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H I G H L I G H T S G R A P H I C A L A B S T R A C T
• Lung deposited surface area (LDSA) was
investigated in 25 EU and one USA sites.

• Peaks of total LDSA were recorded in
06:00–8:00 and 19:00–22:00 UTC in
urban.

• The seasonal changes of LDSA showed sig-
nificant differences in its levels (p < 0.01).

• Aitken and Accumulation mode particles
play a significant role in the total LDSA.
A B S T R A C T
A R T I C L E I N F O
Editor: Prof. Pavlos Kassomenos
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This study aims to picture the phenomenology of urban ambient total lung deposited surface area (LDSA) (including
head/throat (HA), tracheobronchial (TB), and alveolar (ALV) regions) based on multiple path particle dosimetry
(MPPD)model during 2017–2019 period collected from urban background (UB, n=15), traffic (TR, n=6), suburban
background (SUB, n=4), and regional background (RB, n= 1) monitoring sites in Europe (25) and USA (1). Briefly,
the spatial-temporal distribution characteristics of the deposition of LDSA, including diel, weekly, and seasonal pat-
terns, were analyzed. Then, the relationship between LDSA and other air quality metrics at each monitoring site
was investigated. The result showed that the peak concentrations of LDSA at UB and TR sites are commonly observed
in the morning (06:00–8:00 UTC) and late evening (19:00–22:00 UTC), coinciding with traffic rush hours, biomass
burning, and atmospheric stagnation periods. The only LDSA night-time peaks are observed on weekends. Due to
the variability of emission sources and meteorology, the seasonal variability of the LDSA concentration revealed sig-
nificant differences (p = 0.01) between the four seasons at all monitoring sites. Meanwhile, the correlations of
LDSA with other pollutant metrics suggested that Aitken and accumulation mode particles play a significant role in
the total LDSA concentration. The results also indicated that the main proportion of total LDSA is attributed to the
ALV fraction (50 %), followed by the TB (34 %) and HA (16 %). Overall, this study provides valuable information
of LDSA as a predictor in epidemiological studies and for the first time presenting total LDSA in a variety of
European urban environments.
1. Introduction

With the rapid development of the economy, energy consumption has
been on the rise, generating a large volume of emissions into the atmo-
sphere, causing serious air pollution issues (Khan et al., 2022). The atmo-
spheric aerosol (particulate matter, PM), constitutes an important fraction
of air pollution with major effects on public health (Mahowald et al.,
2014; Rao et al., 2018;Wehner et al., 2002). The complex chemical compo-
sition of the aerosol particles, and their highly variable particle number size
distributions (PNSD) confer physicochemical properties that might have
various effects on human health (Baldauf et al., 2016; McMurry, 2000).

Epidemiological and toxicological studies have suggested that the
smaller the particles, the more toxic theymight be, especially ultrafine par-
ticulate matter (UFP, or particles smaller than 100 nm) (Kwon et al., 2020).
Because of their small size, thesemight access deeper parts of the lungs, and
even the bloodstream through lung translocation, thus causing systemic
toxicity (Cassee et al., 2019; Salma et al., 2015; Vieira and Koutrakis,
2021). These UFPs also have a larger surface area for the same mass than
accumulation and coarse mode particles have. As a result, they can poten-
tially carrymore harmful substances into the alveoli and circulatory system,
having a greater toxic effect than large diameter particles (Abdillah and
Wang, 2022; Chen et al., 2016; Sioutas et al., 2005; Sun et al., 2019). Now-
adays, a widely used approach to combine the lung deposition and surface
area of particles is tomeasure or calculate the concentrations of lung depos-
ited surface area (LDSA).

