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Abstract.

Understanding atmospheric new particle formation (NPF) across contrasting environments is essential for evaluating its
global-scale impacts. Here, we applied a nanoparticle ranking framework to systematically compare four years (2018-2022)
of continuous measurements at the boreal forest site of Hyytiéld and the megacity site of Beijing. Ranking values, as the
indicator of the NPF strength, revealed contrasting seasonality: the highest-ranking days occurred mainly in spring in Hyytidla
but in winter in Beijing. The driving factors of NPF in these two distinct environments were then investigated. Unexpectedly,
the concentrations of key gaseous precursors, i.e. sulfuric acid (SA) and highly oxygenated organic molecule (HOM) in
Hyytidld and SA in Beijing, did not increase monotonically with the ranking values. Together with the evolution of
condensation sink (CS) as a function of ranking values, our results illustrated that NPF intensity is governed by source—sink
competition rather than precursor availability alone. Further, we revealed quiet NPF signatures at low ranking values in
Hyytidld, whereas primary anthropogenic emissions obscured such signals in Beijing. The particle formation rate of 7 nm (J7)
and growth rates of 7-25 nm (GR7.5) particles were calculated under different ranking levels. The results showed that J,
increased with ranking value, whereas the GR7.o5 frequently peaked outside the highest ranking interval. In addition, we also
compared the ranking-based J; and the J- calculated based on traditional methods, suggesting that conventional approaches

may underestimate particle formation during weak or less clearly NPF conditions (low ranking days). By combining
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nanoparticle ranking with normalization method, our results continuously and quantitatively characterized NPF dynamics,

thereby improving our understanding in the role of NPF in atmospheric aerosol populations in two distinct environments.

1 Introduction

Atmospheric new particle formation (NPF) is a multi-stage process initiated by the clustering of gaseous precursors and
their subsequent growth into larger aerosol particles (Kulmala et al., 2013). NPF is considered the dominant source of total
particle number concentrations in the global atmosphere and can directly influence the Earth’s radiative balance as well as
human health through the production of ultrafine particles (Gordon et al., 2017; Boucher et al., 2013; Guo et al., 2014; Kulmala
et al., 2021; Du et al., 2021; Kulmala et al., 2022a). After their formation, newly formed particles may further grow to larger
sizes and eventually exceed the threshold required to act as cloud condensation nuclei (CCN) (Kerminen et al., 2005; Du et
al., 2025). Simulations suggest that NPF may contribute up to approximately half of the global CCN population (Merikanto et
al., 2009; Dunne et al., 2016; Yu and Luo, 2009; Zhao et al., 2024). Through its influence on CCN abundance, NPF can affect
cloud properties, acrosol—cloud interactions, and ultimately the global climate. Therefore, understanding NPF and subsequent
particle growth is essential for evaluating the impacts of atmospheric aerosol particles on air quality, climate, and human health.

To elucidate the NPF processes on a global scale, field studies have been conducted worldwide across a wide range of
environments, from pristine to heavily polluted area (Kulmala et al., 2004; Kerminen et al., 2018; Chu et al., 2019). In particular
comparative investigations between biogenically and anthropogenically dominated environments are essential for identifying
the key NPF mechanisms under different atmospheric conditions and determining whether certain features are universal or
site-specific. The Nordic boreal forest has long served as a hotspot for studying NPF in clean environment dominated by
biogenic emissions (Kulmala et al., 2012; Kerminen et al., 2018). In this region, NPF is primarily driven by sulfuric acid
together with highly oxygenated organic molecules (HOMs) produced from biogenic volatile organic compounds (BVOCs)
(Kirkby et al., 2016; Ehn et al., 2014). Owing to the abundant availability of gaseous precursors and low background aerosol
loadings, NPF is frequently observed in this region (Dada et al., 2017; Nieminen et al., 2014). Conversely, polluted urban
environments are characterized by high pre-existing aerosol concentrations that can strongly suppress the formation of newly
formed particles and reduce their survival probability (Du et al., 2022). Nevertheless, intensive NPF events are still frequently
observed (Chu et al., 2019; Cai et al., 2017; Yao et al., 2018). Recent studies have demonstrated that NPF in polluted urban
area is often dominated by sulfuric acid—amine nucleation, in which anthropogenic amines can efficiently stabilize newly
formed clusters even under high condensation sink conditions (Yao et al., 2018; Cai et al., 2020; Yan et al., 2021). Furthermore,
the subsequent growth of these particles is promoted by the condensation of sulfuric acid together with oxygenated organic
compounds, particularly those originating from anthropogenic volatile organic compounds, which enhances the survival
probability of newly formed particles in the polluted urban atmosphere (Qiao et al., 2021; Wang et al., 2020). Beijing, as a
typical polluted megacity in China, has therefore become a representative location for investigating NPF under anthropogenic

emission dominance.
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However, the majority of previous NPF analyses at these two representative regions relied on a binary classification of
days to NPF event and non-event days, thus focusing primarily on clearly identifiable, regional-scale NPF events. Such
classifications are to some extent influenced by subjective judgment and may overlook the information contained in the days
classified as “non-event” or “undefined” (Buenrostro Mazon et al., 2009). Recently, Kulmala et al. (2022b) found that
atmospheric NPF can produce a substantial number of particles even on days when no clear NPF event is identified, a
phenomenon referred to as quiet NPF. It further led to the suggestion that a paradigm shift is needed in NPF research using
field observations in a more statistical and continuous framework to evaluate NPF characteristics (Kulmala et al., 2024).

