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Abstract. Atmospheric new particle formation (NPF) occurs ubiquitously in the atmosphere, but more often in
the planetary boundary layer (PBL). However, particle formation and early growth are poorly understood pro-
cesses in aerosol science, particularly over the Eastern Mediterranean and Middle East (EMME) region, which
has been recognised as a global climate change hotspot. Here, we present semi-continuous concurrent measure-
ments of ion and particle size distributions in Cyprus for the year 2022 from a lower-altitude rural background
site (Agia Marina Xyliatou, AMX, 532 m a.m.s.l.) and a higher-latitude mountain background site (Troodos,
TRO, 1819 m a.m.s.l.) with only about 20 km distance between the sites. We also used concurrent measurements
of sulfur dioxide, ozone, and meteorological parameters from both sites. The boundary layer evolution and its
impact on the occurrence of NPF events at a mountain site were investigated using a combination of water vapour
mixing ratio, a passive tracer of PBL dynamics, at both sites and the Vaisala-ceilometer-estimated PBL height
from AMX. We found that NPF event frequencies are comparable between AMX (60 %) and TRO (54 %); how-
ever only half of the observed NPF events at both sites were observed concurrently. The smaller mode diameter
at AMX than at TRO indicates that NPF was initiated near AMX. The observed time for the PBL height to reach
the TRO altitude relative to the NPF event start time at AMX (1.73 h) is comparable with the time lag between
peak particle number concentrations during concurrent NPF events (1.57 h). Additionally, the growth rates of
smaller particles (3–7 nm) were similar, while larger particles (7–25 nm) exhibited higher growth rates at TRO.
This suggests that particle growth occurred rapidly in air mass transported from lower altitudes, likely driven by
vertical mixing or up-valley winds. Analysis of air mass trajectories supports this interpretation, indicating prior
contact of air masses with the PBL before reaching TRO and highlighting the critical role of vertical dynamical
mixing in NPF processes. The TRO site is within the PBL for about 25 % of days during late winter and early
spring, increasing to > 80 % for the rest of the year, which supports our findings. Our results highlight the sig-
nificant impact of secondary aerosol production in the evolving PBL on higher-altitude environments, though
the vertical extent of nucleation processes remains unclear. Understanding these processes is crucial for climate
models, as the PBL drives the exchange of energy, moisture, and atmospheric constituents, including aerosols,
with the atmosphere above.
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1 Introduction

Atmospheric new particle formation (NPF) events involve
the formation of molecular clusters, via gas-to-particle con-
version, from precursor vapours such as sulfuric acid, am-
monia, amines, oxidation products of volatile organic com-
pounds, and other trace gases that can form low-volatility
complexes, and subsequent growth of these small clusters to
larger particles (Kulmala, 2003; Zhang et al., 2004). Glob-
ally, NPF is the largest source of aerosol numbers in the at-
mosphere (Kerminen et al., 2012; Wang and Penner, 2009).
These newly formed particles can reach cloud condensa-
tion nuclei (CCN) sizes (particle diameter of 50–100 nm
and larger) by coagulation and condensation of additional
vapours (Kerminen et al., 2018; Sebastian et al., 2022; Pierce
and Adams, 2009; Westervelt et al., 2013; Williamson et
al., 2019). Global modelling simulations showed that NPF
events produce half of the present-day global CCN number
(Merikanto et al., 2009; Spracklen et al., 2008; Westervelt
et al., 2014; Yu and Luo, 2009), with an estimated uncer-
tainty range from 38 % to 66 % (Gordon et al., 2017). The
uncertainty in CCN production in the global climate model
itself stems partly from the uncertainty in particle formation
and growth (IPCC, 2023). Additionally, human exposure to
inhalable fine particles, from both primary and secondary
sources, has serious health risks that can lead to premature
death (Lelieveld et al., 2019).

To date, there are few studies investigating characteristics
of NPF events over Cyprus (Baalbaki et al., 2021; Brilke et
al., 2020; Debevec et al., 2018; Gong et al., 2019) and a lim-
ited number of studies over the Eastern Mediterranean and
Middle East (EMME) region overall (Aktypis et al., 2023,
2024; Dinoi et al., 2023; Hakala et al., 2019, 2023; Hus-
sein et al., 2020; Pikridas et al., 2012; Kalkavouras et al.,
2019, 2020, 2021; Kalivitis et al., 2019; Manninen et al.,
2010). The EMME region is characterised by diverse air
masses originating from continental, maritime, and desert ar-
eas, which affect the atmospheric composition and climate
in the area (Bimenyimana et al., 2023; Vrekoussis et al.,
2022; Zittis et al., 2022). While NPF events have been fre-
quently observed in western Saudi Arabia without any clear
seasonal pattern (Hakala et al., 2019), Hussein et al. (2020)
observed the highest NPF event frequency during summer
in Amman, Jordan. In contrast, NPF events were frequently
observed during spring and autumn in the eastern Mediter-
ranean (Baalbaki et al., 2021; Kalivitis et al., 2019). The
frequent occurrence of NPF events in the eastern Mediter-
ranean has been linked to various factors, such as solar radi-
ation/temperature, terrestrial biogenic activity, higher sulfu-
ric acid (H2SO4) concentrations, high-dust episodes, and/or
air mass history, but it is still not completely clear what
drives the frequent occurrence of NPF events over this re-
gion (Baalbaki et al., 2021). A previous study showed that
NPF events occurred on 58 % of days annually at a lower-
altitude site, Agia Marina Xyliatou (AMX) (Baalbaki et al.,

2021), which is the highest reported frequency after South
Africa (86 %) (Hirsikko et al., 2012) and Saudi Arabia (73 %)
(Hakala et al., 2019). In contrast, NPF events occurred only
on 12 % of days during summer at a higher-altitude moun-
tain site (Helmos mountain at 2314 m a.m.s.l.) in Greece (Ak-
typis et al., 2024). Previous studies have shown that NPF
events at higher-altitude locations occur under the influ-
ence of up-valley winds, which channel precursor gases to
higher altitudes, typically when the boundary layer extends
above the site’s altitude (Bianchi et al., 2016; Tröstl et al.,
2016a; Sebastian et al., 2021), and NPF events were observed
even at higher vapour condensation sink compared to non-
events (Sellegri et al., 2019). Conversely, Boulon et al. (2011)
showed that NPF events were observed more frequently in
the free troposphere (43.5 % of the total observation days
at the Puy de Dôme station, 1465 m a.m.s.l.) than within the
planetary boundary layer (PBL) lower-altitude site (2.5 % of
the total observation days at the Opme station, 660 m a.m.s.l.)
in central France.