The determination of LDSA is of high interest for exposure assessment,
as it reflects the concept that particle surface area available in the lung is a
2

relevant exposuremetric. LDSA has been proposed as a critical predictor for
health outcomes from aerosol exposure, as it appears to be one of the most
relevant physical metrics for evaluating exposure to particles (Chang et al.,
2022; Schmid and Stoeger, 2016). In prior studies, LDSA concentrations
have been reported for ambient aerosols in different environments and sev-
eral cities in theworld. For instance, ambientmeasurements have been con-
ducted in Barcelona (Spain) (Reche et al., 2015), Helsinki (Finland) (Fung
et al., 2022; Kuuluvainen et al., 2016), Leicester (Hama et al., 2017), Bei-
jing (China) (Xu et al., 2022), Augsburg (Germany) (Liu et al., 2022), and
Minneapolis (USA) (Gonzalez et al., 2022). However, comparative data
for total LDSA concentrations deposited in the all regions of lung for differ-
ent site typologies (urban background, UB; traffic, TR; suburban back-
ground, SUB; and regional background, RB, areas) are still very limited
and needed.

Herein, we explored total LDSA concentrations within European cities
in the framework of the RI-URBANS project (Research Infrastructures Ser-
vices Reinforcing Air Quality Monitoring Capacities in European Urban &
Industrial Areas). We conducted an analysis using hourly PNSDs measured
from 25 monitoring sites in Europe and one in the USA between 2017 and
2019 (the compiled datasets of particle number size distributions, SI,
Table S1) to estimate the regional deposition of LDSA in the head/throat
(HA), tracheobronchial (TB), and alveolar (ALV) regions of the human re-
spiratory system. We also investigated the spatial-temporal distribution
characteristics of the deposition, including diel, weekly, and seasonal pat-
terns. In addition, the spatial and seasonal heterogeneity levels of the mon-
itoring stations were analyzed using a coefficient of divergence (COD).
Finally, the relationship between LDSA and other air quality metrics,
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namely particle number concentration (PNC) in different modes (nucle-
ation, Aitken, accumulation), black carbon (BC), gaseous pollutants (SO2,
NO, NO2, O3, and CO) and PM1, PM2.5, PM10 at each monitoring site was
investigated to reveal the essential metrics associated with LDSA, identify-
ing the most closely metrics are associated with LDSA, and thus providing
insights into the sources and transport of LDSA and its potential impacts
on human health and the environment. Overall, this study provides valu-
able information for use in an evaluation of the health effects of atmo-
spheric aerosol particles, including UFP.

2. Methods

2.1. Instrumentation

The instrumentation used for measuring all metrics at the different sta-
tions is described in Table S1. Different instruments and measuring config-
urations were used for PNSDmeasurements at the different sites. Briefly, in
this study the PNSDs were measured by Mobility Particle Size Spectrome-
ters (MPSS) (Table S1). BC concentrations were monitored either by a
Multi-Angle Absorption Photometer (MAAP, Thermo Scientific model
5012) or a multi-wavelength Aethalometer (Magee Scientific, Model
AE33/21, Slovenia) (Table S1). To ensure data quality, we conducted a
number of data QA/QC procedures. We applied a data completeness filter
to exclude data with poor availability. Furthermore, we performed a sensor
agreement check to ensure consistency between the MPSS and other parti-
cle instruments such as the Scanning Mobility Particle Sizers (SMPS).

Concentrations of PMX (PM1, PM2.5, PM10) and of the above referred
gaseous pollutants were measured with the conventional instrumentation
used in Europe and the US for air quality monitoring. Specifically, PMX

were measured using a Tapered Element Oscillating Microbalance
(TEOM, R&P 1400a, Thermo Scientific™), while gaseous pollutants
including NO/NO2, O3, SO2, and CO are generally recorded by commercial
instruments with the use of the chemiluminescence, UV-absorption, UV-
fluorescence, and gas filter correlation techniques, respectively.