Motivated by this perspective, this study provides a systematic comparison of NPF in two contrasting atmospheric
environments: the biogenically dominated boreal forest site of Hyytidla and the anthropogenically influenced megacity site of
Beijing. Although NPF at both locations has been investigated extensively, direct comparisons based on a continuous analytical
framework applied to long-term measurements remain limited. Here, we apply the recently developed nanoparticle ranking
method (Aliaga et al., 2023) to four years of continuous measurements from each site during 2018-2022. Unlike traditional
binary event classification, this method characterizes NPF on a continuous scale across all measurement days, including
periods of weak or quiet NPF. Building on the overview of the two long-term datasets provided by Kulmala et al. (2025), the
present study focuses specifically on NPF characteristics and their underlying processes. In particular, we examine (1)
differences in the occurrence probability, intensity, and seasonal variability of NPF between Hyytidld and Beijing; (2) the
factors driving and suppressing NPF; and (3) how particle formation and growth rates derived from the ranking-based approach
differ from those obtained using traditional event classification. This framework further allows us to distinguish the factors
controlling the intensity of particle formation from those governing the subsequent growth of newly formed particles to larger

sizes.

2 Methods
2.1 Measurement sites

This comparative study is based on the long-term, continuous measurements conducted at two SMEAR-type stations
(Stations for Measuring Earth surface - Atmosphere Relations). SMEAR 11 station is located in a boreal forest in Hyytiéla,
Finland (61.85° N, 24.28°E; 181 m A.S.L.) and serves as a representative background site for clean environments. Atmospheric
emissions in the surrounding area are predominantly biogenic in origin (Hari et al., 2012; Kulmala et al., 2001). More details
about this site are provided by Hari et al. (2012). The Aerosol and Haze Laboratory (BUCT/AHL) is situated on the fifth floor
of a university building on the west campus of Beijing University of Chemical Technology in Beijing, China (39.94°N,
116.30°E; 20 m A.S.L.). It represents a typical polluted urban environment influenced mainly by anthropogenic emissions
such as cooking activities, traffic and other domestic sources (Liu et al., 2020; Kulmala et al., 2021). Detailed description of

this station can be found in Zhou et al. (2020).While Hyytidld observations have been ongoing since 1995, the measurements
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in Beijing began in 2018. Consequently, this study utilized the overlapping observation period from 1 March 2018 to 1 March

2022 for comparative analysis.

2.2 Instrumentation

In Hyytidld and Beijing, the particle number size distributions (PNSD) were obtained using different combinations of
particle measurement instruments at the two sites. At Hyytidld, measurements from the Neutral Cluster and Air Ion
Spectrometer (NAIS; Airel Ltd; Mirme and Mirme, 2013; Manninen et al., 2016) and the Differential Mobility Particle Sizer
(DMPS; Aalto et al., 2001) were combined. At Beijing, measurements from the NAIS, DMPS, and Particle Size Distribution
(PSD) system (Liu et al., 2016; Deng et al., 2022) were integrated according to instrument availability during different
measurement periods. The combined PNSDs from all instruments were harmonized to an hourly time resolution before
subsequent analysis. In Hyytidld, PNSD between 2.5 and 1000 nm was obtained by combining measurements from the NAIS
(<7 nm) and the DMPS (>7 nm). In Beijing, the PNSD from 2.5 to 840 nm was retrieved by integrating data from the NAIS,
DMPS, and the PSD system. Specifically, for periods before 17:00 on 26 February 2019 and during 2021-2022, PNSD data
for particles <13 nm was obtained from the NAIS, while data for >13 nm were taken from the PSD system. Between 18:00 on
26 February 2019 and the end of 2020, the NAIS still provided data for particles <13 nm, whereas the DMPS was used for
particles >13 nm. The merging diameters were selected because intercomparisons between instruments showed better
agreement between the NAIS and the other instruments at these size ranges, namely around 7 nm in Hyytiéld and around 13
nm in Beijing. Detailed information on the instrument operation and calibration could be found in our previous studies (Yan
et al., 2022; Kulmala et al., 2021).

In general, the NAIS measures both PNSD (2.5 — 42 nm) and ion size distribution (0.8 — 42 nm) using two parallel DMAs
(differential mobility analyzer) for positive and negative polarities. In ion mode, naturally charged ions are simultaneously
measured in the two columns. In the particle mode, the aerosol particles are charged to opposite polarities by corona-needle
chargers before classification and electrical detection. The measurement cycle was set to 2 min for both ion and particle mode,
and 30 s for the offset mode. The NAIS system operated with a sample flow rate of 30 LPM in Hyytiéld and 27 LPM in Beijing,
while the sheath air flow rate was maintained at 60 LPM per DMA at both sites.

The DMPS measures PNSD in the size range of 3—1000 nm in Hyytiéld and 7-840 nm in Beijing. A typical DMPS system
consists of a bipolar charger to establish charge equilibrium, a DMA for size classification, and a condensation particle counter
(CPC) to obtain the number concentration of particles. The time resolution of the DMPS measurement is 10 min.

In Beijing, the PSD system consists of a nano-scanning mobility particle sizer (nano-SMPS) covering the 3—55 nm range,
a long-SMPS covering the 25-650 nm range, and an aerodynamic particle sizer (APS) measuring particles from 0.55 to 10 pm
in aerodynamic diameter. In the present study, only PSD data within the 3—840 nm size range were used to ensure consistency
with the upper size limit of the Beijing DMPS-based PNSD data. The time resolution of the PSD system data is 5 min.

In addition, the chemical components of gaseous precursors and particulate mass, as well as the meteorological conditions

were also obtained at two stations. Sulfur dioxide (SO2) concentrations were measured using Thermo 43i-TLE analyzers in

4
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both Hyytidld and Beijing. At both sites, the neutral sulfuric acid (H2SOs), highly oxygenated organic molecules (HOMs), and
their clusters were characterized using the time-of-flight chemical ionization mass spectrometers (ToF-CIMS, Aerodyne
Research Inc.) (Jokinen et al., 2012) with nitrate (NOs™) as the reagent ion.

The non-refractory aerosol chemical composition, including organics (Org), sulfate (SO+*"), nitrate (NOs"), ammonium
(NH4"), and chloride (CI"), was measured using online aerosol chemical speciation monitors (ACSM; Aerodyne Research Inc.)
(Frohlich et al., 2013). In Beijing, the measurements represented non-refractory fine particulate matter (NR-PM..s), whereas
they represented non-refractory submicron aerosol particles (NR-PM.:) in Hyytidld. Hereafter, both measurements are referred
to as PM for simplicity.