Boundary layer NPF phenomena have extensively been
studied worldwide (Nieminen et al., 2014, 2018; Kerminen
et al., 2018; Lee et al., 2019; Kulmala et al., 2004), although
up to which altitude NPF events take place in the PBL and
where they are initiated is still unclear (Wehner et al., 2010;
Stratmann et al., 2003; Minguillón et al., 2015). Minguil-
lón et al. (2015) demonstrated that intense NPF events in
Barcelona primarily occur at a surface level around mid-
day, coinciding with high insolation and pollution dilution,
whereas early-morning NPF events are constrained to higher
altitudes due to the inhibition of these events by high surface-
level condensation sink (CS). Carnerero et al. (2018) demon-
strated that ultrafine particles are formed exclusively inside
the mixed layer, and as the mixed layer grows, ultrafine
particles are detected at higher levels within PBL, while
Wehner et al. (2010) observed well-mixed ultrafine particles
(5–10 nm) throughout the PBL. A one-dimensional coupled
column model, SOM-TOMAS (Statistical Oxidation Model
of organic chemistry and Two Moment Aerosol Sectional mi-
crophysics model), demonstrated that enhanced NPF rates in
the upper mixed layer are strongly influenced by tempera-
ture, vertical mixing, and gas-phase precursor concentrations
(O’Donnell et al., 2023). Aircraft observations over boreal
forests showed that particle concentrations (> 1.5 nm) peak
near the surface in the morning and mix within the evolving
PBL layer during the day (Leino et al., 2019). However, air-
borne observations are costly and operationally challenging.
Our sites offer a unique opportunity to study the vertical ex-
tent of NPF events and aerosol populations within the PBL,
due to their close proximity, and the mountain background
site (TRO) is within the PBL for about > 80 % of days dur-
ing the year. The intense solar radiation, the intricate mixture
of both natural and anthropogenic emissions from continen-
tal and marine origins, the presence of local breeze systems
(mountain, valley, sea, and land) and elevated dust layers fur-
ther add complexity to the PBL–NPF relationship over the
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region. The combination of these factors poses a significant
challenge in understanding the drivers behind the frequent
NPF events observed in Cyprus and, more broadly, across
the eastern Mediterranean.

In this work, we used semi-continuous concurrent mea-
surements of ion and particle size distributions for the year
2022 from a lower-altitude rural background site (AMX) and
a higher-altitude mountain background site (TRO) in Cyprus
with a 1287 m difference in altitude in 20 km distance be-
tween the observational sites. We present analysis on con-
current and individual (i.e. an event happening only at one
site while the other site did not show an event) NPF events.
The main aim is to examine the effect of PBL evolution on
NPF events at a background mountain site in Cyprus.

2 Materials and methods

2.1 Measurement sites

The eastern Mediterranean and Middle East region has been
recognised as a global climate change hotspot, which serves
as a convergence zone for air masses originating from three
distinct regions (Europe, Asia, and North Africa), includ-
ing marine, anthropogenic, and desert dust sources. AMX
and TRO are sites of the Cyprus Atmospheric Observa-
tory (CAO) network, operated by the Climate and Atmo-
sphere Research Center (CARE-C) of the Cyprus Institute.
The AMX site (35.038692° N, 33.057850° E) is located at
532 m a.m.s.l. between two villages, Agia Marina Xyliatou
and Xyliatos, at the foothills of the Troodos mountain range
in the central Republic of Cyprus. The AMX site is lo-
cated about 1.5 km south of Agia Marina Xyliatou and about
2.2 km northeast of Xyliatos. The AMX site hosts instru-
ments affiliated with several research infrastructures such as
the cooperative programme for monitoring and evaluation of
the long-range transmission of air pollutants in Europe (re-
ferred to as the European Monitoring and Evaluation Pro-
gramme, EMEP); the air quality network of Cyprus operated
by the Department of Labour Inspection (DLI); the regional
Global Atmospheric Watch (GAW) programme of the World
Meteorological Organization (WMO); the Aerosols, Clouds
and Trace Gases Research Infrastructure (ACTRIS) aerosol
in situ network, e-Profile (part of EUMETNET); and NASA’s
AERosol RObotic NETwork (AERONET). Anthropogenic
emissions in the vicinity of the AMX site are minimal, and
major cities are located at about 35 km (Nicosia) to the north-
east and about 50 km (Larnaca) to the southeast.

The TRO site (34.9430333° N, 32.8654729° E) is lo-
cated at 1819 m a.m.s.l., close to Mount Olympus (the high-
est peak of Cyprus, 1952 m a.m.s.l.), and experiences free-
tropospheric conditions, primarily during winter. The TRO
site may also experience light to moderate snowfall during
winter, usually in January and February, and it is in cloud
sporadically. The site is considered a background higher-
altitude mountain location as it has little or no influence

Figure 1. (a) Surface elevation map of Cyprus, including the
location of AMX and TRO observational sites and the major
cities. Elevation data are obtained from the U.S. Geological Survey
global digital elevation model (DEM) with a horizontal grid spac-
ing of 30 arcsec (approximately 1 km (GTOPO30). Panels (b) and
(c) show AMX and TRO site premises pictures, respectively.

from local anthropogenic activities, except occasional camp-
ing or campfire activities in the vicinity and the staging post
for helicopter operations. Small villages such as Prodromos,
Palaiomylos, and Agios Dimitrios are located to the west
of the TRO site, while the village of Troodos is located to
the southeast within a 5 km distance. It is located centrally
with respect to the major cities: Limassol, about 36 km to
the south; Paphos, 42 km to the southwest; Nicosia, 50 km to
the northeast; and Larnaca, 70 km to the southeast. Figure 1
shows the surface elevation map of Cyprus, depicting the lo-
cations of AMX and TRO sites, and pictures of the AMX and
TRO site premises.