2.2. Calculation of the size-fractionated lung-deposited surface area (LDSA)

The method commonly used to determine the geometric surface area
concentration of spherical particles is based on the measurement of PNSD
(Asbach et al., 2009; Fierz et al., 2011). Particles produced from combus-
tion typically form chain-like structures (McDonald and Biswas, 2004),
which can have a higher porosity and surface area than spherical particles.
Therefore, the assumption of spherical particle shape used in this study is an
approximation and may underestimate the total surface area. In the case of
spherical particles, the PNSD can be easily converted into surface area size
distributions (SASD) by means of the known relationship between a
sphere's surface area and its diameter. These distributions can be integrated
over the size range of interest to obtain the total surface area concentra-
tions. Following that, to obtain LDSA concentrations, the SASDs can be
weighted with lung deposition curves (Hussein et al., 2013) and integrated
over the size range of interest. In this study, a model was applied to divide
the respiratory tract into three main regions, including HA, TB, and ALV re-
gions, based on the multiple path particle dosimetry (MPPD) models
(Asgharian, 2022; Hussein et al., 2013; Hussein et al., 2015). In our calcu-
lations, we used size-dependent regional deposition fraction (DF) curves
obtained from MPPD software (version 3.04, Chemical Industry Institute
of Toxicology, Research Triangle Park, NC; https://www.ara.com/mppd/
). The total LDSA values were calculated by first counting the number of
particles in each size bin and thenmultiplying the PNCwith the specific de-
position fraction of the given particle size. To accurately assess the contri-
butions of LDSA, it is important to consider the particle sizes involved. As
depicted in Fig. S1, particles smaller than 10 nm have a relatively low
weight in the overall calculation of LDSA contributions (0.14 % ±
0.2 %), compared to other particle sizes. In our study we also compared
the values of ALV-LDSA by MPPD and lung-deposited Nanoparticle Surface
Area Monitor (NSAM) (TSI, Model 3550, USA). The comparison showed a
3

very good agreement of the results (Pearson's r2 = 0.927, Fig. S2), further
indicating that the MPPD can be used to estimate the LDSA concentration.

2.3. Statistical analysis

The metrics are reported as average concentration (AVE) ± standard
deviation (STD). The correlations between LDSA and other metrics for the
different periods were analyzed by calculation of Pearson's correlation coef-
ficient. The statistically significant differences in LDSA concentrations in a
different time (diel, weekly, and seasonal) and 26 monitoring sites were
studied using the Kruskal-Wallis ANOVA on ranks (Kruskal and Wallis,
1952) and Duncan's Multiple Range Test (Duncan, 1955), which was per-
formed using SPSS Software (IBM SPSS Statistics 25, Chicago, IL, USA).
Subsequently, due to data on air pollutants also exhibit the same character-
istics as geospatial data (i.e., spatial heterogeneity) (Yang et al., 2018), a co-
efficient of divergence (COD) was applied to analyse the spatial and
seasonal heterogeneity of ambient pollutants (Faridi et al., 2019). The
CODjk method for identifying the differences was described in the SI (-
Section 1.3). Spatially, it has been suggested that a low CODjk value
(<0.2) indicates a high level of homogeneity between sites, while a high
CODjk value (>0.2) indicates heterogeneous sites (Wilson et al., 2005).

3. Result and discussion

3.1. General characteristics of total LDSA at different measurement sites

The hourly total concentration of LDSA was examined for the years
2017–2019 using Kruskal-Wallis ANOVA analysis and Duncan's method.
The results revealed that some sites (e.g., BCN_UB, LEI_UB, and ATH_UB,
among others) were significantly different from the other ones, while
some sites' pairs (e.g., ROC_UB and HEL_UB) suggested similar behavious
(Table S2 and S3). These differences indicate that there are both spatial het-
erogeneity and homogeneity across the various monitoring locations. Fur-
thermore, our results show that the average CODjk is 0.32 ± 0.06 at UB
stations, indicating the high spatial heterogeneity between these monitor-
ing sites (CODjk > 0.2). The lower CODjk values are found in the SUB/RB
(average CODjk, 0.28 ± 0.06) and TR (average CODjk, 0.26 ± 0.05) (SI,
section 2.1, Fig. S3), suggesting a certain extent of homogeneity between
these monitoring site. As a result, these findings may be useful in
identifying the potential sources of LDSA and developing common but
also site-specific strategies to mitigate its impacts on human health and
the environment.

