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Abstract. 20 

Atmospheric new particle formation (NPF) is a widespread phenomenon which is important to 21 

the formation of cloud condensation nuclei (CCN), climate and human health. While the 22 

phenomenon is widely studied, NPF and early growth are poorly understood processes over 23 

the Eastern Mediterranean and Middle East (EMME) region, which has been recognised as a 24 

global climate change hot spot. Here, we present semi-continuous concurrent measurements of 25 

ion and particle size distributions in Cyprus for the year 2022 from a lower-altitude rural 26 

background site (Agia Marina Xyliatou, AMX, 532 m a.m.s.l.) and a higher-latitude mountain 27 

background site (Troodos, TRO, 1819 m a.m.s.l.) with only about 20 km distance between the 28 

sites. We also used concurrent measurements of sulfur dioxide, ozone, and meteorological 29 

parameters from both sites. The planetary boundary layer (PBL) evolution and its impact on 30 

the occurrence of NPF events at a mountain site were investigated using a combination of water 31 

vapour mixing ratio, a passive tracer of PBL dynamics, at both sites and the Vaisala ceilometer 32 

estimated and screened PBL height from AMX. We found that NPF event frequencies are 33 
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comparable between AMX (60%) and TRO (54%), however only half of the observed NPF 34 

events at both sites were observed concurrently. The smaller mode diameter at AMX than at 35 

TRO indicates that NPF was initiated near AMX. This is supported by peaks in ion and particle 36 

concentrations that were first observed at AMX and followed by a 1-2 hour delay at TRO. This 37 

indicates that transported precursor vapour-laden air from lower-altitudes, likely driven by 38 

vertical mixing or up-valley winds, significantly contributes to secondary aerosol formation at 39 

the mountain site. Airmass history analysis further revealed that significant trajectories had 40 

been in contact with the PBL before reaching TRO, underscoring the influence of vertical 41 

dynamical mixing on NPF processes. The TRO site is within the PBL for about 25% of days 42 

during late winter and early spring, increasing to >80% for the rest of the year, which supports 43 

our findings.  Our results highlight the significant impact of secondary aerosol production in 44 

the evolving PBL on higher-altitude environments, though the vertical extent of nucleation 45 

processes remains unclear. Understanding these processes is crucial for climate models, as the 46 

PBL drives the exchange of energy, moisture and atmospheric constituents, including aerosols, 47 

with the atmosphere above.  48 

 49 

1. Introduction 50 

Atmospheric new particle formation (NPF) events involve the formation of molecular clusters, 51 

via gas-to-particle conversion, from precursor vapours such as sulfuric acid, ammonia, amines, 52 

oxidation products of volatile organic compounds, and other trace gases that can form low-53 

volatility complexes, and subsequent growth of these small clusters to larger particles  54 

(Kulmala, 2003; Zhang et al., 2004). Globally, NPF is the largest source of aerosol numbers in 55 

the atmosphere (Kerminen et al., 2012; Wang and Penner, 2009). These newly formed particles 56 

can reach CCN sizes (particle diameter of 50-100 nm and larger) by coagulation and 57 

condensation of additional vapours (Kerminen et al., 2018; Sebastian et al., 2022; Pierce and 58 

Adams, 2009; Westervelt et al., 2013; Williamson et al., 2019). Global modelling simulations 59 

showed that NPF events produce half of the present-day global CCN number (Merikanto et al., 60 

2009; Spracklen et al., 2008; Westervelt et al., 2014; Yu and Luo, 2009), with an estimated 61 

uncertainty range from 38 to 66% (Gordon et al., 2017). The uncertainty in CCN production in 62 

the global climate model itself stems partly from the uncertainty in particle formation and 63 

growth (IPCC, 2023). Additionally, human exposure to inhalable fine particles,  from both 64 

primary and secondary sources, has serious health risks that can lead to premature death 65 

(Lelieveld et al., 2019). 66 

 67 
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To date, there are a scanty number of studies investigating characteristics of NPF events over 68 

Cyprus (Baalbaki et al., 2021; Brilke et al., 2020; Debevec et al., 2018; Gong et al., 2019) and 69 

overall the limited number of studies over the EMME region (Aktypis et al., 2023; Aktypis et 70 

al., 2024; Dinoi et al., 2023; Hakala et al., 2019; Hussein et al., 2020; Hakala et al., 2023; 71 

Pikridas et al., 2012; Kalkavouras et al., 2019; Kalivitis et al., 2019; Kalkavouras et al., 2020; 72 

Kalkavouras et al., 2021; Manninen et al., 2010). The EMME region is characterised by diverse 73 

air masses originating from continental, maritime, and desert areas, which affect the 74 

atmospheric composition and climate in the area (Bimenyimana et al., 2023; Vrekoussis et al., 75 

2022; Zittis et al., 2022). While NPF events have been frequently observed in western Saudi 76 

Arabia without any clear seasonal pattern (Hakala et al., 2019), Hussein et al. (2020) observed 77 

the highest NPF event frequency during summer in Amman, Jordan. In contrast, NPF events 78 

were frequently observed during spring and autumn in the eastern Mediterranean (Baalbaki et 79 

al., 2021; Kalivitis et al., 2019). The frequent occurrence of NPF events in the eastern 80 

Mediterranean has been linked to various factors, such as solar radiation/temperature, terrestrial 81 

biogenic activity, higher sulfuric acid (H2SO4) concentrations, high-dust episodes, and/or air 82 

mass history, but it is still not completely clear what drives the frequent occurrence of NPF 83 

events over this region (Baalbaki et al., 2021). A previous study showed that NPF events 84 

occurred on 58% of days annually at a lower-altitude site (AMX)  (Baalbaki et al., 2021), which 85 

is the highest reported frequency after South Africa (86%)  (Hirsikko et al., 2012) and Saudi 86 