2.2 Instrumentation

2.2.1 Neutral cluster and Air Ion Spectrometer (NAIS)

The ion and total particle number size distributions were
measured using the NAIS (Airel Ltd. Estonia) at both mea-
surement sites to detect and characterise NPF events. The
NAIS measures the number size distribution of ions and natu-
rally charged particles in the diameter range of 0.8–42 nm for
NTP (normal temperature and pressure) conditions (mobility
range: 3.162–0.0013 cm2 V−1 s−1) (Mäkelä et al., 1996), si-
multaneously in both positive and negative polarity (Manni-
nen et al., 2016; Mirme and Mirme, 2013). Additionally, the
NAIS can measure the total particle size distribution by us-
ing corona charging. Briefly, the NAIS has two parallel cylin-
drical differential mobility analysers (DMAs): one classifies
positively charged ions, and the other classifies negatively
charged ions. The air is sampled at a flow rate of 54 L min−1,
with a sampling tube inner diameter of 30 mm and a length
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of 65 cm. Subsequently, the airflow is divided equally for
each polarity before entering the preconditioning unit. Here,
depending on the operational mode, either the aerosol sam-
ples pass through without modification (ion mode), they are
charged to the same polarity of the analysers (particle mode),
or they are charged to the opposite polarity of the analyser
(offset mode). The air sample then reaches the analysers,
where it is size-classified in an electrical field and detected by
electrometers. The total particle concentration below ∼ 2 nm
cannot be detected due to the ions produced by the corona
charger itself and is therefore discarded in the data analyses.
The NAIS Spectops software with an instrument-specific al-
gorithm was used to invert the raw counts into a size dis-
tribution. The inverted data were subsequently corrected for
line losses using the Gormley and Kennedy equation for inlet
line losses for laminar flow (Gormley and Kennedy, 1949).
Note that NAIS data are available for approximately 60 %
and 63 % of the days at AMX and TRO, respectively (Fig. S1
in the Supplement), which is statistically robust for this anal-
ysis.

2.2.2 Ceilometer CL51

The Vaisala Ceilometer CL51 is part of the E-PROFILE net-
work, operational since 2021 which coordinates the measure-
ments of vertical profiles of wind, aerosol, and clouds from
radars, lidars, and ceilometers from a network of locations
across Europe and provides the data to the end users. The
Vaisala Ceilometer CL51 utilises an eye-safe indium gal-
lium arsenic (IngAas) diode-laser lidar technology, emitting
110 ns long pulses with a wavelength of 910± 10 nm and a
repetition rate of 6.5 kHz in a vertical or near-vertical direc-
tion (Münkel and Roininen, 2010). The CL51 can measure
aerosols and clouds from above the overlap region ∼ 300 m
up to 15 km nominally, with a vertical resolution of 10 m.
The backscatter profile is used to identify up to three aerosol-
layer heights using the gradient method in the postprocessing
software provided by the manufacturer (BL-VIEW), which
includes an automated mixing height detection algorithm de-
scribed by Emeis et al. (2007). The VAISALA BL-VIEW
software features a “cloud and precipitation filter” known
as the enhanced gradient method (Münkel and Roininen,
2010), which filters out high backscatter signals from clouds
and precipitation before applying the gradient method. BL-
View’s calculation is based on the combined gradient and
idealised backscatter methods that enable reliable automatic
estimation of the PBL height (PBLH) at a temporal resolu-
tion of 16 s and a vertical resolution of 10 m. Here, we used
Level 3 boundary layer height data with a quality control in-
dex of “good” only.

2.2.3 Ancillary measurements

We used aerosol optical depth (AOD) and Ångström expo-
nent (AE) data from the AERONET sun photometers at both

AMX and TRO sites. Trace gas concentrations, such as sul-
fur dioxide (SO2) and ozone (O3), and the meteorological
parameters (temperature, relative humidity, solar radiation,
wind speed, and wind direction) at AMX station were taken
from the air quality network of Cyprus operated by the DLI.
At the TRO site, TELEDYNE gas analysers for SO2 (Model
T100U) and O3 (Model T400) were deployed and meteo-
rological parameters were obtained from the Department of
Meteorology automatic weather station, located about 3.3 km
south of the measurement site. Note that all data are reported
in coordinated universal time (UTC). Local time in Cyprus is
UTC+2 from late October to late March (eastern European
time) and UTC+3 from late March to late October during
daylight saving time (eastern European summer time). We
have used quality-assured and quality-controlled data using
standard procedures and instrument data quality flags.

2.3 Tracers used to investigate PBL evolution

We used two distinct methods to investigate how often the
mountain background site, TRO, is influenced by PBL evo-
lution. First, the water vapour mixing ratio (WVMR) at
TRO was used to distinguish between free-tropospheric and
PBL air. A threshold WVMR value of 5.25 g kg−1 (which is
the 30th percentile value of WVMR at the AMX site) was
used, with WVMR values below 5.25 g kg−1 indicating free-
tropospheric air (Zha et al., 2023). WVMR was calculated as
follows:

WVMR= B ×
e

p− e
, (1)

where B is a constant (621.9907 g kg−1, molecular weight ra-
tio of water to dry air), and e and p are the water vapour pres-
sure and the atmospheric pressure, respectively. e was calcu-
lated using ambient temperature, relative humidity (RH), and
pressure (Buck, 1981).