In addition, comparing all monitoring sites (Table S4), for UB areas, the
highest annual average total LDSA concentration is found in BUD_UB
(85 ± 53 μm2/cm3), followed by GRA_UB and MAR_UB (63 ± 47, 63 ±
48 μm2/cm3), while the lowest is in ROC_UB (23 ± 15 μm2/cm3) and
HEL_UB (24 ± 16 μm2/cm3). For TR site, the highest annual average
total LDSA is found in LDN_TR (68 ± 41 μm2/cm3), followed by LEI2_TR
(65 ± 39 μm2/cm3), while the lowest is in STO_TR (30 ± 16 μm2/cm3)
and HEL_TR (39 ± 26 μm2/cm3). For SUB areas, the highest annual aver-
age total LDSA is found in PRA_SUB (59 ± 81 μm2/cm3), followed by
LIL_SUB (50 ± 34 μm2/cm3), while the lowest is in ATH_SUB (43 ±
24 μm2/cm3) and PAR_SUB (30 ± 22 μm2/cm3). The high STD associated
with the annual average total LDSA concentrations could be mainly attrib-
uted to diel variations in emissions sources, meteorological conditions, and
transport patterns. The differences could partly also be influenced by the cor-
rectionmethod applied for particle diffusion losses in theMPSSs. In Budapest,
a conservative size-independentmethod is appliedwhich resulted in a correc-
tion factor of 1.22–1.27 over the 3 years (Salma et al., 2016). Interestingly,
ISP_RB, located in an air pollution hotspot region of Europe (the Po Valley)
also had the second highest total LDSA concentration (75 ± 61 μm2/cm3)
of all monitoring sites. Overall, the highest concentration of total LDSA is
found in UB (BUD_UB) and the lowest is also found in UB (HEL_UB), which
is comparable with the trend of PM2.5 (Fig. 1, Fig. S4, and Table S2).

Moreover, the contributions to the deposition of annual average total
LDSA in different regions of the respiratory tract, including HA, TB, and

https://www.ara.com/mppd/


Fig. 1. 2017–2019 average concentrations of total LDSA at 25 European sites and one from the USA.
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ALV, are also estimated at all research sites during the observed period
(Table S2). The results of the total LDSA concentration calculations show
that LDSA is primarily accumulated in ALV (50 %), which is considered
to present the greatest potential health risk (Fung et al., 2022; Salo et al.,
2021a,Salo et al., 2021b), and lower contributions were obtained for HA
(16 %) and TB (34 %) deposition, consistent with the strong size-
dependence of deposition (Kumar et al., 2014; Voliotis and Samara,
2018). A previous study reporting an estimation for the inhaled deposited
dose rate during common exposure scenarios for UB aerosols in an Eastern
Mediterranean city (Amman, Jordan), reported HA, TB, and ALV inhaled
deposited doses reaching 7–16 %, 16–28 %, and 56–76 %, respectively
(Hussein et al., 2022). In comparison, a prior study in the Helsinki metro-
politan area found that the annual mean ALV-LDSA concentrations varied
between 9 and 22 μm2/cm3 at different sites (Kuula et al., 2020). The
range was 9–12 μm2/cm3 for urban background and detached housing
area sites, which are quite clean areas in Helsinki (Kuula et al., 2020), to
values up to ~189 μm2/cm3 typically observed near PM sources such as
urban roads in Athens, Greece (Cheristanidis et al., 2020). This range was
confirmed by our results where the ALV-LDSA annual averages range
from 12 ± 8 to 41 ± 29 μm2/cm3, pointing to a significant heterogeneity
of LDSA across urban Europe. In addition, a recent study on the different lo-
cations of BC in the lungs, also showed BCwasmajorly deposited in the ALV
region, accounting for 49.0–53.2 % of the total BC deposition dose, less in
the TB region (35.6–37.2 %) and even less in the HA region, 11.2–13.8 %
(Liu et al., 2023).
4