In Hyytidld, temperature (T) was measured using a Pt100 sensor inside in a ventilated, custom-built radiation shield, and
relative humidity (RH) was measured with a Rotronic MP102H sensor. Ultraviolet-B radiation (UVB, 280-320 nm) was
measured using a Solar Light SL501A pyranometer. The boundary layer height (BLH) was derived from HALO Photonics
StreamLine LiDAR following the method described in Manninen et al. (2018). In Beijing, meteorological parameters including
T, RH, UVB were measured using a weather station (AWS310, Vaisala Inc.). The BLH was measured using a ceilometer

(CL51, Vaisala).

2.3 Data analysis
2.3.1 Traditional event classification

The traditional NPF event classification followed the procedure proposed by Dal Maso et al. (2005) based on visual
inspection of the size distribution data from DMPS measurements at Hyytidld and from DMPS and PSD measurements at
Beijing, depending on instrument availability during different measurement periods. The detailed description of the
classification criteria can be found in their work. Concisely, the days were categorized into 4 types: (1) NPF event I days,
characterized by a clearly discernible “banana-shaped” pattern in the particle number size distribution temporal surface plot,
allowing the calculation of particle formation and growth rates; (2) NPF event II days, indicating the presence of NPF activity
but lacking sufficiently clear signatures to reliably quantify formation and growth rates; (3) undefined days, for which the

occurrence of NPF is ambiguous; and (4) non-event days, showing no evidence of NPF.

2.3.2 Nanoparticle ranking method

The nanoparticle ranking method (Aliaga et al., 2023) was used to characterize the NPF at both sites. Compared to the
traditional binary classification to event and non-event days, which relies on subjective visual inspection of individual day
(Dal Maso et al., 2005), this approach is more time-efficient and objective The method is based on the number concentration
of 2.5-5 nm particles (N2.s—s) measured by the NAIS, a size range highly sensitive to the occurrence of atmospheric NPF.
Although primary sources such as motor vehicles can also directly emit particles smaller than 5 nm, previous research in

Beijing has indicated that traffic emissions play a limited role in atmospheric NPF (Yan et al., 2022). Accordingly,
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contributions from other particle sources within this size range are assumed to be minor. Following Aliaga et al. (2023), the
dataset was first separated by season, and the daily time period showing a pronounced diurnal enhancement in N2.s—s was
identified as the active time window. In the original ranking method, the ranking metric is based on the difference in Na.s—s
between the active and background time windows. Considering that in urban environment, it tends to overestimate the
background concentration due to the influence of traffic emissions, in the present study, we instead used the 90th percentile of
Nz.5—s within the active time window as the daily peak value for ranking. All measurement days were then ranked according
to this metric and assigned a percentile ranking value ranging from 0 to 100 %. On average, high-ranking days are associated
with higher probability of NPF and higher particle formation rates, while low-ranking days correspond to the absence of NPF
or weak NPF intensity. This automated and statistical method provides probabilistic information about the occurrence and
strength of NPF events. Recently, Kulmala et al. (2022b) found that NPF can occur on lower rates also on non-event days that
lack clear nucleation and growth pattern in the size distribution — a phenomenon referred to as "quiet NPF." Since this ranking
method quantifies NPF across all days, including the days even with low NPF intensity, it is uniquely capable of capturing

information during quiet NPF periods (Kulmala et al., 2024).

2.3.3 Calculation of condensation sink

The condensation sink (CS), which represents the loss rate of vapor molecules due to condensation onto pre-existing
aerosol particles, was calculated using Eq. (1) , as described by Kulmala et al. (2012), using PNSDs obtained from DMPS

measurements in Hyytidld and from DMPS and PSD measurements in Beijing:

CS =2mD Xq, Bma, dp Na,» ey
where D is the diffusion coefficient of the condensing vapor, .Bm,dp is transition-regime correction factor, d, and
Nap represent the geometric mean diameter and particle number concentration in each size bin, respectively. In Hyytidla, CS

was calculated with hygroscopic growth correction (Laakso et al., 2004).

2.3.4 Calculation of growth rate and formation rate

The maximum-concentration method was used to calculate the particle growth rate (GR) based on the equation

introduced by Kulmala et al. (2012):

Ad dpy —dpq
GR=—=—p=—p_p 2)
dt At ty—ty

where the dj,; and d,, represent the particle diameters (in nm) at the time t; and t,, respectively. For calculation, d,; and
dp, correspond to the center diameters of the size bin, and ¢, and t, denote the times when the concentration in that size bin
reaches its maximum. The particle GR in the size ranges of 3-7, 7-25 nm were calculated using the particle size distribution

data at two sites.
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The particle formation rate ]d,, of diameter d,, is calculated according to the equation given by Kulmala et al. (2012):

__ dNg, GR
Ja, = —,; *+ CoagSqa, X Ng, + 2, X Ng, , 3)

where the first term on the right—hand side represents the time evolution of the particle number concentration in the size ranges

from d,, to d,, + Ad,,. The second term corresponds to the coagulation sink (C oangp), which quantifies the loss rate of

particles in this size range due to coagulation with larger particles. The third term accounts for the growth of particles out of
the corresponding size range. In principle, GR refers to the growth rate at the upper boundary of the size range, d, + Ad,. In
practical calculations, GR was represented by the growth rate determined for the corresponding size range from d, to d,, +
Ad,,. The formation rate of 7 nm particles (J;) was calculated from the particle number size distribution data at both sites using
the growth rate in the 7-25 nm size range. It should be noted that Eq. (3) does not fully account for coagulation between newly

formed particles, which may contribute to particle losses under conditions of high aerosol loading in urban environments (Cai

and Jiang, 2017; Cai et al., 2026).

3 Result and discussion
3.1 Overview of NPF at Hyytiéli and Beijing

Using the same analytical framework at both sites, we provide a systematic overview of NPF characteristics in Beijing
and Hyytiéld based on the recently developed nanoparticle ranking method (see Sect. 2.3.2). The nanoparticle ranking
percentage (hereafter referred to as ranking value) ranges from 0 to 100%, with higher values corresponding to stronger
nucleation intensity (Aliaga et al., 2023).