Secondly, the Vaisala-ceilometer-estimated PBLH from
the AMX site was used to examine the PBL evolution up
to the altitude of the TRO site. The PBLH estimation algo-
rithm might be influenced by boundary layer stability, near-
surface or elevated aerosol layers, moving cloud systems in
the vicinity of the measurement site, and surface type. Zhang
et al. (2022) showed that the ceilometer-estimated PBLH
generally compares well with the bulk Richardson number
method under stable conditions. ERA5 also used the bulk
Richardson number method to calculate PBLH (Hersbach et
al., 2020). Therefore, we apply a robust data filtering tech-
nique to remove under- or overestimated PBLH data val-
ues in conjunction with ERA5 PBLH data (Hersbach et al.,
2023), the latest version of ECMWF reanalysis, which is
available on a 1440× 721 longitude and latitude grid, with a
spatial resolution of 0.25°× 0.25° and a temporal resolution
of 1 h. First, we remove ceilometer-estimated PBLH, which
is lower or greater than 3 standard deviations of PBLH for a
given day. Second, we used ERA5 PBLH to match the diur-
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nal pattern and considered only those days when the corre-
lation coefficient between ERA5 and ceilometer PBLH was
greater than 0.5 at a statistical significance level of 95 %. Af-
ter applying these constraints, we retained 5688 hourly data
points from a total of 7248 valid hourly data points, thereby
ensuring that only the most reliable data were included in the
PBLH analysis.

2.4 Event classification

The traditional ways to classify the given day into differ-
ent types of NPF events (Dal Maso et al., 2005; Hirsikko
et al., 2007; Kulmala et al., 2012; Manninen et al., 2010) are
mainly based on the visual appearance of a contour plot of
particle number size distributions. A day with the appearance
of a new particle mode followed by its growth is identified
as an NPF event day, and such events occur over a spatial
scale of a few hundreds of kilometres and a temporal scale
of 1–2 d and are thus referred to as regional NPF events.
The downside of these methods is a large fraction of un-
clear days, which could be caused by more local NPF events,
changes in air masses, or varying weather conditions. Such
unclear events can also be further classified into different
sub-classes (nucleation-mode peak, Aitken-mode, and tail),
but this requires additional information on trace gases and
aerosol characteristics (Kanawade et al., 2014; Buenrostro
Mazon et al., 2009). However, the data analysis becomes
more complex when these unclear days form a large fraction
of all the days. In addition, these methods omit potentially
low-intensity NPF events such as local or short-lived NPF
events (Kulmala et al., 2024). Here, we used the traditional
methodology for classifying a given day into NPF events,
non-events, and unclear days. Given the asynchronous data
gaps in NAIS measurements at both sites, we introduced an
additional category labelled “nodata”, which must be con-
sidered when comparing the frequency of occurrence of dif-
ferent event types. The nodata days include the unavailabil-
ity of the instrument, maintenance (mainly the cleaning of
the instrument during the summer and dust episodes), trou-
bleshooting of the instrument, and infrequent power cuts at
the measurement site. We present the frequency of occur-
rence for all these event types and utilise only NPF events
for data analysis in this work.

2.5 Air mass history analysis

The 3 d backward air mass trajectories arriving at 1000
and 2000 m a.m.s.l. at AMX and TRO, respectively, dur-
ing 06:00–12:00 UTC were determined using the National
Oceanic and Atmospheric Administration (NOAA) ARL PC-
version HYbrid SingleParticle Lagrangian Integrated Tra-
jectory (HYSPLIT) transport and dispersion model (Draxler
and Rolph, 2010), using 0.25° gridded wind fields from the
Global Forecast System (GFS).

3 Results and discussion

3.1 NPF event frequency and characteristics

The temporal evolution of negative ion and particle num-
ber size distributions at both sites (AMX and TRO) for the
year 2022 is shown in Fig. S1. Ion and particle number con-
centrations are generally higher at AMX than at TRO. Fig-
ure 2 shows the concurrent evolution of negative ion and par-
ticle number size distributions and number concentrations
for observed typical NPF events at both sites and PBLH
at the AMX site from 28–30 April 2022. The negative ion
and particle number concentrations are 2-fold higher at the
AMX site compared to the TRO site. While larger-diameter
background particles were continuously present at the AMX
site, they were absent at the TRO site, suggesting that NPF
events may be the major source of larger diameter particles
in the Aitken mode at the TRO site (Figs. 2 and S1). Fur-
thermore, the banana-shaped aerosol formation and growth
patterns were significantly broader below 10 nm at the AMX
site compared to the TRO site, suggesting that the intense
NPF most likely lasted longer and the precursor vapour sup-
ply was sustained for a longer duration at AMX than at TRO.
The PBLH was higher than the altitude of the TRO site, pos-
sibly indicating that the concurrent occurrence of NPF events
at TRO was influenced by the evolution of the PBL (see
Sect. 3.3).