Arabia (73%) (Hakala et al., 2019). In contrast, NPF events occurred only on 12% of days 87 

during summer at a higher-altitude mountain site (Helmos mountain at 2314 m a.m.s.l.) in 88 

Greece (Aktypis et al., 2024). Previous studies have shown that NPF events at higher-altitude 89 

locations occur under the influence of up-valley winds, which channel precursor gases to higher 90 

altitudes, typically when the boundary layer extends above the site’s altitude (Bianchi et al., 91 

2016; Tröstl et al., 2016a; Sebastian et al., 2021), and NPF events were observed even at higher 92 

vapour condensation sink compared to non-events (Sellegri et al., 2019). On the contrary, 93 

Boulon et al. (2011) showed that NPF events were observed more frequently in the free 94 

troposphere (43.5% of the total observation days at the Puy de Dôme station,  1465 m a.m.s.l.) 95 

than within the PBL lower-altitude (2.5% of the total observation days at the Opme station,  96 

660 m a.m.s.l.) in Central France.  97 

 98 

Up to which altitude NPF events take place, and where they are initiated is still unclear. 99 

Although NPF events have been extensively studied worldwide (Nieminen et al., 2014; 100 

Kerminen et al., 2018; Nieminen et al., 2018; Lee et al., 2019; Kulmala et al., 2004), limited 101 
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studies have been focused on vertical extent of NPF processes (Wehner et al., 2010; Stratmann 102 

et al., 2003; Minguillón et al., 2015). Minguillón et al. (2015) demonstrated that intense NPF 103 

events in Barcelona primarily occur at a surface level around midday, coinciding with high 104 

insolation and pollution dilution, whereas early-morning NPF events are constrained to higher 105 

altitudes due to the inhibition of these events by high surface-level condensation sink (CS). 106 

Carnerero et al. (2018) demonstrated that ultrafine particles are formed exclusively inside the 107 

mixed layer, and as the mixed layer grows, ultrafine particles are detected at higher levels 108 

within PBL, and Wehner et al. (2010) observed well-mixed ultrafine particles (5-10 nm) 109 

throughout the PBL. Furthermore, O’Donnell et al. (2023) utilised a one-dimensional coupled 110 

column model (SOM-TOMAS, Statistical Oxidation Model of organic chemistry and Two 111 

Moment Aerosol Sectional microphysics model) to demonstrate that enhanced NPF rates in the 112 

upper mixed layer are strongly influenced by temperature, vertical mixing, and gas-phase 113 

precursor concentrations.  114 

 115 

In this work, we used semi-continuous concurrent measurements of ion and particle size 116 

distributions for the year 2022 from a lower-altitude rural background site (AMX) and a higher-117 

latitude mountain background site (TRO) in Cyprus with a 1287 m difference in altitude in 20 118 

km distance between the observational sites. The main aim is to examine the effect of PBL 119 

evolution on NPF events at a background mountain site in Cyprus. 120 

 121 

2. Materials and methods 122 

2.1 Measurement Sites 123 

AMX and TRO are sites of the Cyprus Atmospheric Observatory (CAO) network, operated by 124 

the Climate and Atmosphere Research Center (CARE-C) of the Cyprus Institute. The AMX 125 

site (35.038692∘ N, 33.057850∘ E) is located at 532 m a.m.s.l. between two villages, Agia 126 

Marina Xyliatou and Xyliatos, at the foothills of the Troodos mountain range in the central 127 

Republic of Cyprus. The AMX site is located about 1.5 km South of Agia Marina Xyliatou and 128 

about 2.2 km Northeast of Xyliatos. The AMX site hosts instruments affiliated with several 129 

research infrastructures such as the cooperative program for monitoring and evaluation of the 130 

long-range transmission of air pollutants in Europe (referred to as the European Monitoring 131 

and Evaluation Programme, EMEP), the air quality network of Cyprus operated by the 132 

Department of Labour Inspection (DLI),  regional Global Atmospheric Watch (GAW) program 133 

of the World Meteorological Organization (WMO), the Aerosols, Clouds and Trace Gases 134 

Research Infrastructure (ACTRIS) aerosol in situ network, e-Profile (part of EUMETNET), 135 
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and NASA’s AERosol RObotic NETwork (AERONET). Anthropogenic emissions in the 136 

vicinity of the AMX site are minimal and the major cities are located at about 35 km (Nicosia) 137 

to the Northeast and about 50 km (Larnaca) to the Southeast. 138 

 139 

The TRO site (34.9430333° N, 32.8654729 E) is located at 1819 m a.m.s.l., close to Mount 140 

Olympus (the highest peak of Cyprus, 1952 m a.m.s.l.) and experiences free tropospheric 141 

conditions, primarily during winter. TRO site may also experience light to moderate snowfall 142 

during winter, usually in January and February, and it is in cloud sporadically. The site is 143 

considered a background higher-altitude mountain location as it has little or no influence from 144 

local anthropogenic activities, except occasional camping or campfire activities in the vicinity 145 

and the staging post for helicopter operations. Small villages such as Prodromos, Palaiomylos, 146 

and Agios Dimitrios are located to the West of the TRO site, while the Troodos village is 147 

located to the Southeast within a 5 km distance. It is located centrally with respect to the major 148 

cities: Limassol, about 36 km to the South, Paphos, 42 km to the Southwest, Nicosia, 50 km to 149 

the Northeast, and Larnaca, 70 km to the Southeast. Figure 1 shows the surface elevation map 150 

of Cyprus depicting the locations of AMX and TRO sites and pictures of the AMX and TRO 151 

site premises. 152 

 153 
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 154 

Figure 1. (a) Surface elevation map of Cyprus, including the location of AMX and TRO 155 

observational sites and the major cities. Elevation data is obtained from the U.S. Geological 156 

Survey global digital elevation model (DEM) with a horizontal grid spacing of 30 arc seconds 157 