The diurnal evolution of particle number size distributions across the five ranking intervals is shown in Fig. 1. A similar
ranking-based analysis was presented by Kulmala et al. (2025), but their figure was based on NAIS measurements and was
therefore restricted to particle sizes below approximately 40 nm. By extending the analysis to a broader particle size range, the
present figure more clearly resolves the emergence and subsequent growth of particle populations.

At both Hyytidld and Beijing, the characteristic regional NPF pattern, manifested as a clear banana-shaped growth feature,
becomes progressively more distinct with increasing ranking value and is particularly evident when the ranking values exceed
a threshold of 80%. In Beijing, two pronounced particle modes are consistently observed during the morning and evening rush
hours at ranking values below 60% (Fig. 1b, d, and f). These modes indicate a substantial contribution from primary traffic
emissions to the urban ultrafine particle population. In contrast, at high ranking values (>80%), newly formed particles emerge
around noon and subsequently grow to larger sizes (Fig. 1j). The timing of this growth pattern, outside the main traffic rush
hours, suggests that secondary aerosol production driven by photochemical NPF becomes the dominant source of these
particles during the periods with a high ranking value. The ability to better distinguish these traffic-related modes and track

their subsequent evolution illustrates the additional information gained by extending the analysis beyond the NAIS size range.

7
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Figure 1. Daily median particle number size distributions (PNSDs) grouped into 20 % percentile intervals at Hyytiélé (a, c, e,
g, 1) and Beijing (b, d, f, h, j). In Hyytidl4, the PNSDs were obtained by combining data from the Neutral Cluster and Air Ion
Spectrometer (NAIS, 2.5—7 nm) and the Differential Mobility Particle Sizer (DMPS, 7-1000 nm). In Beijing, the PNSDs were
obtained by combining NAIS data for 2.5-13 nm particles with DMPS or PSD data for 13—840 nm particles, depending on
instrument availability. The figure is based on hourly median data from 2018 to 2022.

As shown in Fig. 2, the seasonal distribution of ranking values in Hyytiéld and Beijing reflects the seasonal variation of
NPF occurrence and intensity at both sites. In Hyytidld, days with the highest probability and strongest intensity of NPF

(ranking values >90%) were mainly concentrated in spring, whereas winter is dominated by days with the lowest NPF potential
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(ranking values <10%). This pattern is generally consistent with 16 years long-term observations (Nieminen et al., 2014) in
Hyytidla, which found that NPF events occur most frequently in spring and are rare in winter. In contrast, Beijing exhibited an
opposite seasonal pattern. Days with high ranking values (>90%) were most common in winter, suggesting more frequent and
intense NPF events during this season, whereas summer was dominated by low-ranking days (<10%), indicating weak or
absent NPF events during this period. Deng et al. (2020) similarly reported the highest NPF frequencies in winter and the
lowest frequencies in summer. However, based on one year of observations in Beijing in 2004, Wu et al. (2007) found that
NPF occurred most frequently in spring, followed by winter and autumn. Likewise, Shang et al. (2023) reported that NPF was
most frequent in spring, with winter being the second most active season during 2013—2020 in Beijing. These previous findings
indicate a seasonal pattern of NPF activity that differs from that observed in the present study. Such discrepancies may also be
associated with long-term changes in Beijing over the past two decades, including the implementation of emission-control
policies and rapid urban development. This further highlights the importance of long-term field observations for understanding
seasonal variations in NPF intensity. The following section (Sect. 3.2) further elucidates the potential mechanisms underlying

these contrasting seasonal behaviors of NPF in the clean Hyytidld and polluted urban Beijing.

L (@) Hyytiala (b) Beijing
- 30
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> 25
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8 [ Summer (J)A)
o 15 B Autumn (SON)
c .
£ I Winter (DJF)
< 10
T
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Figure 2. Seasonal distribution of percentile ranking in Hyytidla (a) and Beijing (b) from 2018-2022. Bars show the proportion
of days in each 10 % ranking bin for spring (MAM, green), summer (JJA, orange), autumn (SON, magenta), and winter (DJF,
blue).

3.2 Factors influencing NPF in Hyytiild and Beijing

3.2.1 Gas precursors driving NPF in Hyytiiild and Beijing

The availability of precursor vapors is a key factor driving atmospheric NPF. Previous studies have identified sulfuric

acid (SA) as a central precursor for particle formation in both clean and polluted environments, including Hyytiéld and Beijing
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(Nieminen et al., 2009; Petiji et al., 2009; Cai et al., 2021; Yue et al., 2010). Given the important role of precursor vapors in
atmospheric nucleation, the precursors would be expected to increase with ranking value at both sites. In Hyytidld, SA generally
increased with ranking value, while declined moderately at the highest-ranking levels in summer (Fig. S1). Considering that
highly oxygenated organic molecules (HOMs) also contribute substantially to particle formation and early growth in Hyytidla
(Ehn et al., 2014; Lehtipalo et al., 2018), we therefore examined the product of SA and HOM concentrations. As shown in
Figs. 3a —d, the SA x HOM product generally increased with ranking value, but a distinct decrease was still observed at the
highest ranking levels (>80%) during spring and summer (Fig. 3a—b). The individual measurements indicate that this decrease
was more closely associated with the reduction in HOM concentrations (Fig. S2). Air temperature also decreased at the highest
ranking levels during these seasons (Fig. S3), corresponding to the observed reduction in HOM concentrations and the SA x
HOM product. Consistently, the temperature coloring in Fig. 3 shows that the decrease in SA x HOM coincided with lower
seasonally normalized temperatures. Since biogenic emissions and the subsequent production of HOMs are temperature-
dependent, the lower temperatures may reduce the availability of organic vapors and thereby contributed to the decrease in SA
x HOM under the most intense NPF conditions. These results suggest that temperature-dependent biogenic vapor production
can partly explain the decrease in the SA x HOM product at the highest ranking levels, while the occurrence of the strongest
NPF under reduced precursor-vapor availability points to the additional role of other factors, which is examined below through
the source—sink balance (Sect. 3.2.3).