Figure 3a shows the occurrence frequency of different
types of event days at both AMX and TRO sites. At AMX,
NPF events were observed on 129 d (35.34 %), and 43 d did
not have signs of NPF (non-events, 11.78 %), while 42 d
(11.51 %) could be classified as unclear, and there were no
valid measurements on 151 d (41.37 %) during the calendar
year of 2022. At TRO, NPF events were observed on 121 d
(33.16 %), 39 d did not show NPF (non-events, 10.68 %),
64 d were unclear (17.53 %), and there were no valid mea-
surements on 141 d (38.63 %). Out of the total observed NPF
events at AMX (129 d out of 214 valid observation days,
60 %) and at TRO (121 d out of 224 valid observation days,
54 %), NPF events were observed concurrently on 69 d at
both sites (Table S1 in the Supplement), indicating that the
remaining NPF events occur in different air masses at these
sites even with the close proximity of sites (approximately
20 km). The NPF frequency at the AMX site was the highest
during spring as compared to the rest of the year, analogous
to the previous study at AMX (Baalbaki et al., 2021) and
the next closest eastern Mediterranean site, Finokalia atmo-
spheric observation station, in Crete (Kalivitis et al., 2019).
The NPF frequency at the TRO site appears to be the high-
est during spring, although the NPF frequency in July was
comparable. The gaps in observational data limit a detailed
discussion of the seasonal characteristics of NPF events at
both sites; however, the concurrent observations, covering
over 60 % at both sites, are sufficient to assess the impact
of PBL evolution on NPF events at the TRO site.
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Figure 2. Time evolution of 10 min averaged number size distri-
butions of negative polarity ions and total particles at AMX (a, b)
and TRO (c, d), respectively, measured with the NAIS from 28 to
30 April 2022. The ion and particle number concentrations in the
mobility diameter range from 2.5 to 25 nm are shown by a solid
black line. The PBLH at AMX above the ground and the altitude of
the TRO site above AMX are indicated by magenta colour dots and
a black colour dotted line, respectively.

3.2 Diurnal variation in negative polarity
size-segregated ion and total particle number
concentrations, NPF event start time and mode
diameter

Figure 4 shows the diurnal variation of size-segregated ion
and particle number concentrations for negative polarity (see
Fig. S2 for positive polarity) for concurrent NPF events ob-
served at both sites as well as NPF events observed indi-
vidually at each site. We used four size classes, 2.5–7 nm,
7–25 nm, 2.5–25 nm, and > 2.5 nm, for both ions and par-
ticles. Ion and particle number concentrations exhibit sim-
ilar diurnal cycles, with the highest concentrations occur-
ring between 06:00 and 14:00 UTC, as NPF is predomi-
nately a daytime phenomenon driven by photochemistry in
the presence of solar radiation (Asmi et al., 2011; Joki-
nen et al., 2017; Kanawade et al., 2012; Kerminen et al.,
2018; Wu et al., 2007). The noontime peak in size-segregated
ion and particle number concentrations indicates the impor-
tance of photochemistry for NPF events at AMX and TRO
sites. The concurrent peaks in temperature (Fig. S3a), so-

Figure 3. (a) Number of days of different event types at both AMX
and TRO sites and (b) occurrence frequency (in fraction of days
per month calculated as the number of event days divided by the
total number of calendar days in the month) of different event types
at AMX. (c) Same as (b) but for TRO and (d) same as (b) but for
concurrent days of NPF events, non-events, and unclear days at both
AMX and TRO sites, excluding individual different event types and
nodata days.
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lar radiation (Fig. S3b) and sulfur dioxide (Fig. S3c) dur-
ing NPF events are also visible. The low relative humid-
ity (Fig. S3d), higher ozone concentrations (Fig. S3e), and
lower wind speed (Fig. S3f) further indicate environmen-
tally favourable conditions to promote particle formation and
growth. Seasonally averaged diurnal patterns of columnar
aerosols (AOD) during spring, summer, and autumn closely
resemble one another (probably indicating that TRO is in-
fluenced by the PBL evolution) with higher aerosol loading
at AMX compared to TRO (Fig. S4a), whereas they do not
align well in winter (TRO is weakly influenced by the PBL
evolution). Additionally, the higher Ångström exponent at
TRO (Fig. S4b), particularly in winter when the TRO mostly
lies in the free troposphere (see Sect. 3.3), suggests that
these small particles are likely from local primary emissions
(traffic, residential, etc.) or airborne secondary production or
both. Furthermore, the absence of traffic-induced morning
and evening peaks in size-segregated ion and particle number
concentrations suggests that both sites are not influenced by
local traffic emissions (Fig. 4). The blue and red vertical lines
in Fig. 4 indicate the occurrence times of peak concentrations
for concurrent NPF events at AMX and TRO, respectively.
The peak was consistently shifted to the right at the TRO site,
except for intermediate ions (2.5–7 nm). This shift suggests a
temporal delay of NPF events compared to AMX. This varia-
tion could reflect differences in local atmospheric dynamics,
such as PBL evolution alongside aerosol precursors required
for aerosol formation and growth. When mountain sites expe-
rience daytime evolution of the PBL, a similar diurnal cycle
of aerosol properties to that of lower-altitude sites is typically
observed (Collaud Coen et al., 2018). Therefore, we hypoth-
esise that the NPF event is detected earlier at the AMX site,
shortly after sunrise, coinciding with an increase in tempera-
ture that drives the evolution of the PBL up to the height of
the TRO site. The evolution of the PBL may carry precursor
gases and aerosols up to the TRO site altitude, resulting in a
later starting time of NPF events there.

The peak in size-segregated ion and particle number con-
centrations exhibited a time lag of 1–2 h for concurrent NPF
events at both sites (Fig. 4). Further, the size-segregated ion
and particle number concentrations were higher at AMX than
at TRO. To substantiate our hypothesis, we first obtained
NPF event start times at both sites. The histogram of NPF
event start times indicates that NPF events at the TRO site
were consistently detected with a time lag of 1–2 h com-
pared to AMX (Fig. 5a). We further calculated the time re-
quired for the PBL height to reach the TRO altitude rela-
tive to the NPF event start time at AMX (dTPBLevolution) and
the time lag between peak number concentrations of negative
polarity particles > 2.5 nm (dTPeakConc., N>2.5 nm, particles(−))
for observed concurrent NPF events. Out of 69 concurrent
event days, PBL height data were screened out for 24 d (as
explained in Sect. 2.3), leaving 45 data points. The aver-
age time lags based on particles and PBL measurements
are 1.57 h (∼ 94 min) and 1.73 h (∼ 104 min), respectively

Figure 4. Median diurnal variation of negative polarity ion (a–
d) and particle (e–h) size-segregated (2.5–7 nm, 7–25 nm, 2.5–
25 nm, and > 2.5 nm) number concentrations observed for concur-
rent NPF events at AMX (thick dark-blue line) and TRO (thick
dark-red line). The light-blue and light-red lines are for NPF events
observed individually at AMX and TRO, respectively. The vertical
blue and red lines indicate the times at which the peak concentra-
tions for concurrent NPF events were observed at AMX and TRO,
respectively.