(approximately 1 km (GTOPO30). (b) and (c) show AMX and TRO site premises pictures, 158 

respectively.  159 

 160 

2.2 Instrumentation  161 

2.2.1 Neutral Cluster and Air Ion Spectrometer (NAIS) 162 

The ion and total particle number size distributions were measured using the NAIS (Airel Ltd. 163 

Estonia) at both measurement sites to detect and characterise NPF events. The NAIS measures 164 

the number size distribution of ions and naturally charged particles in the diameter range of 0.8 165 

– 42 nm for NTP conditions (mobility range: 3.162 – 0.0013 cm2 V-1 s-1) (Mäkelä et al., 1996), 166 

simultaneously in both positive and negative polarity (Manninen et al., 2016; Mirme and 167 

Mirme, 2013). Additionally, the NAIS can measure the total particle size distribution by using 168 

corona charging. Briefly, the NAIS has two parallel cylindrical differential mobility analysers 169 

(DMAs): one classifies positively charged ions, and the other classifies negatively charged 170 
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ions. The air is sampled at a flow rate of 54 L min-1, with a sampling tube inner diameter of 30 171 

mm and a length of 65 cm. Subsequently, the airflow is divided equally for each polarity before 172 

entering the preconditioning unit. Here, depending on the operational mode, the aerosol 173 

samples either pass through without modification (ion mode), or they are charged to the same 174 

polarity of the analysers (particle mode) or they are charged to the opposite polarity of the 175 

analyser (offset mode). The air sample then reaches the analysers, where it is size-classified in 176 

an electrical field and detected by electrometers. The total particle concentration below ~2 nm 177 

cannot be detected due to the ions produced by the corona charger itself, and therefore 178 

discarded in the data analyses. The NAIS SPECTOPS software with an instrument-specific 179 

algorithm was used to invert the raw counts into a size distribution. The inverted data was 180 

subsequently corrected for line losses using the Gormley and Kennedy equation for inlet line 181 

losses for laminar flow (Gormley and Kennedy, 1949). Note that data gaps in NAIS 182 

measurements are present due to the instrument’s unavailability or malfunction (Fig. S1). 183 

 184 

2.2.2 Ceilometer CL51 185 

The Vaisala Ceilometer CL51 is part of the E-PROFILE network, operational since 2021  186 

which coordinates the measurements of vertical profiles of wind, aerosol, and clouds from 187 

radars, lidars, and ceilometers from a network of locations across Europe and provides the data 188 

to the end users. The Vaisala Ceilometer CL51 utilises an eye-safe indium gallium arsenic 189 

(IngAas) diode-laser lidar technology, emitting 110 ns-long pulses with a wavelength of 190 

910±10 nm and a repetition rate of 6.5 kHz in a vertical or near-vertical direction (Münkel and 191 

Roininen, 2010). The CL51 can measure aerosols and clouds from above the overlap region 192 

~300 m up to 15 km nominally, with a vertical resolution of 10 m. The backscatter profile is 193 

used to identify up to three aerosol-layer heights using the gradient method in the 194 

postprocessing software provided by the manufacturer (BL-VIEW), which includes an 195 

automated mixing height detection algorithm described by Emeis et al. (2007). The VAISALA 196 

BL-VIEW software features a “cloud and precipitation filter” known as the enhanced gradient 197 

method (Münkel and Roininen, 2010), which filters out high backscatter signals from clouds 198 

and precipitation before applying the gradient method. BL-View’s calculation is based on the 199 

combined gradient and idealised backscatter methods that enable reliable automatic estimation 200 

of the PBL height (PBLH) at a temporal resolution of 16 seconds and a vertical resolution of 201 

10 m. Here, we used Level 3 boundary layer height data with a quality control index of “good” 202 

only. 203 

 204 
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2.2.3 Ancillary measurements   205 

We used aerosol optical depth (AOD) and angstrom exponent (AE) data from the AERONET 206 

sunphotometers at both AMX and TRO sites. Trace gas concentrations, such as sulfur dioxide 207 

(SO2) and ozone (O3), and the meteorological parameters (temperature, relative humidity, solar 208 

radiation, wind speed, and wind direction) at AMX station were taken from the air quality 209 

network of Cyprus operated by the DLI. At the TRO site, TELEDYNE gas analysers for SO2 210 

(Model T100U) and O3 (Model T400) were deployed and meteorological parameters were 211 

obtained from the Department of Meteorology automatic weather station, located about 3.3 km 212 

south of the measurement site. Note that all data is reported in Universal Time Coordinated 213 

(UTC). Local time in Cyprus is UTC+2 from late October to late March (Eastern European 214 

Time) and UTC+3 from late March to late October during daylight saving time (Eastern 215 

European Summer Time). 216 

 217 

2.3 Tracers used to investigate PBL evolution 218 

We used two approaches to examine the influence of PBL evolution on the occurrence of NPF 219 

events at the mountain background site, TRO. AMX is assumed to be in the PBL at all times. 220 

First, the water vapour mixing ratio (WVMR) at TRO was used to distinguish between free 221 

tropospheric (FT) and PBL air. A threshold WVMR value of 5.25 g/kg (denotes the 30th 222 

percentile value of WVMR at the AMX site) was used, with WVMR values below 5.25 g/kg 223 

indicating FT air (Zha et al., 2023). WVMR was calculated as follows: 224 

 225 

𝑊𝑉𝑀𝑅 = 𝐵 ×
𝑒

𝑝 − 𝑒
      − − − − − − − −(1) 226 

 227 

where B is a constant (621.9907 g kg-1, molecular weight ratio of water to dry air), e and p are 228 

the water vapour pressure and the atmospheric pressure, respectively. e was calculated using 229 

ambient temperature, RH, and pressure (Buck, 1981). 230 

 231 

Secondly, the Vaisala ceilometer estimated PBLH from the AMX site was used to examine the 232 