In Beijing, SA concentrations generally increased with ranking value, while it remained relatively stable in spring and
autumn (Fig. 3e—h). The variation in SA cannot be explained by SOz abundance alone (Fig. S4), but likely reflects the combined
effects of photochemical production, atmospheric mixing, and losses to pre-existing particles. Daytime boundary layer height
(BLH) generally increased toward higher ranking values in Beijing (Fig. S5). The development of a deeper daytime boundary
layer may be associated with stronger ventilation and more active turbulent mixing, which can dilute pre-existing aerosol
particles. Moreover, enhanced boundary-layer development may be associated with stronger daytime photochemistry, as
suggested by the generally increasing UVB with BLH at both sites (Fig. S6). This may promote OH production and facilitate
SO: oxidation. Therefore, the variation in SA in Beijing should be interpreted as the combined outcome of SO: availability,
oxidant levels, and meteorological conditions, rather than as a response to SO concentration alone.

By characterizing NPF continuously across all measurement days, the ranking method revealed that the dependence of
precursor abundance on nucleation intensity differed between the two environments and was not consistently monotonic. Cai
et al. (2021) highlighted that the influence of SA on NPF should be considered together with other controlling factors, e.g.
amine availability, scavenging by pre-existing aerosols, and so on. These deviations motivated us to further investigate the

interplay between precursor sources, particle sinks, and meteorological conditions across seasons (Figs. 4-5).

10
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Figure 3. Seasonal evolution of sulfuric acid (SA) multiplied by highly oxygenated organic molecules (HOMs) in Hyytiéla
(a-d) and SA concentration in Beijing (e-h) as a function of percentile ranking. Each subplot represents one season. The values
were calculated from data between 09:00 and 17:00 local time. The boxplots show the median (central line), 25th and 75th
percentiles (box edges), and the 10th and 90th percentiles (whiskers). The box colors indicate the corresponding seasonally

290 normalized temperature within each ranking interval, with darker colors representing higher normalized temperatures.

3.2.2 Sink suppressing NPF in Hyytiili and Beijing

The condensation sink (CS) exhibited contrasting ranking dependence at Hyytiédld and Beijing (Fig. 4). In Hyytiéld, CS

generally increased from low to intermediate ranking levels but declined at higher ranking values (>80%) across all seasons.

A similar non-monotonic pattern was observed for PM mass concentrations, which also increased initially and subsequently

295 decreased toward the highest ranking levels (Fig. S7a-h). Organic aerosol (OA) constituted the dominant fraction of PM in
Hyytiéld and showed a similar ranking dependence, indicating that changes in OA contributed substantially to the observed
variation in total PM mass. During spring and summer, the decreases in CS and OA at the highest ranking levels also coincided

with lower seasonally normalized temperatures (Fig. 4a-b), consistent with the temperature dependence of biogenic emissions.
Because PM mass and CS represent different aerosol properties, their co-variation should not be interpreted as a direct

300 equivalence. Nevertheless, the corresponding patterns suggest that changes in the pre-existing aerosol population, particularly

the organic aerosol component, may contribute to the non-monotonic dependence of CS on ranking value in Hyytidla.
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In contrast, CS generally decreased with increasing ranking value across all seasons in Beijing. This trend was
accompanied by a pronounced decrease in PM mass concentrations (Fig. S7i-p), consistent with the dilution of pre-existing
aerosol particles under conditions of enhanced daytime boundary-layer development (Fig. S5). The relative contribution of
nitrate to PM also generally decreased toward higher ranking values, whereas the relative contribution of OA increased. It
should be noted that the increasing OA fraction does not necessarily indicate an increase in absolute OA mass, as the total PM
concentration declined substantially. Previous studies found that NH4NOs-rich particles can act as efficient sinks for gaseous
sulfuric acid in Beijing (Du et al., 2022). Therefore, both the reduction in aerosol loading and the compositional shift away
from nitrate-rich particles may contribute to the lower CS at high ranking values, thereby creating more favorable conditions

for NPF.

ot ﬁ“’""%é!““h iy 1o
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Ranking percentage (%) Ranking percentage (%) Ranking percentage (%) Ranking percentage (%)
Figure 4. Seasonal evolution of condensation sink (a-d) in Hyytidld and Beijing (e-h) as a function of percentile ranking. Each
subplot represents one season. The CS values were calculated from data between 09:00 and 17:00 local time. The boxplots
show the median (central line), 25th and 75th percentiles (box edges), and the 10th and 90th percentiles (whiskers). The box
colors indicate the corresponding seasonally normalized temperature within each ranking interval, with darker colors

representing higher normalized temperatures.

3.2.3 Source-Sink Balance Governing NPF in Hyytiéli and Beijing

Figure 5 compares the ranking dependence of the SA x HOM-to-CS ratio at Hyytiél4, together with the SA-to-CS ratio

and SA dimer concentration at Beijing. The SA x HOM-to-CS and SA-to-CS ratios serve as simplified source-to-sink proxies,

12



325

330

335

340

345

350

https://doi.org/10.5194/egusphere-2026-5379
Preprint. Discussion started: 18 September 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

representing the balance between cluster production and loss to pre-existing aerosol particles, whereas SA dimer concentrations
provide a more direct measure of stable molecular clusters available for subsequent growth.

In Hyytiéld, both the SA x HOM and CS decreased at high ranking values (>80%) during spring and summer (Figs. 3 and
4), while the corresponding SA X HOM-to-CS ratio remained relatively high and did not exhibit the same pronounced decline
(Fig. 5a-b). This indicates that the concurrent decrease in CS toward the highest ranking levels may partly compensate for the
decline in SA x HOM and help sustain conditions favorable for particle formation. Nevertheless, the SA x HOM-to-CS ratio
did not increase continuously with ranking value in summer, indicating that this simplified proxy does not capture all processes
controlling NPF intensity. In particular, it does not account for the temperature dependence of SA—organic clustering efficiency.
Yu et al. (2017) showed that increasing temperature can strongly reduce H.SOs—organic nucleation rates, with a reduction of
approximately 1 order of magnitude for a 10 K temperature increase. The relatively high summer temperatures may alter the
efficiency with which available SA and organic vapors contribute to stable cluster formation, thereby weakening the
relationship between the SA x HOM-to-CS ratio and nucleation intensity. This temperature dependence may partly explain
why the ratio alone does not exhibit a continuous increase with ranking value during summer.