3.2. Total LDSA time trends

3.2.1. Diel variations
Diel variation in total LDSA can be used as an indicator of the role of

local human activities, effects of meteorology and exposure to air pollution
risks (Reddy et al., 2012; Zhou et al., 2018). The results showed that the diel
trends of total LDSA revealed some similar features among all monitoring
sites (Fig. 2 and Fig. S5). At the UB sites (Fig. 2a and Fig. S5a), the morning
peak of total LDSA occurred at ~06:00–09:00 UTC, approximately one
hour after local sunrise. The former coincided with the morning traffic
rush hours (Teinilä et al., 2019). For example, the total LDSA concentra-
tions in BUD_UB are significantly (p=0.0001) higher than in the other cit-
ies, which may be closely related to the residential and household
emissions, industrial sources, and some off-road transport, types of vehicles,
traffic flow, and long-range transport of air masses in that city (Salma et al.,
2017; Salma et al., 2020; Thén and Salma, 2022). A prior study also re-
ported that during rush hour, about 74 % of LDSA is attributed to traffic
emitted particles (Chang et al., 2022). Furthermore, it is also worth noting
that the morning peak of LDSA at TR sites starts earlier (4:30–6:00 UTC), is
more pronounced, remains high until the evening traffic peak (~19:00
UTC), and then slightly decreases (Fig. 2c & S5c), further illustrating the
impact of traffic on total LDSA (Reche et al., 2015; Wierzbicka et al.,
2014). Then, after the morning peak, at UB sites, the total LDSA is reduced
due to a decrease in emissions and relative humidity (RH), and increased
temperature (T), wind speed (WS), and radiation (RAD) (Fig. S6). The



Fig. 2. 2017–2019 average of normalized hourly total LDSA for the 26 studied sites. a, urban background (UB) sites; b, suburban background (SUB) and regional background
(ISP_RB) sites; and c, traffic (TR) sites (Min-Max normalization was used in a dataset to fall within a specified range, typically between 0 and 1. It is calculated by subtracting
the minimum value in the dataset from each value and dividing by the range of the dataset).
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lowest concentrations are usually detected in the midday-afternoon
(12:00–16:00 UTC) at all background sites due to less from traffic (or bio-
mass burning in winter) for these hours, higher WS and increased mixing
depth (Fig. S6d, g), thus increasing dispersion conditions.

After 16:00 UTC, whichmajorly leave fromwork, traffic increases and a
broad LDSA evening peak regularly is observed between ~19:00–22:00
UTC at UB and TR sites (Fig. 2). However, at HEL_TR, it is hardly affected
by the rush hour at evening. This difference is mainly due to the fact that
the site is less affected by residential heating and the homecoming traffic
at evening (Helin et al., 2018; Hietikko et al., 2018). It was also found in
the previous study of diel variation in black carbon at this site (Helin
et al., 2018). The latter total LDSA peaks during these hoursmight be linked
to increased vehicular emissions associated with evening traffic rush hour
(Chang et al., 2022), cooking (Allan et al., 2010), and biomass burning (par-
ticularly during winter) (Bari et al., 2010; Liu et al., 2022), as well as unfa-
vorable meteorological conditions (e.g., low WS and greater stability and
reduced mixing depth, Fig. S6) for dispersion (Zhu et al., 2018). The slight
decreasing trend from midnight to early morning (23:00 to 03:00 UTC,
Fig. 2) is attributed to the progressive reduction of anthropogenic emis-
sions, including traffic flow.Meanwhile, during this period, there is the po-
tential for hygroscopic particles to absorb water when the RH increases,
which can increase the particle size, leading to a decrease in total LDSA
(Li et al., 2021; Wiegand et al., 2011).

For the SUB and RB sites, the diel variation of total LDSA is slightly dif-
ferent compared toUB and TR sites. A low peak of total LDSA is found in the
5

morning and evening traffic rush hours (05:00–06:00 and 19:00–20:00
UTC). Around those SUB sites, there are smaller roads with lighter traffic.
Thus, at these locations, measurements are not significantly affected by di-
rect and local fresh traffic emissions and trends are like the ones reported
previously for this environment (Kuuluvainen et al., 2016). Thus, LDSA
tends to be quite constant with very narrow variations (±5 μm2/cm3)
along the day (Fig. 2b). In contrast, at ISP_RB, the total LDSA concentration
gradually decreases from 0:00–15:00UTC and increases during the evening
(21:00–0:00 UTC), with a ± 16 μm2/cm3 average hourly variation, which
may be caused by marked nocturnal thermal inversions in the Po Valley,
characterized by extremely low winds, due to the Alps' protection against
northern winds, and high wintertime biomass burning domestic emissions.