PBL evolution up to the altitude of the TRO site. The PBLH estimation algorithm might be 233 

influenced by boundary layer stability, near-surface or elevated aerosol layers,  moving cloud 234 

systems in the vicinity of the measurement site, and surface type (Zhang et al., 2022). ERA5 235 

PBLH is realistically simulated by the bulk Richardson number method (Hersbach et al., 2020). 236 

Zhang et al. (2022)  also showed that ceilometer estimated PBLH generally compares well with 237 
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the bulk Richardson number method under stable conditions. Therefore, we apply a robust data 238 

filtering technique to remove under or over-estimated PBLH data values in conjunction with 239 

ERA5 PBLH data (Hersbach et al., 2023), the latest version of ECMWRF reanalysis, which is 240 

available on a 1440 × 721 longitude and latitude grid, with a spatial resolution of 0.25o × 0.25o 241 

and a temporal resolution of 1 hour. First, we remove ceilometer estimated PBLH which is 242 

lower or greater than three standard deviations of PBLH for a given day. Second, we used 243 

ERA-5 PBLH to match the diurnal pattern and considered only those days when the correlation 244 

coefficient between ERA5 and Ceilometer PBLH was greater than 0.5 at a statistical 245 

significance level of 95%. After applying these constraints, we retained 5688 hourly data points 246 

from a total of 7248 valid hourly data points, thereby ensuring that only the most reliable data 247 

were included in the PBLH analysis.  248 

 249 

2.4 Event classification  250 

The traditional ways to classify the given day into different types of NPF events (Dal Maso et 251 

al., 2005; Hirsikko et al., 2007; Kulmala et al., 2012; Manninen et al., 2010) are mainly based 252 

on the visual appearance of a contour plot of particle number size distributions. A day with the 253 

appearance of a new particle mode followed by its growth is identified as an NPF event day 254 

and such events occur over a spatial scale of a few 100’s kilometres and a temporal scale of 1-255 

2 days and are thus referred to as regional NPF events. The downside of these methods is a 256 

large fraction of unclear days, which could be caused by more local NPF events, changes in air 257 

masses, or varying weather conditions. Such unclear events can also be further classified into 258 

different sub-classes (nucleation-mode peak, Aitken-mode, and tail), but it requires additional 259 

information on trace gases and aerosol characteristics (Kanawade et al., 2014; Buenrostro 260 

Mazon et al., 2009). However, the data analysis becomes more complex when these unclear 261 

days form a large fraction of all the days. In addition, these methods omit potentially low-262 

intensity NPF events such as local or short-lived NPF events (Kulmala et al., 2024). Here, we 263 

used the traditional methodology for classifying a given day into NPF event, non-event and 264 

unclear. Given the asynchronous data gaps in NAIS measurements at both sites, we introduced 265 

an additional category labelled 'nodata,' which must be considered when comparing the 266 

frequency of occurrence of different event types. Nodata days include the unavailability of the 267 

instrument, maintenance (mainly the cleaning of the instrument during the summer and dust 268 

episodes), troubleshooting of the instrument, and infrequent power cuts at the measurement 269 

site. We present the frequency of occurrence for all these event types and utilise only NPF 270 

events for data analysis in this work. 271 
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2.5 Air mass history analysis 272 

Three-day backward airmass trajectories arriving at 1000 m a.m.s.l. and 2000 m a.m.s.l. to 273 

AMX and TRO, respectively, during 6 - 12 UTC were determined using the National Oceanic 274 

and Atmospheric Administration (NOAA) ARL PC-version HYbrid SingleParticle Lagrangian 275 

Integrated Trajectory (HYSPLIT) transport and dispersion model (Draxler and Rolph, 2010), 276 

using  0.25 degree gridded wind fields from the Global Forecast System (GFS).   277 

 278 

3 Results and Discussion 279 

3.1 NPF event frequency and characteristics 280 

The temporal evolution of positive ion and particle number size distributions at both sites 281 

(AMX and TRO) for the year 2022 are shown in Fig S1. Ion and particle number concentrations 282 

are generally higher at AMX than at TRO. Figure 2 shows the concurrent evolution of ion and 283 

particle number size distributions and number concentrations for observed typical NPF events 284 

at both sites and PBLH at the AMX site from 28 - 30 April 2022. The ion and particle number 285 

concentrations are two-fold higher at the AMX site as compared to the TRO site. While larger 286 

diameter background particles were continuously present at the AMX site, they were absent at 287 

the TRO site, suggesting that NPF events may be the major source of larger diameter particles 288 

in the Aitken mode at the TRO site (Fig. 2 and S1). Furthermore, the banana-shaped aerosol 289 

formation and growth pattern were significantly broader below 10 nm at the AMX site 290 

compared to the TRO site, suggesting that the intense NPF most likely lasted longer and the 291 

precursor vapour supply was sustained for a longer duration at AMX than at TRO. The PBLH 292 

was higher than the altitude of the TRO site, possibly indicating that the concurrent occurrence 293 

of NPF events at TRO was influenced by the evolution of the PBL (see section 3.3). 294 
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 295 

Figure 2. Time evolution of 10-minute averaged number size distributions of positive polarity 296 

ions and total particles at AMX (a, b) and TRO (c, d), respectively, measured with NAIS from 297 

28 April to 30 April 2022. The ion and particle number concentrations in the mobility diameter 298 

range from 2.5 to 25 nm are shown by a solid black line. The PBLH at AMX above the ground 299 

and the altitude of the TRO site above AMX are indicated by magenta colour dots and a black 300 

colour dotted line, respectively. 301 

 302 

Figure 3a shows the occurrence frequency of different types of event days at both AMX and 303 

TRO sites. At AMX, NPF events were observed on 129 days (35.34%), 43 days did not have 304 

signs of NPF (Non-events, 11.78%), while 42 days (11.51%) were unclear and there were no 305 
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valid measurements on 151 days (41.37%) during the calendar year of 2022. At TRO, NPF 306 

events were observed on 121 days (33.16%), 39 days did not show NPF (non-events, 10.68%), 307 