(Fig. 5b). The mode diameter of negative polarity particles
was also larger at TRO than at AMX. At 07:00 UTC, the
negative polarity ion (particle) mode diameters at AMX and
TRO were about 13.6 nm (7.8 nm) and 15.5 nm (15.7 nm),
respectively (Fig. 5c, d). Considering the time lag of 2 h
between these sites, the negative polarity particle growth
rate is estimated to be ∼ 3.9 nm h−1. The mode diameter
of positive polarity particles also showed similar behaviour
(Fig. S5a, b). During the concurrent NPF event days, the
calculated size-segregated growth rates varied from 0.1 to
3.64 nm h−1 (3–7 nm) and 0.18 to 6.08 nm h−1 (7–25 nm)
with a mean and standard deviation of 1.53±0.98 nm h−1 and
2.35± 1.16 nm h−1, respectively, at AMX, while they var-
ied from 0.12 to 2.91 nm h−1 (3–7 nm) and 0.4 to 8.7 nm h−1

(7–25 nm) with a mean and standard deviation of 1.49±
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Figure 5. (a) Histogram density of NPF event start time for the ob-
served concurrent NPF events at AMX (dark blue) and TRO (dark
red). The light-blue and light-red coloured lines indicate NPF events
observed individually at AMX and TRO, respectively. (b) Scatter
plot of the time lag between peak number concentrations of nega-
tive polarity particles > 2.5 nm (dTPeakConc.,N>2.5 nm, particles(−))
and the time needed for PBL to reach TRO altitude relative to the
NPF start time at AMX (dTPBLevolution). Median diurnal variation
of negative polarity (c) ion and (d) particle mode diameter. The
box-and-whisker plot of size-segregated particle growth rates for
negative polarity for the observed (e) concurrent NPF events and
(f) individual NPF events. The filled square indicates the mean, the
horizontal line indicates the median, the bottom and top of the box
indicate the 25th and 75th percentiles, and the bottom and top of the
whisker indicate the 10th and 90th percentiles.

0.71 nm h−1 and 3.68± 2.22 nm h−1, respectively, at TRO.
The growth rates of smaller particles (3–7 nm) were simi-
lar, while the growth rates of larger particles (7–25 nm) were
higher at TRO, indicating that the particles grew rapidly
during upward air mass transport from AMX to TRO due
to PBL evolution (see Sect. 3.3, Fig. 7), possibly by val-
ley winds or vertical mixing, on concurrent event days. The
size-segregated particle growth rates for positive polarity also
showed similar behaviour (Fig. S5c and d). The lower num-
ber concentrations of nucleation-mode particles at TRO than
at AMX (Fig. 4) can facilitate more availability of vapour
for rapid growth at TRO. Therefore, we next examine PBL
evolution and its influence on the TRO mountain site.

3.3 Examining PBL evolution and its influence on the
TRO site

The vertical evolution of the PBL significantly influences
meteorological and environmental factors, such as near-
surface pollutant concentrations; wind velocity; and tur-
bulent exchange of momentum, heat, and moisture (Stull,
1988). The most accurate and common measurements of
thermodynamic profiles are achieved using radiosondes, but
the temporal resolution is too sparse to detect the evolu-
tion of the diurnal structure of PBL. Ground-based remote
sensing techniques fill this gap, providing high-temporal-
resolution information, such as sound detection and ranging
(SODAR), radio acoustic sounding system (RASS), and light
detecting and ranging (lidar) (Kotthaus et al., 2023). Here,
we used ceilometer measurements from a lower-altitude site
(AMX) along with WVMR, passive tracers of PBL dynam-
ics, from both sites to examine the diurnal evolution of the
PBL and assess its impact on the mountain site (TRO). Fig-
ure 6 shows the monthly median diurnal variation of WVMR
at both sites, PBLH at AMX, and the estimates for the in-
fluence of the PBL evolution on the TRO site. The monthly
median diurnal variation of WVMR illustrates the proba-
ble mixing of air between the lower-altitude AMX site and
the mountain TRO site (e.g. up-valley wind or vertical mix-
ing) except during late winter and early spring (Fig. 6a, b).
Concurrently, the WVMRs at the TRO site were consistently
lower than the threshold of 5.25 g kg−1 during late winter and
early spring, suggesting that the site is primarily influenced
by free-tropospheric air (Fig. 6b). The pattern was reinforced
by the analysis of PBLH, exhibiting similar seasonal cycle.
The monthly median PBLH was found to be lower than the
altitude of the TRO site during late winter and early spring
and higher for the remainder of the year. We further calcu-
lated the occurrence frequency of PBLH at AMX exceed-
ing the altitude of the TRO site (1287 m above AMX) and
WVMR at TRO exceeding a threshold value of 5.25 g kg−1.
The occurrence frequencies demonstrate the observed sea-
sonal and diurnal patterns in PBL influence on the TRO site
(Fig. 6d, e). This suggests that the TRO site is periodically in-
fluenced by the PBL evolution during later winter and early
spring, whereas it is primarily within the PBL for the remain-
der of the year. Lastly, Fig. 6f shows the monthly fraction
of days when the TRO site is influenced by the evolution
of PBL. The TRO site is within the PBL on approximately
25 % of days during late winter and early spring, increasing
to > 80 % for the remainder of the year. The concurrent pat-
terns observed in these tracers (PBLH and WVMR) suggest
that the TRO site is impacted by the transport of polluted air
from lower-elevation regions, possibly through vertical mix-
ing or up-valley wind. Previous studies have demonstrated
that up-valley winds can facilitate the upward movement of
aerosol precursors, which can rapidly form a large number of
new aerosol particles, and pre-existing particles from lower-
altitude regions to mountain measurement sites, particularly
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Figure 6. Monthly median diurnal variation of WVMR at
(a) AMX, (b) TRO, and (c) PBLH at AMX. The pixels with
a plus sign in (c) indicate the times of the day when PBLH is
higher than the altitude of the TRO site (1287 m above the AMX
site). (d) Monthly median diurnal variation of the occurrence fre-
quency of PBLH higher than the altitude of the TRO site; (e)
monthly median diurnal variation of the occurrence frequency of
WVMR > 5.25 g kg−1 at TRO, indicative of the PBL evolution
up to the altitude of the TRO site; and (f) monthly fraction of
days the TRO site is influenced by the evolution of PBL, as il-
lustrated by PBLH higher than the altitude of the TRO site and
WVMR > 5.25 g kg−1 at TRO. The grey thin lines in (a)–(e) in-
dicate UTC sunrise and sunset times.