3.2.2. Weekly variations
The weekly average variations of the total LDSA concentrations at UB

and TR sites (Fig. 3) are characterized by higher workday (Monday-Friday)
values, when the highest total LDSA concentration is measured during
morning and evening rush hours (6:00–9:00 and 18:00–21:00 UTC) due
to the high vehicle-exhaust emissions (Reche et al., 2015). In the weekend
(Saturday and Sunday), for urban areas, there is a significant decrease
(Fig. 3a, c). During weekend mornings, there are no or weak total LDSA
peaks (Fig. 3a, c) because of the low traffic density, excluding GRA_UB
sites. However, only a later peak is found on Saturday and Sunday evenings
(~20:00–22:00 UTC) compared to the corresponding peak on weekdays,
due to high recreational mobility and higher emissions from cooking and



Fig. 3. 2017–2019 hourly total LDSA averaged concentrations per day of the week
for the 26 studied sites. a, urban background (UB) sites; b, suburban background
(SUB) and regional background (ISP_RB) sites; and c, traffic (TR) sites.
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domestic heating when people stay at home during weekends (Allan et al.,
2010). Additional weekend contributions to total LDSA stem from events
such as barbecues and late-night activities on Saturdays, resulting in a
peak occurring later in the day and lasting for longer (Hama et al., 2017).

At the SUB/RB sites (Fig. 3b), the weekly diel trend for total LDSA has a
weakmorning peak and amore pronounced evening peak, which is compa-
rable with urban sites (see the highest averaged total LDSA concentrations
on Saturday midnight at ISP_RB, Fig. 3b, probably due to recreational do-
mestic biomass burning or longer use of heating).

3.2.3. Seasonal variations
Fig. 4 shows the 2017–2019 average hourly total LDSA concentrations

by season (Spring, Mar-May; Summer, Jun-Aug; Autumn, Sep-Nov; Winter,
Dec-Feb) for each site. Overall, the total LDSA concentrations at all monitor-
ing sites showed substantial seasonal differences (p=0.05, Table S5). The
extent to which there were statistically significant differences in total LDSA
concentrations between seasons varied slightly across different monitoring
sites. For example, BUD_UB, ISP_RB, LAN_UB, and MAD_UB were signifi-
cantly different between the four seasons (p = 0.0001), while the total
LDSA concentrations at ATU_SUB, HEL_UB, HEL_TR, LER2_TR, and
ROC_UB were not different between the autumn and winter seasons, and
ATH_SUB, GRA_UB, LDSA concentrations at the ATH_SUB, GRA_UB,
LER2_TR, and PAR_SUB, sites did not differ significantly between the spring
and summer seasons, further suggesting that LDSA is influenced by local
pollution sources. In addition, combinedwith the COD analysis for seasonal
variability, the seasonal heterogeneous among all sites were mainly found
betweenwinter and other three seasons, specially betweenwinter and sum-
mer (0.29±0.12 for SUB, 0.30±0.06 for UB, and 0.12±0.04 for TR) (SI,
section 2.2, Fig. S7), indicating that meteorological conditions
(e.g., temperature) has a strong influence on air pollution at UB and SUB
(CODjk> 0.2). However, it is worth noting that at TR sites, the seasonal var-
iation of air pollution shows homogeneity (CODjk < 0.2), which indicates
that TR sites are a relatively stable source of pollution, and the frequency
and routes of vehicle operations do not change much, so the stability of
the pollution source may lead to little difference in seasonal variation.