64 days were unclear (17.53%), and there were no valid measurements on 141 days (38.63%). 308 

Out of the total observed NPF events at AMX (129 days out of 214 valid observation days, 309 

60%) and at TRO (121 days out of 224 valid observation days, 54%), NPF events 310 

were observed concurrently on 69 days at both sites (Table S1), indicating that the remaining 311 

NPF events occur in different air masses at these sites even with the close proximity of sites 312 

(approximately 20 km).  The NPF frequency at the AMX site was the highest during spring as 313 

compared to the rest of the year, analogous to the previous study at AMX (Baalbaki et al., 314 

2021) and other closest Eastern Mediterranean site, Finokalia atmospheric observation station, 315 

in Crete (Kalivitis et al., 2019). The NPF frequency at the TRO site appears to be the highest 316 

during spring, although the NPF frequency in July was comparable. The gaps in observational 317 

data limit a detailed discussion of the seasonal characteristics of NPF events at both sites, 318 

however, the concurrent observations, covering over 60% at both sites, are sufficient to assess 319 

the impact of PBL evolution on NPF events at the TRO site. 320 

 321 

 322 

Figure 3. (a) Number of days of different event types at both AMX and TRO sites, (b) 323 

occurrence frequency (in fraction of days per month calculated as the number of event days 324 
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divided by the total number of calendar days in the month) of different event types at AMX, 325 

(c) same as (b) but for TRO, and (d) same as (b) but for concurrent days of NPF events, non-326 

events and unclear days at both AMX and TRO sites, excludes individual different events types 327 

and nodata. 328 

 329 

3.2 Diurnal variation in positive polarity size-segregated ion and total particle number 330 

concentrations, NPF events start-time and mode diameter 331 

Figure 4 shows the diurnal variation of size-segregated ion and particle number concentrations 332 

for positive polarity (see Fig. S2 for negative polarity) for concurrent NPF events observed at 333 

both sites as well as NPF events observed individually at each site. We used four size classes: 334 

2.5-7 nm, 7-25 nm, 2.5-25 nm, and >2.5 nm for both ions and particles. Ion and particle number 335 

concentrations exhibit similar diurnal cycles, with the highest concentrations occurring 336 

between 06:00 and 14:00 UTC, as NPF is predominately a daytime phenomenon driven by 337 

photochemistry in the presence of solar radiation (Asmi et al., 2011; Jokinen et al., 2017; 338 

Kanawade et al., 2012; Kerminen et al., 2018; Z. Wu et al., 2007). The noontime peak in size-339 

segregated ion and particle number concentrations indicates the importance of photochemistry 340 

for NPF events at AMX and TRO sites. The concurrent peaks in temperature and solar radiation 341 

are also visible (Fig. S3a, b) and in the key aerosol precursors required for the initiation of 342 

aerosol formation, such as sulfur dioxide as compared to non-events (Fig. S3c). The low 343 

relative humidity (Fig. S3d), higher ozone concentrations (Fig. S3e), and sustained wind speed 344 

(Fig. S3f) as compared to non-events further indicate environmentally favourable conditions 345 

to promote particle formation and growth. Continuous observations of columnar aerosols from 346 

sunphotometers in AMX and TRO (AERONET) show that aerosol loading is higher at AMX 347 

compared to TRO throughout the year (Fig. S4a). Additionally, the higher value of the 348 

Ångström exponent at TRO than at AMX possibly suggests that NPF processes are the 349 

dominant source of these aerosol particles at TRO (Fig. S4b), especially in winter when the 350 

site is mostly in the free troposphere (see section 3.3). Furthermore, the absence of traffic-351 

induced morning and evening peaks in size-segregated ion and particle number concentrations 352 

suggests that both sites are not influenced by local traffic emissions (Fig. 4). The blue and red 353 

vertical lines in Figure 4 indicate the occurrence times of peak concentrations for concurrent 354 

NPF events at AMX and TRO, respectively. The peak was consistently shifted to the right at 355 

the TRO site, except for intermediate ions (2.5–7 nm). This shift suggests a temporal delay of 356 

NPF events compared to AMX. This variation could reflect differences in local atmospheric 357 

dynamics, such as PBL evolution alongside aerosol precursors required for aerosol formation 358 
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and growth. When mountain sites experience daytime evolution of the PBL, a similar diurnal 359 

cycle of aerosol properties, to that of lower-altitude sites, is typically observed (Collaud Coen 360 

et al., 2018). Therefore, we hypothesise that the NPF event is detected earlier at the AMX site, 361 

shortly after sunrise, coinciding with an increase in temperature that drives the evolution of the 362 

PBL up to the height of the TRO site. The evolution of the PBL may carry precursor gases and 363 

aerosols up to the TRO site altitude, resulting in a later starting time of NPF events there.   364 

 365 
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 366 

Figure 4. Median diurnal variation of positive polarity ion (a-d) and particle (e-h) size-367 

segregated (2.5 - 7 nm, 7 - 25 nm, 2.5 - 25 nm, and >2.5 nm) number concentrations observed 368 

on concurrent NPF events at AMX (dark blue thick line) and TRO (dark red thick line). The 369 

light blue and light red thin lines are for NPF events observed individually at AMX and TRO, 370 
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respectively. The blue and red vertical lines indicate the times at which the peak concentrations 371 

for concurrent NPF events were observed at AMX and TRO, respectively.  372 

 373 

The peak in size-segregated ion and particle number concentrations exhibited a time lag of 1-374 

2 hours for concurrent NPF events at both sites. In contrast, the peak concentrations occurred 375 

at the same time of day for individual NPF events at each site, implying a uniform influence of 376 

local-to-regional atmospheric conditions on the particle formation process. Further, ion and 377 

particle number concentrations were higher during concurrent NPF events observed at both 378 