within an elevated PBL (Bianchi et al., 2021; Hooda et al.,
2018; Sebastian et al., 2021; Cusack et al., 2013).

To further substantiate our hypothesis, we examined the
air mass history at the TRO site during observed concurrent
NPF event days. Figure 7 shows the vertical cross-section of
the fraction of air mass backward trajectories arriving at the
TRO for observed concurrent NPF events. A large fraction of
air masses had spent considerable time within the PBL before
ascending to the altitude of the TRO site during concurrent
NPF events at TRO. The monthly averaged air mass back-
ward trajectories on concurrent NPF events showed that the
free-tropospheric air masses descended into the PBL upon
entering the Mediterranean Sea, and then they travelled along
the surface towards the AMX site (Fig. S6) and eventually
ascended to the TRO site altitude and above in response to
the evolving PBL during the day (Fig. 7). The amplitude of
the diurnal pattern of aerosol properties is the highest for the
concurrent NPF events (Figs. 4, 5), further substantiating that

Figure 7. Vertical cross-section of the fraction of air mass back-
ward trajectories arriving at the TRO site (06:00–12:00 UTC) for
the observed concurrent NPF events. The green and black upward
triangle indicates TRO and AMX elevation above mean sea level,
respectively.

the TRO site experiences daytime evolution of the PBL, anal-
ogous to a previous study demonstrating the daytime PBL
influence due to vertical mixing (Collaud Coen et al., 2018).
On the other hand, the air mass backward trajectories on in-
dividual NPF event days at these sites show distinct air mass
history (Fig. S7).

4 Discussions

The frequency of occurrence of NPF events was compara-
ble between AMX (a lower-altitude rural site) and TRO (a
higher-altitude mountain site) in Cyprus, as opposed to the
findings of Boulon et al. (2011) in central France, where NPF
events were more frequent at a mountain site (the Puy de
Dôme station, 1465 m a.m.s.l.) than at a nearby rural lower-
altitude site (the Opme station, 660 m a.m.s.l., about 12 km
southeast of the Puy de Dôme station). The follow-up study
by Farah et al. (2018) used PBL tracers, such as particle
size distribution and black carbon concentrations, to dis-
tinguish between free-tropospheric and PBL air masses at
Puy de Dôme. They found that the Puy de Dôme station is
within the PBL 50 % of the time during the winter and up
to 97 % during the summer. Since most mountain sites are
typically within the PBL during the day, it is important to in-
vestigate whether the evolving PBL influences these moun-
tain sites when NPF occurs. The AMX and TRO sites are
also located close to each other, approximately 20 km apart,
yet we observed similar NPF frequencies at both (Fig. 3a).
About half of the NPF events occurred simultaneously at
both sites (Fig. 3d), particularly when the air masses origi-
nated from the northwest to northeast corridor relative to the
TRO site. At measurement sites situated above 1000 m a.s.l.,
higher condensation sink tends to favour NPF, likely due to
the presence of precursor gases needed to initiate nucleation
and early growth (Sellegri et al., 2019), which is thought to
be linked to vertically elevated precursor gases that promote
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particle formation and growth (in our case, SO2 concentra-
tions were higher during NPF events than non-events at TRO,
Fig. S3c). Measurements from a remote background site in
the western Himalayas also indicated that NPF was favoured
under the influence of anthropogenic plumes with a higher
condensation sink indicative of the precursor- and aerosol-
laden air (Sebastian et al., 2021). Measurements from a re-
mote mountain site (Mount Heng, Huan Province) in south
China further demonstrated that NPF events are favoured
during heavy dust episodes mixed with anthropogenic pol-
lution (Nie et al., 2014). All of these studies suggest that the
balance between precursor vapours and pre-existing particles
in homogenously mixed air masses determines when NPF is
favoured in the atmosphere (Kanawade et al., 2021; Hyväri-
nen et al., 2010).

A previous study demonstrated that the 30 min time lag be-
tween black carbon concentrations and the cluster ion mode
suggests that nucleation processes may be initiated at the in-
terface between the PBL and the free troposphere (Sellegri et
al., 2019). However, the 1–2 h time lag and the higher mag-
nitude of aerosol properties at the AMX site compared to
TRO (Figs. 4, S2, S3c, and S4a) suggest nucleation processes
likely occurred within the well-mixed PBL. Airborne obser-
vations of sub-3 nm particles over boreal forests showed that
the total particle number concentrations (> 1.5 nm) are the
highest near the ground in the morning, and the aerosol pop-
ulation is well mixed within evolving PBL later in the day
(Leino et al., 2019). Crumeyrolle et al. (2010) also showed
that nucleation occurs within the boundary layer, with the
vertical extension of NPF events not exceeding the bound-
ary layer’s top. This can be explained by turbulent mix-
ing leading to local supersaturation of condensable vapours
and the dispersion of pre-existing particles, which in turn
could enhance the nucleation process within the well-mixed
PBL. Even at higher-altitude sites like the Jungfraujoch sta-
tion (3580 m a.m.s.l.), previous studies have shown that NPF
events can occur in free-tropospheric air masses, provided
these air masses are in contact with the PBL before reach-
ing higher-altitude sites (Bianchi et al., 2016; Tröstl et al.,
2016b). Carnerero et al. (2018) also showed that ultrafine
particles are formed within the mixed layer, and as this layer
expands, these particles are subsequently detected at higher
altitudes within the PBL. Conversely, Platis et al. (2016) pro-
vided observational evidence of the inversion layer facilitat-
ing thermodynamic conditions for NPF at elevated altitudes
within the PBL, and subsequently, these particles moved
toward the ground. Several other studies also showed that
NPF events preferentially take place in the free troposphere
(Clarke and Kapustin, 2002; Hamburger et al., 2011; Rose et
al., 2015) or at the interface between the PBL and the free
troposphere (Wehner et al., 2015).