In winter, the highest average exposures to LDSA metrics are found at
ATH_UB, BUD_UB, GRA_UB, LDN2_UB, MAD_UB, ZUR_UB, DRE_TR,
ISP_RB, PAR_SUB, and PRA_SUB. The increase in total LDSA concentration
inwinter may be influenced by the emissions from residential heating, traf-
fic emissions, and meteorological conditions favoring stagnation (Liu et al.,
2021a,Liu et al., 2021b). For example, (Katsanos et al., 2019) reported a
significant enhancement of biomass burning aerosols at the ATH_UB site
in winter (12/2016–02/2017) and revealed that organic matter contrib-
uted approximately half of the submicron mass in winter, which also influ-
enced with lower WS (<3 m/s), enhancing the winter aerosol load. The
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analysis of seasonal meteorological factors indicates that lower winter
temperatures in cities such as BUD_UB, ISP_RB, and MAD_UB, which are
predominantly affected by temperature, can result in elevated surface air
pollution. This is mainly due to increased heating of homes during colder
seasons combined with lasting T inversion layers occurring in the whole
Carpathian Basin in winter. The latter phenomenon restricts the vertical
and horizontal air mixing and results in poor air quality over extended
areas of the basin in larger and smaller cities as well as in rural areas. Addi-
tionally, an earlier study conducted in Budapest revealed that biomass
burning is the primary source of air pollution in winter, accounting for ca.
70 % of the total carbon emissions in the PM2.5 size fraction (Salma et al.,
2020). While in Madrid's winter evenings, temperature inversion traps pol-
luted air under a warm air layer, causing smog and poor air quality
(Siegmann and Gomez-Moreno, 2022).

The highest average exposure to total LDSA metrics at different sites
vary seasonally, possibly due to differences in PNSD. During summer,
sites such as BCN_UB, HEL_UB, LAN_UB, LDN_UB, ROC_UB, LIL_SUB,
HEL_TR, and STO_TR have the highest average total LDSA, while during
spring, DRE_UB, LEI_UB, LEI_TR, LEI2_TR, and LDN_TR have the highest av-
erage total LDSA. Previous research by (Masiol et al., 2018) found Accumu-
lation mode PNC peaked at the ROC_UB site in summer due to increased
photochemical activity leading to more secondary particle formation, this
phenomenon was also observed in Germany (e.g., Dresden, Berlin, etc.)
(Junkermann et al., 2016). In addition, in Helsinki, Finland (e.g., HEL_UB,
HEL_TR), it may be due to long-range atmospheric transport and vertical
downward transport from high altitude atmospheric layers enriched in nu-
cleation and Aitken mode particles (Lampilahti et al., 2021; Niemi et al.,
2009; Petzold et al., 2008). Finally, in Barcelona (BCN_UB), factors such
as burning and forest fires, shipping, and aviation may contribute to high
total LDSA in summer (Petzold et al., 2008; Rivas et al., 2020). Due to the
lack of complete annual data for BIR_UB and MAR_UB, no comparison of
seasonal exposure has been made.

3.3. Total LDSA vs other metrics

3.3.1. Total LDSA vs fine modes
In ambient air, particles are usually distributed across several overlap-

ping “modes”, i.e., the nucleation (1–25 nm), Aitken (25–100 nm), accumu-
lation (100–1000 nm) and coarse (1000–10,000 nm) modes, rather than
evenly distributed (Harrison et al., 2000; Whitby et al., 1972)(Harrison
et al., 2000; Whitby et al., 1972). Particles from these modes have different
formationmechanisms (or sources) as well as differing aerodynamic behav-
ior and fate. Therefore, this study analyzes the correlations between total
LDSA and fine modes, more specifically with nucleation (overall
10–25 nm, but varying from 10 to 25 nm to 20–25 nm, depending of the
site, Table S1), Aitken (25–100 nm), and accumulation (100–500 nm)
mode PNCs, and total PNC (10–500 nm).

As shown in Fig. 5, all the above modes had highly significant correla-
tions with total LDSA (p = 0.01) in all sites. However, the correlations
are higher for the accumulation mode (r = 0.93 ± 0.04, max 0.98, min
0.84), followed by the Aitken mode (r = 0.85 ± 0.05, max 0.94, min
0.77), N10–500 (PNC_tot) (r = 0.84 ± 0.09, max 0.95, min 0.58), and
lower for the nucleation mode (r=0.42± 0.17, max 0.89, min 0.13), sug-
gesting that fine modes in the Aitken and accumulation have the greatest
effect on the lung deposition. According to Seinfeld and Pandis (Seinfeld
and Pandis, 2008) the most common size ranges for particle surface area
is in the range of 100–500 nm, which was comparable with our study
(Fig. S1). To measure the LDSA, one needs to measure the size distribution
of particles and then calculate the particle surface in each size bin based on
its lung-deposition probability. (Todea et al., 2015) conducted thorough
measurements for several LDSA sensors and instruments (DiSCmini, Testo
Inc.; nanoTracer, Philips Aerasense Inc.; Partector, Naneos Ltd.; NSAM
3550, TSI Inc.; Aerotrak, TSI Inc.). Additionally, previous studies by
(Asbach et al., 2009) and (Hammer et al., 2019) have shown that particles
smaller than the minimum of the deposition curves are more relevant to
health effect studies, and LDSA concentrations are mainly influenced by