AMX and TRO, compared to those observed at TRO alone. To further substantiate our 379 

hypothesis, we obtained start-time of NPF events, as well as the ion and particle mode diameter. 380 

The start-times indicate the approximate initiation time of NPF events, while the mode 381 

diameter provides insight into the evolution of particle size distributions in the atmosphere, 382 

(Figs. 5 and S5). The histogram of NPF start-times indicates that NPF events at the TRO site 383 

were consistently detected with a time lag of ~1 hour compared to AMX (Fig. 5a). At 7:00 384 

UTC, the particle (ion) mode diameters at AMX and TRO were about 6.5 nm (11.9 nm) and 385 

11.5 nm (15.5 nm), respectively (Fig. 5b, 5c). Considering the time lag of 1 hour between these 386 

sites, the particle growth rate can be estimated as ~5 nm/h, which is comparable to the 387 

calculated mean growth rate of particles (~7 nm/h) at the AMX site (Baalbaki et al., 2021). The 388 

lower particle mode diameter at AMX, coupled with a broader dip, in contrast to the higher 389 

mode diameter and narrower dip at TRO, suggests more sustained aerosol formation at AMX 390 

than at TRO. This corroborates with the results presented in Figure 2 showing that sub-10 nm 391 

particles were present for a longer time at AMX than at the TRO. This can result in the transport 392 

of growing sub-10nm particles from the lower-altitude AMX site to the higher-altitude TRO 393 

site by up-valley winds or vertical mixing. Therefore, we next examine PBL evolution and its 394 

influence on the TRO mountain site. 395 

 396 
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 397 

Figure 5. Median diurnal variation of positive polarity (a) ion and (b) particle mode diameter 398 

for the observed concurrent NPF events at AMX (dark blue) and TRO (dark red). (c) Histogram 399 

density of NPF events start-time. The light blue and light red coloured thin lines are for NPF 400 

events observed individually at AMX and TRO, respectively.  401 

 402 

3.3 Examining PBL evolution and its influence on the TRO site 403 

The vertical evolution of the PBL significantly influences meteorological and environmental 404 

factors, such as near-surface pollutant concentrations, wind velocity, and turbulent exchange 405 

of momentum, heat, and moisture (Stull, 1988). The most accurate and common measurements 406 

of thermodynamic profiles are achieved using radiosondes, but the temporal resolution is too 407 

sparse to detect the evolution of the diurnal structure of PBL. Ground-based remote sensing 408 

techniques fill this gap, providing high temporal resolution information, such as sound 409 

detection and ranging (SODAR), radio acoustic sounding system (RASS), and light detecting 410 

and ranging (LiDAR) (Kotthaus et al., 2023). Here, we used ceilometer measurements from a 411 

lower-altitude site (AMX) along with WVMR, passive tracers of PBL dynamics, from both 412 

sites to examine the diurnal evolution of the PBL and assess its impact on the mountain site 413 

(TRO). Figure 6 shows the monthly median diurnal variation of WVMR at both sites, PBLH 414 
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at AMX, and the estimates for the influence of the PBL evolution on the TRO site. The monthly 415 

median diurnal variation of WVMR illustrates the probable mixing of air between the lower-416 

altitude AMX site and the mountain TRO site (e.g. up-valley wind or vertical mixing) except 417 

during late winter and early spring (Fig. 6a, b). Concurrently, the WVMRs at the TRO site 418 

were consistently lower than the threshold of 5.25 g/kg during late winter and early spring, 419 

suggesting that the site is primarily influenced by free tropospheric (FT) air (Fig. 6b).  The 420 

pattern was reinforced by the analysis of PBLH, exhibiting similar seasonal cycle.  The 421 

monthly median PBLH was found to be lower than the altitude of the TRO site during late 422 

winter and early spring, and higher for the remainder of the year. We further calculated the 423 

occurrence frequency of PBLH at AMX exceeding the altitude of the TRO site (1287 m above 424 

AMX) and WVMR at TRO exceeding a threshold value of 5.25 g/kg. The occurrence 425 

frequencies demonstrate the observed seasonal and diurnal patterns in PBL influence on the 426 

TRO site (Figs. 6d, 6e). This suggests that the TRO site is periodically influenced by the PBL 427 

evolution during later winter and early spring, whereas it is primarily within the PBL for the 428 

remainder of the year. Lastly, Figure 6f shows the monthly fraction of days when the TRO site 429 

is influenced by the evolution of PBL. The TRO site is within the PBL on approximately 25% 430 

of days during late winter and early spring, increasing to >80% for the remainder of the year. 431 

The concurrent patterns observed in these tracers (PBLH and WVMR) suggest that the TRO 432 

site is impacted by the transport of polluted air from lower-elevation regions, possibly through 433 

vertical mixing or up-valley wind. Previous studies have demonstrated that up-valley winds 434 

can facilitate the upward movement of aerosol precursors, which can rapidly form a large 435 

number of new aerosol particles, and pre-existing particles from lower-altitude regions to 436 

mountain measurement sites, particularly within an elevated PBL (Bianchi et al., 2021; Hooda 437 

et al., 2018; Sebastian et al., 2021; Cusack et al., 2013). 438 

 439 

https://doi.org/10.5194/ar-2024-31
Preprint. Discussion started: 24 October 2024
c© Author(s) 2024. CC BY 4.0 License.