Nonetheless, only about 50 % of NPF events occurred
concurrently at both sites when air masses originated from
the northwest to northeast corridor (with AMX located
north-northeast of TRO). Figure S7 illustrates the monthly-

averaged, 2 d backward air mass trajectories as a function of
altitude for NPF events at AMX and TRO. Despite the prox-
imity of these sites (∼ 20 km), NPF events often occur in
distinct air masses (Fig. S7). At TRO, the remaining events
were linked to free-tropospheric air masses or the PBL under
similar conditions, with air masses arriving from the south-
west to the southeast corridor. Air mass history, together with
the intense solar radiation, the intricate mixture of both natu-
ral and anthropogenic emissions from continental and marine
origins, the presence of local breeze systems (mountain, val-
ley, sea, and land), and elevated dust layers over the region,
poses a significant challenge in understanding the drivers be-
hind the frequent NPF events observed in Cyprus and, there-
fore, adds complexity to the PBL–NPF relationship.

5 Conclusions

This work presents the concurrent observations of ion
and particle size distributions from a rural background
lower-altitude site (Agia Marina Xyliatou, 532 m a.m.s.l.)
and a higher-altitude background mountain site (Troodos,
1819 m a.m.s.l.) in Cyprus for the year 2022. We investigated
the influence of boundary layer evolution on the NPF occur-
rence at a background mountain site, TRO. We found that the
NPF event frequency was comparable between AMX (129 d
out of 214 valid observation days, 60 %) and TRO (121 d
out of 224 valid observation days, 54 %). Out of these, NPF
events occurred concurrently at both sites on 69 d. Typical
NPF events at AMX and TRO exhibited distinct patterns,
with AMX showing a significantly longer-lasting banana-
shaped distribution below 10 nm diameter compared to TRO,
suggesting differences in the supply of precursor vapours.
During concurrent NPF events, the smaller mode diameter at
the AMX site implies that nucleation processes occur nearby,
while the particles have grown larger before they are detected
at TRO.

By combining measurements from the higher-altitude
TRO site with those from the lower-altitude AMX site, we
were able to investigate the influence of evolving PBL on
the nucleation processes in this remote mountainous region.
For this, we used ceilometer measurements from AMX along
with WVMR, passive tracers of PBL dynamics, from both
sites to examine the diurnal evolution of the PBL. Our anal-
yses indicated that the TRO site is within the PBL on ap-
proximately 25 % of days during late winter and early spring,
increasing to > 80 % of days for the remainder of the year.
We used 69 d of concurrent NPF events days and compared
them with individual NPF events at both sites. The peak in
size-segregated ion and particle number concentrations oc-
curred at the same time of day for individual NPF events at
both sites. In contrast, for concurrent NPF events, the peak
was observed at the lower-altitude site first, followed by a
1–2 h time delay at the mountain site, TRO, suggesting the
vertical extent of the nucleation process within the PBL. In
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these cases, NPF events at TRO are linked to the evolving
PBL since the nucleation is detected at TRO when the PBL
extends over the altitude of the TRO site. This was substanti-
ated by a 1 h delay in the NPF event start time and a relatively
larger particle mode diameter at TRO. This suggests that the
transport of precursor vapour-laden air from lower-altitude
regions, likely driven by vertical mixing or up-valley winds,
might play a significant role in the aerosol formation process
in the higher-altitude site. The air mass history for concurrent
NPF events revealed that a significant fraction of the air mass
trajectories had previously been in contact with the PBL be-
fore reaching the TRO site. This suggests the vertical extent
of NPF processes within the evolving PBL, though this re-
quires further critical investigation. The influence of evolving
PBL at a mountain site in this study reflects similarities with
those reported in earlier studies, showing that observed NPF
events at a higher-altitude site, whether within or above the
PBL, have always been linked with the PBL (Bianchi et al.,
2016, 2021; Carnerero et al., 2018; Sebastian et al., 2021;
Sellegri et al., 2019; Hooda et al., 2018), except those ob-
served in the middle–upper troposphere and stratosphere or
convective cloud outflows.

Despite significant progress in regional and global climate
models enhanced with process-based parameterisations de-
rived from controlled laboratory experiments, ambient mea-
surements, and space-borne observations, a comprehensive
understanding of the climate system remains elusive. The
aerosol–cloud interaction is one of the largest sources of un-
certainty in the climate system, primarily due to ambigu-
ity in CCN production, which arises from uncertainties in
both primary emissions and airborne secondary production
(IPCC, 2023). Furthermore, the uneven geographical distri-
bution and spatial heterogeneity of measurement networks,
coupled with asynchronous monitoring and inconsistent data
collection methods for various atmospheric variables, hin-
der the ability to constrain model assimilation and valida-
tion. Thus, the process-level understanding of atmospheric
processes, and their interactions and feedback from them,
such as the intricate mixture of primary emissions and air-
borne production of aerosols, is crucial for advancing future
climate predictions, particularly in the EMME region which
has been recognised as a global climate change hotspot with
high vulnerability to climate change impacts.
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