPF days, show similar growth rates to common NPF events and 

contribute significantly to the nucleation-mode particle number concentrations. These results suggest the need for a 

fundamental change in how NPF events are classified and analysed, emphasizing the continuous nature of particle formation 

and the significant impact of QNPF events on regional and global aerosol dynamics. 

 360 
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Code availability 

Software used to process and visualize the data are available at Zenodo via Kalivitis, N. (2025) 

https://doi.org/10.5281/zenodo.13771637. For the NAIS data analysis the nais-processor code project was used, available at 365 

Zenodo via jlpl. (2024) https://doi.org/10.5281/zenodo.13819677. 

Data availability 

Raw and processed data used in the study are openly available at Zenodo via Kalivitis, N. (2026) 

https://doi.org/10.5281/zenodo.19146913. 
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