19 
 

 440 

Figure 6. Monthly median diurnal variation of WVMR at (a) AMX, (b) TRO, and (c) PBLH 441 

at AMX. The pixels with a plus sign in (c) indicate the times of the day when PBLH is higher 442 

than the altitude of the TRO site (1287 m above the AMX site). (d) monthly median diurnal 443 

variation of the occurrence frequency of PBLH higher than the altitude of the TRO site, (e) 444 

monthly median diurnal variation of the occurrence frequency of WVMR > 5.25 g/kg at TRO, 445 

indicative of the PBL evolution up to the altitude of the TRO site, and (f) monthly fraction of 446 

days the TRO site is influenced by the evolution of PBL as illustrated by PBLH higher than 447 
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the altitude of the TRO site and WVMR > 5.25 g/kg at TRO. The grey-coloured thin lines in 448 

(a)-(e) indicate UTC sunrise and sunset times. 449 

 450 

To further substantiate our hypothesis, we examined the air mass history at the TRO site during 451 

observed concurrent NPF event days. Figure 7 shows the vertical cross-section of the fraction 452 

of air mass backward trajectories arriving at the TRO for observed concurrent NPF events. A 453 

large fraction of air masses had spent considerable time within the PBL before ascending to 454 

the altitude of the TRO site during concurrent NPF events at TRO. The monthly averaged 455 

airmass backward trajectories on concurrent NPF events showed that the free tropospheric air 456 

masses descended into the PBL upon entering the Mediterranean Sea, then they travelled along 457 

the surface towards the AMX site (Fig. S6) and eventually ascended to the TRO site altitude 458 

and above in response to the evolving PBL during the day (Fig. 7). The amplitude of the diurnal 459 

pattern of aerosol properties is the highest for the concurrent  NPF events (Figs. 4, 5), further 460 

substantiating that the TRO site experiences daytime evolution of the PBL, analogous to a 461 

previous study demonstrating the daytime PBL influence due to vertical mixing (Collaud Coen 462 

et al., 2018). On the other hand, the airmass backward trajectories on individual NPF event 463 

days at these sites show distinct air mass history (Fig. S7) 464 

 465 

 466 

Figure 7. Vertical cross-section of the fraction of airmass backward trajectories arriving at the 467 

TRO site (6 - 12 UTC) for the observed concurrent NPF events.  The green and black upward 468 

triangle indicates TRO and AMX elevation above mean sea level, respectively.  469 
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4. Discussions 470 

The frequency of occurrence of NPF events was comparable between AMX (a lower-altitude 471 

rural site) and TRO (a higher-altitude mountain site) in Cyprus, as opposed to the findings of 472 

Boulon et al. (2011) in Central France, where NPF events were more frequent at a mountain 473 

site (the Puy de Dôme station, 1465 m a.m.s.l.) than at a nearby rural lower-altitude site (the 474 

Opme station, 660 m a.m.s.l., about 12 km southeast of the Puy de Dôme station). The exact 475 

reasons for the higher frequency of NPF events at Puy de Dôme remain unclear. However, 476 

Farah et al. (2018) used PBL tracers, such as particle size distribution and black carbon 477 

concentrations, to distinguish between free-tropospheric and PBL air masses at Puy de Dôme. 478 

They found that the Puy de Dôme station is within the PBL 50% of the time during the winter 479 

and up to 97% during the summer. Since most mountain sites are typically within the PBL 480 

during the day, when NPF occurs, it is important to investigate whether the mountain site is 481 

influenced by the evolving PBL. The AMX and TRO sites are also located close to each other, 482 

approximately 20 km apart, yet we observed similar NPF frequencies at both (Fig. 3a), unlike 483 

in Central France (Boulon et al., 2011). About half of the NPF events occurred simultaneously 484 

at both sites (Fig. 3d), particularly when the airmasses originated from the northwest to 485 

northeast corridor relative to the TRO site. At measurement sites situated above 1000 m a.s.l., 486 

higher condensation sink tend to favour NPF, likely due to the presence of precursor gases 487 

needed to initiate nucleation and early growth (Sellegri et al., 2019), which is thought to be 488 

linked to vertically elevated precursor gases that promote particle formations and growth (in 489 

this case, Fig. S3c shows higher SO2 concentrations during NPF events than non-events at 490 

TRO). Measurements from a remote background site in the western Himalayas also indicated 491 

that NPF was favoured under the influence of anthropogenic plumes with a higher condensation 492 

sink indicative of the precursor- and aerosol-laden air (Sebastian et al., 2021). Measurements 493 

from a mountain site (Mount Heng, Huan Province) in South China further demonstrated that 494 

NPF events in the remote ambient atmosphere are favoured during heavy dust episodes mixed 495 

with anthropogenic pollution (Nie et al., 2014). This suggests that the balance between 496 

precursor vapours and pre-existing particles in polluted air masses determines when NPF is 497 

favoured in the atmosphere (Kanawade et al., 2021; Hyvärinen et al., 2010).  498 

 499 

A previous study demonstrated that the 30-minute time lag between black carbon 500 

concentrations and the cluster ion mode suggests that nucleation processes may be initiated at 501 

the interface between the PBL and the free troposphere (Sellegri et al., 2019). However, the 1–502 

2 hour time lag and the higher magnitude of aerosol properties at the AMX site compared to 503 
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TRO (Figs. 4, S2, S3c, and S4a) suggest nucleation processes likely occurred within the well-504 

mixed PBL. Crumeyrolle et al. (2010) also showed that nucleation occurs within the boundary 505 

layer, with the vertical extension of NPF events not exceeding the boundary layer’s top. This 506 

can be explained by turbulent mixing leading to local supersaturation of condensable vapours 507 

and the dispersion of pre-existing particles, which in turn could enhance the nucleation process 508 

within the PBL. Even at higher-altitude sites like the Jungfraujoch station (3580 m a.m.s.l.), 509 

studies have shown that NPF events can occur within free tropospheric air masses, provided 510 

these air masses were in contact with the PBL during a certain time frame (Bianchi et al., 2016; 511 