In Beijing, both the SA-to-CS ratios and SA dimer generally increased toward higher ranking values, although the
variations were not strictly monotonic across all ranking intervals and seasons (Fig. 5e—l). The increase was particularly
pronounced in winter. The similar ranking dependence of these two quantities is physically consistent with the role of SA in
initial cluster formation. Whereas the SA-to-CS ratio represents the availability of gaseous SA relative to its loss to pre-existing
particles, SA dimers are products of the initial clustering of SA molecules and therefore provide a more direct indication of
the molecular clusters available for subsequent growth. Enhanced SA availability relative to CS would be expected to favor
both the formation and survival of SA dimers, providing a plausible explanation for the similar trends.

The increases in both variables indicate increasingly favorable source-to-sink conditions toward higher ranking values
and may therefore contribute to the stronger NPF intensity observed in Beijing. This relationship is also broadly consistent
with the seasonal distribution of ranking values in Beijing (Fig. 2b). Winter was more strongly represented among the highest-
ranking days, whereas summer accounted for a larger fraction of the lowest-ranking days. In particular, the pronounced
increase in both the SA-to-CS ratios and SA dimer toward high ranking levels in winter indicate increasingly favorable
conditions for SA-driven cluster formation and survival during intense NPF events.

Taken together, the patterns at the two sites emphasize that NPF intensity is governed not only by precursor vapor
availability, but also by the balance between cluster production and loss. A key consideration is the net availability of clusters
that remain after source—sink competition. However, it should be noted that our analysis does not include information on the
availability and variation of bases, such as NH; and amines, which are known to be critical stabilizing vapors for the clustering
and early NPF (Lehtipalo et al., 2018; Yao et al., 2018). Therefore, the lack of direct base measurements in the present analysis
introduces uncertainty in the quantitative interpretation of cluster formation. Nevertheless, this limitation does not alter the
main conclusion that source—sink competition is a key factor regulating the net availability and survival of newly formed

clusters.
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Figure 5. Seasonal variation in the ratio of the sulfuric acid (SA) x highly oxygenated organic molecule (HOM) product to
the condensation sink (CS) at Hyytiéla (a—d), the ratio of SA concentration to CS in Beijing (e—h), and SA dimer concentration
in Beijing (i—1) as a function of percentile ranking. Each subplot represents one season. The values were calculated from data
between 09:00 and 17:00 local time. The boxplots show the median (central line), 25th and 75th percentiles (box edges), and
the 10th and 90th percentiles (whiskers). The box colors indicate the corresponding air temperature normalized within each

season and ranking interval, with darker colors representing higher normalized temperatures.
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3.3 Particle formation and growth across the NPF intensity spectrum
3.3.1 Quiet NPF at two sites

Similar to Fig. 1, Figure 6 presents the daily evolution of particle PNSDs in Hyytiédld and Beijing across five ranking
intervals. However, the PNSDs in Fig. 6 were normalized following the approach proposed by Kulmala et al. (2022b).
Specifically, each size bin was scaled to the range of 0—1 based on its minimum and maximum values. Through this
normalization, the signals of small-sized particles are no longer overshadowed by the higher concentrations in larger size bins.
This normalization allows for the detection of subtle fluctuations in the smallest size channels, thereby facilitating the
identification of NPF signatures during "quiet NPF" periods. This improved sensitivity was clearly demonstrated in the
normalized PNSDs at the Hyytiéld (Fig. 6a, c, e, g, 1). Distinct particle formation and growth patterns were identifiable even
when the ranking was below 20%, which was entirely obscured in the raw PNSDs in Hyytidld in Fig. 1. This finding is
consistent with previous observations (Kulmala et al., 2022b), suggesting that NPF processes tend to occur to all the time in
the atmosphere. In Beijing (Fig. 6b, d, f, h), a pattern similar to Fig. 1 was observed. Two modes during the morning and
evening rush hours remain prominent after normalization when ranking values are below 60%. Due to the influence of
anthropogenic primary emissions, the signals of quiet NPF in Beijing are more difficult to isolate and characterize compared
to those in Hyytiédld. As an exploratory analysis, the median PNSDs in the 40—-60 % interval was divided by those in the 0—
20 % interval, based on the simplifying assumption that the lowest-ranking interval was predominantly influenced by traffic
emissions. The normalized ratio retains a banana-shaped particle formation and growth pattern (Fig. S8), providing tentative
evidence that quiet NPF also occurs in Beijing despite being masked by primary emissions. However, this ratio-based approach
relies on the above simplifying assumption and cannot fully separate traffic-related particles from secondary particle formation.
Developing methods to accurately identify and track quiet NPF and thereby enable its systematic investigation in polluted
urban environments, therefore remains an important task for future research.