Tröstl et al., 2016b). Carnerero et al. (2018) also showed that ultrafine particles are formed 512 

within the mixed layer, and as this layer expands, these particles are subsequently detected at 513 

higher altitudes within the PBL. On the contrary, Platis et al. (2016) provided observational 514 

evidence of the inversion layer facilitating thermodynamic conditions for NPF at elevated 515 

altitudes within the PBL, and subsequently, these particles moved toward the ground. Several 516 

studies also showed that NPF events preferentially take place in the upper free troposphere 517 

(Clarke and Kapustin, 2002; Hamburger et al., 2011; Rose et al., 2015), or at the interface 518 

between the PBL and the free troposphere (Wehner et al., 2015). We also found NPF events at 519 

TRO alone may be taking place in the free troposphere or at the interface between the PBL and 520 

the free troposphere (Fig. S7), which is yet to be investigated. Nonetheless, several researchers 521 

reported NPF events in the free troposphere, such as pure-biogenic NPF driven by natural 522 

biogenic emission in the upper troposphere (above 13 km) (Zhao et al., 2020), in cloud outflows 523 

(Kanawade and Tripathi, 2006; Clarke et al., 1998), and in the upper troposphere and lower 524 

stratosphere (Lee et al., 2008; Brock et al., 1995; Schröder and Ström, 1997). This underscores 525 

the complexity of NPF processes, which are also influenced by altitude in addition to 526 

atmospheric conditions, suggesting that the vertical extent of nucleation processes is poorly 527 

studied. 528 

 529 

5. Conclusions 530 

This work presents the concurrent observations of ion and particle size distributions from a 531 

rural background lower-altitude site (Agia Marina Xyliatou, 532 m a.m.s.l.) and a higher-532 

altitude background mountain site (Troodos, 1819 m a.m.s.l.) in Cyprus for the year 2022. We 533 

investigated the influence of boundary layer evolution on the NPF occurrence at a background 534 

mountain site, TRO. We found that the NPF event frequency was comparable between AMX 535 

(129 days out of 214 valid observation days, 60%) and TRO (121 days out of 224 valid 536 

observation days, 54%). Out of these, NPF events occurred concurrently at both sites on 69 537 
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days. Typical NPF events at AMX and TRO exhibited distinct patterns, with AMX showing a 538 

significantly longer-lasting banana-shaped distribution below 10 nm diameter compared to 539 

TRO, suggesting differences in the supply of precursor vapours. During concurrent NPF 540 

events, the smaller mode diameter at the AMX site implies that nucleation processes occur 541 

nearby, while the particles have grown larger before they are detected at TRO.    542 

 543 

By combining measurements from the higher-altitude TRO site with those from the lower-544 

altitude AMX site, we were able to investigate the influence of evolving PBL on the nucleation 545 

processes in this remote mountainous region. For this, we used ceilometer measurements from 546 

AMX along with WVMR, passive tracers of PBL dynamics, from both sites to examine the 547 

diurnal evolution of the PBL. Our analyses indicated that the TRO site is within the PBL on 548 

approximately 25% of days during late winter and early spring, increasing to >80% of days for 549 

the remainder of the year. We used 69 days of concurrent NPF events days and compared them 550 

with individual NPF events at both sites. The peak in size-segregated ion and particle number 551 

concentrations occurred at the same time of day for individual NPF events at each site, implying 552 

a uniform influence of local-to-regional atmospheric conditions on the particle formation 553 

processes. For concurrent NPF events, the peak was observed at the lower-altitude site first, 554 

followed by a 1-2 hour time delay at the mountain site, TRO, suggesting the vertical extent of 555 

the nucleation process within the PBL. In these cases, NPF events at TRO are linked to the 556 

evolving PBL since the nucleation is detected at TRO when the PBL extends over the altitude 557 

of the TRO site. This was substantiated by a 1-hour delay in the NPF events start-time and a 558 

relatively larger particle mode diameter at TRO. This suggests that the transport of precursor 559 

vapour-laden air from lower-altitude regions, likely driven by vertical mixing or up-valley 560 

winds, might play a significant role in the aerosol formation process in the higher-altitude site.  561 

The airmass history for concurrent NPF events revealed that a significant fraction of the 562 

airmass trajectories had previously been in contact with the PBL before reaching the TRO site. 563 

This suggests the vertical extent of NPF processes within the evolving PBL, though this 564 

requires further critical investigation. The influence of evolving PBL at a mountain site in this 565 

study reflects similarities with those reported in earlier studies, showing observed NPF events 566 

at a higher-altitude site, whether within or above PBL, have always been linked with the PBL 567 

(Bianchi et al., 2016; Carnerero et al., 2018; Sebastian et al., 2021; Sellegri et al., 2019; Bianchi 568 

et al., 2021; Hooda et al., 2018), except those observed in the middle-upper troposphere and 569 

stratosphere or convective cloud outflows.  570 
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An improved understanding of the exchange of energy, moisture, and atmospheric constituents, 571 

including aerosols, between the PBL and the atmosphere above is crucial for climate models. 572 

However, the complex nature of the PBL dynamics hampers the current understanding of 573 

atmospheric processes such as aerosol-induced changes in radiative balance, cloud cover, 574 

precipitation, and even regional circulation patterns, which have feedback with regional and 575 

climate processes. Therefore, the process-level understanding of atmospheric processes and 576 

their feedback such as airborne production of aerosols, within the boundary layer is crucial for 577 

future climate prediction.   578 

 579 

Data availability 580 

In-situ measurements of ion and particle size distributions, meteorological parameters and 581 

gases, and screened planetary boundary layer data can be accessed at Zenodo (add citations 582 

here).  The ceilometer data can also be viewed at https://e-profile.eu/ (last accessed 22 October 583 

2024). ERA-5 boundary layer height data is publicly available from 584 

https://cds.climate.copernicus.eu/datasets/reanalysis-era5-single-levels (last accessed 22 585 

October 2024). AERONET aerosol optical depth and Ångstrom exponent data are available 586 

publicly to download from https://aeronet.gsfc.nasa.gov/ (last accessed 22 October 2024) 587 
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