After normalization, “banana-shaped” particle growth patterns become evident in PNSDs across all ranking intervals.
Based on the temporal evolution of individual size bins, the representative “average” growth rates (GR) for each ranking
interval in both Hyytiéld and Beijing were derived by applying the maximum concentration method (see Sect. 2.3.4) to the
identified growth features in the normalized PNSDs. Figure S9 illustrates the average GRs for 3—7 nm and 7-25 nm particles
in Hyytidld and Beijing in all ranking intervals. In Beijing, at low ranking values, strong interference from anthropogenic
emissions obscures clear growth patterns. Therefore, GR values could only be reliably determined for ranking values above
60%. In Hyytiéld, the average 3 — 7 GRs exhibited a monotonic increase with ranking values, rising from 0.3 nm h™! in the 0—
20% interval to 4.4 nm h™! in the 80—-100% interval. In contrast, the 3—7 nm GRs in Beijing at high ranking levels (60—80%
and 80—-100%) were comparable, with values of 3.2 and 3.1 nm h™', respectively. For the 7-25 nm size range, the lowest GR
at Hyytidld was observed in the 0-20% interval (1.9 nm h™). Intriguingly, the GRs in the intermediate ranking intervals (20—
80%) were higher (4.2—4.5 nm h™) than those in the highest ranking interval (80—-100%, 2.7 nm h™"). A similar pattern was
observed in Beijing, where the GR in the 60-80% interval (8.1 nm h™') was substantially higher than that in the 80-100%
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interval (2.5 nm h™!). This phenomenon highlights that in both clean Hyytidla and polluted Beijing, the growth of 7-25 nm
particles does not necessarily peak during the periods of most active NPF. This suggests a potential decoupling between the
factors determine the intensity of NPF and those determining particle growth to larger sizes. In both Hyytidld and Beijing, the
decrease in the HOMs concentration at the highest ranking levels during spring and summer (Fig. S2) may also indicate a

limitation in the availability of condensable vapors for particle growth under the most intense NPF conditions.
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Figure 6. Same as Fig. 1, but showing normalized daily median particle number size distributions (PNSDs) grouped into 20 %

percentile intervals in Hyytiéla (a, c, e, g, 1) and Beijing (b, d, f, h, j) for the period 2018-2022. The PNSDs were normalized

such that each size bin was scaled individually to the range of 0—1.

3.3.2 Seasonal variation in particle growth rates

Based on the maximum concentration method, we further conducted a seasonal analysis of particle growth in Hyytiéla
and Beijing. The average GRs in the 3—7 nm and 7-25 nm size ranges were evaluated across all ranking intervals in Hyytidla,

and for ranking values of 60—100% at Beijing for each season. The fitting procedure and representative clear and uncertain

16



415

420

425

430

https://doi.org/10.5194/egusphere-2026-5379
Preprint. Discussion started: 18 September 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

fitting cases are shown in Figs. S10-S11. Figure 7 presents the seasonal distributions of these average GR values at both sites.
In addition, the ranking-based average GRs were compared with traditional event-based GRs calculated using the same
maximum concentration method but applied to days traditionally classified as NPF event I days (Sect. 2.3.1) for each season.

In Hyytiéld, the seasonal and ranking dependences differed between the two size ranges. GRs— was highest in the 80—
100 % interval in all seasons and, within this interval, was highest in summer and lowest in autumn (Fig. 7a—d). In contrast,
GR7—2s showed no consistent increase with ranking value and frequently reached its maximum at intermediate ranking levels,
particularly in spring and autumn. The high winter GR7—s values at low ranking levels were associated with uncertain fittings
and should be interpreted cautiously.

In Beijing, GR7s—s exhibited a clearer seasonal pattern, being highest in summer and lowest in winter in both ranking
intervals (Fig. 7e—h). Except in winter, GR7—s was higher in the 60—80 % interval than in the 80—100 % interval. Summer also
showed a pronounced enhancement of GRs— in the highest ranking interval. The ranking-based GRs were generally of similar
magnitude to the traditional event-based estimates, although the level of agreement varied by season and size range. Overall,
the distinct seasonal and ranking dependences of GRs— and GR7—s, together with the frequent occurrence of the highest GR7—
25 below the highest ranking interval, indicate that the intensity of initial particle formation and subsequent growth to larger

sizes are not necessarily controlled by the same processes.
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Figure 7. Seasonal particle growth rates (GR) for the 3—7 nm (blue bars) and 7-25 nm (red bars) size ranges in Hyytiéld (a—d)
and Beijing (e-h). The average GR values were derived using the maximum concentration method (Kulmala et al., 2012) based

on averaged normalized particle number size distributions within each percentile ranking interval (see Fig. S3). Bars within
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the shaded area represent growth rates derived from days traditionally classified as NPF events using the same maximum
concentration method (“traditional GR”). For these bars, the height indicates the median value, and the whiskers represent the

25th and 75th percentiles. Hatched bars indicate cases with higher uncertainty in the growth rate fitting.

3.3.3 Particle formation rates at two sites

Using the ranking-based average GR+—s values described above, we calculated a daily ranking-based J- for each
measurement day by assigning the corresponding GR+—s value of its ranking interval. For comparison, we also calculated a
daily traditional-method J- for the same measurement days. In this traditional approach, the corresponding event-based GRs—
25 values described above were applied to traditionally classified NPF event days. For days without a clearly detectable
particle growth signal, the median event-based GR-—s derived from all traditionally classified NPF event days was assigned.
The resulting ranking-based and traditional-method J- values were subsequently grouped according to their ranking intervals,
and the median diurnal variations within each interval were compared (Fig. 8).

In line with previous finding (Aliaga et al., 2023), the median J; values generally increased with ranking value at both
Hyytiéld and Beijing, indicating that ranking serves as a reliable proxy for particle formation intensity across contrasting
environments. In Hyytidld, the median ranking based and median traditional-method J- values were relatively similar in the
lowest (0-20%) and highest (80—100%) ranking intervals. However, a clear discrepancy was observed in the intermediate
ranking intervals (20—-80 %), where the ranking-based J; was substantially higher than the traditional-method estimate. This
difference is consistent with the GR7—s patterns described above. The interval-specific average GR-—s values were relatively
high in the intermediate ranking intervals, whereas the traditional calculation assigns a single median event-day GR7—s value
to days without a clear particle-growth signal. Consequently, the traditional method may underestimate J- for a substantial
fraction of intermediate-ranking days. This sensitivity highlights the need to better constrain particle growth rates on days
that are not captured as conventional NPF events.

The same pattern was also observed in Beijing for the 60-80 % and 80—-100 % ranking intervals (Fig. 8f—g), where the
difference between ranking-based and traditional-method J; decreased markedly at higher ranking intervals. However, in
Beijing, both the ranking based and traditional-method J- values were substantially higher than those in Hyytidld within the
same ranking intervals, with the disparity reaching about two orders of magnitude. The substantially higher J; values in Beijing
likely reflect the much stronger availability of nucleating vapors and stabilizing compounds in the polluted urban atmosphere
(Caietal., 2020; Yao et al., 2018). In addition, J- generally peaked around noon in Beijing but later in the afternoon in Hyytiéla.
The earlier peak in Beijing is consistent with rapid daytime photochemical production of sulfuric acid and efficient sulfuric-
acid—amine clustering in the urban atmosphere (Cai et al., 2020). In contrast, the later peak in Hyytidld may reflected the
delayed appearance of 7 nm particles after initial cluster formation, together with the sustained afternoon contribution of low-
volatility biogenic oxidation products to particle growth (Sulo et al., 2021; Ehn et al., 2014).

At both sites, the ranking-based J- increased with ranking value and reached its maximum in the highest ranking

interval. This differs from the behavior of the average GRs—s values, which peaked instead in the intermediate ranking
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465 intervals (20-80%) at both sites. The observation that the highest particle formation rates do not coincide with the strongest

particle growth further supports the interpretation that the mechanisms governing particle formation and subsequent particle

growth may be decoupled.
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470 Figure 8. Diurnal variation of the formation rate of 7 nm particles (J+) at Hyytiéld (a—e) and Beijing (f—g) for different ranking-
percentile intervals during 2018-2022. The red solid lines represent the median ranking-based J; calculated for all days within
each ranking interval using the corresponding interval-specific growth rate of 7-25 nm particles (GRs—s). The black dashed
lines represent the median J- calculated using the traditional method for the same days. For traditional classified NPF-event
days, event-specific GRs—s values were used, whereas for non-event days, the median GR+—s across all NPF event days was

475 assigned. The red and grey shaded areas indicate the corresponding 25th—75th percentile ranges. The blue lines with open

circles show the ratio of the median ranking-based J- to the median traditional-method J-, plotted on the right-hand axis.
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4 Summary and conclusions

In this study, we applied a consistent analytical framework to compare the characteristics of NPF in two contrasting
environments: the biogenically dominated boreal forest site of Hyytidld and the anthropogenically influenced megacity site of
Beijing. By applying the same nanoparticle ranking framework to four years of continuous measurements from 2018 to 2022,
we characterized NPF across the full spectrum of measurement days. Clear banana-shaped particle growth patterns became
more evident in the highest ranking intervals. These results demonstrate that the ranking approach provides a robust framework
for continuously characterizing the occurrence and intensity of atmospheric NPF in both clean and polluted environments.

The seasonal distributions of ranking values differed markedly between the two environments. In Hyytidld, the highest-
ranking days occurred predominantly in spring, whereas winter was characterized by a large fraction of low-ranking days. In
Beijing, high-ranking days were most common in winter, while summer contributed strongly to the lowest-ranking intervals.
The factors associated with these seasonal patterns also differed between the two sites. In Hyytidld, the SA x HOM product
generally increased from low to intermediate ranking levels but decreased at the highest ranking levels during spring and
summer. However, the simultaneous decrease in the condensation sink (CS) partly compensated for the reduced precursor-
vapor availability, allowing the SA X HOM-to-CS ratio to remain relatively high. The ratio did not increase continuously with
ranking value in summer, indicating that this simplified proxy does not capture all processes governing NPF intensity,
potentially including the temperature dependence of SA—organic clustering. In Beijing, both the SA-to-CS ratios and SA dimer
generally increased toward higher ranking values, particularly in winter. The decrease in CS was accompanied by lower PM
concentrations and changes in aerosol composition, consistent with increasingly favorable conditions for the survival of newly
formed clusters. These findings indicate that NPF intensity cannot be interpreted solely in terms of the abundance of precursor
vapors. Instead, an important consideration is the availability of molecular clusters that remain after competition between
cluster formation and loss to pre-existing aerosol particles.

Normalization of the particle number size distributions further revealed particle formation and growth signatures that
were obscured in the original size distributions, particularly at low ranking values in Hyytidld. These results suggest that quiet
NPF is a common feature of the boreal forest atmosphere. In Beijing, quiet NPF signatures were more difficult to isolate at
low ranking values because of the strong influence of primary anthropogenic emissions, especially traffic-related particle
modes. Nevertheless, at sufficiently high ranking levels, the normalization approach allowed representative particle growth
rates to be determined consistently at both sites.

The ranking-based growth rate analysis also revealed that particle formation intensity and subsequent particle growth do
not necessarily vary in parallel. In Hyytiéld, the average growth rates of 3—7 nm particles were highest in the 80—100 % ranking
interval in all seasons. In contrast, the growth rates of 7-25 nm particles often reached their maximum in intermediate ranking
intervals rather than under the most intense NPF conditions. At both sites, the highest GR7—s values were often observed
outside the highest ranking interval. These findings further suggest that the conditions favoring intense particle formation are

not necessarily those promoting the fastest subsequent particle growth.
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Using the ranking-based growth rates, we calculated the formation rate of 7 nm particles (J-) for all measurement days
and compared the results with estimates derived using the traditional approach. At both sites, the median J; generally increased
with ranking value and reached its maximum in the highest ranking interval, supporting the use of ranking value as an indicator
of particle formation intensity. However, ranking-based J; values were higher than the traditional-method J- in intermediate
ranking intervals. This discrepancy suggests that assigning a single median event-day growth rate to days without a clearly
detectable particle growth signal may underestimate particle formation rates during weak NPF periods.

Overall, this study demonstrates that a continuous ranking-based framework provides information that is not fully
captured by traditional event classification. The results highlight the importance of considering source—sink competition when
interpreting NPF intensity and suggest that the factors favoring particle formation are not necessarily identical to those
promoting subsequent particle growth. Further efforts to quantify growth rates during weak and quiet NPF periods will be
important for evaluating the contribution of continuously occurring particle formation to atmospheric aerosol populations and

their potential climatic effects.
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