Fig. 4. 2017–2019 seasonal variations of total LDSA concentrations for 24 out of the 26 studied sites. a, urban background (UB) sites; b, suburban background (SUB) and
regional background (ISP_RB) sites; and c, traffic (TR) sites.
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Fig. 5. Pearson's correlation coefficients (r) of total LDSA with fine modes of the nucleation (<25 nm), Aitken (25–100 nm), and smaller size of the accumulation
(100–500 nm), PNC_tot (N10–500), BC, gaseous pollutants (SO2, NO, NO2, O3, and CO), and PMX (PM1, PM2.5, and PM10) individually for the 26 studied sites for the
2017–2019 hourly-averaged concentrations (**p = 0.01, and white bands represent missing data).
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particles smaller than 400 nm,which is consistent with ourfindings. Hence,
we selected 400 nm as the upper size limit to ensure comparability of
datasets. Previous studies have also confirmed that urban vehicle emissions
are the main source of fine mode in the urban atmosphere, with particles
mainly in the form of soot having prevalent Aitken and accumulation
mode sizes (30–500 nm) (Shi et al., 2000; Vu et al., 2015). Meanwhile,
Fig. S1 indicates that the contribution of particles smaller than 10 nm to
LDSA is relatively low (weight: 0.14 % ± 0.2 %). Our findings show that
there is a stronger correlation between LDSA and PNC in the nucleation
and Aitken mode at TR sites compared to what is observed at UB and
SUB stations. This correlation suggests that there is a stronger association
between LDSA and traffic-related particle sources at urban traffic stations.
Conversely, in the accumulation mode, there is a higher correlation be-
tween LDSA and PNC at SUB sites compared to what is observed at UB
and TR sites. This implies that there is a stronger correlation between
LDSA and particle sources associated with industrial and other human ac-
tivities at SUB stations.

3.3.2. Total LDSA vs BC
In 2012, the International Agency for Research on Cancer (IARC) classi-

fied BC-containing diesel soot as group 1, carcinogenic to humans (IARC,
2012). Although previous studies have analyzed the correlation between
BC and ALV-LDSA (Liu et al., 2022; Reche et al., 2015), the correlation be-
tween the two indicators at different monitoring sites has not been investi-
gated in detail. However, it has also been reported that the relationship
between BC and LDSA is important for understanding particle health im-
pacts and for source apportionment (Lepistö et al., 2022). In this study,
the concentrations of total LDSA and BC are correlated (p = 0.01) at all
26 monitoring stations (Fig. 5), and particularly at the sites ISP_RB,
PRA_SUB, ATH_UB, BUD_UB, GRA_UB, LAN_UB, LDN_UB, and ROC_UB,
where the correlation coefficients are >0.8. This result suggests that a sig-
nificant fraction of BC is located in theUFPs, and theymayhave similar pre-
vailing sources and the same particle size range (Chang et al., 2022; Kumar
et al., 2010; Lepistö et al., 2022). While at site LEI_UB, the correlation
8

between LDSA and BCwas relatively low, with an r2 of 0.096. This was pri-
marily due to the fact that the highest PNC was recorded during non-peak
traffic hours, around 11–12 h, and anti-correlated with BC. Specifically,
PNC reached its maximum at midday, whereas BC was at its lowest point
during midday and peaked during traffic rush hours. The observed pattern
could be attributed to regional or urban photo-nucleation and fumigation
from higher atmospheric layers, which are enriched in nucleation mode
and O3 and depleted in BC as the planetary boundary layer grows through
convective dynamics (Trechera et al., 2023).

In urban areas of Europe, aerosols containing BCmostly arise from both
aged and fresh road traffic particles and include long-range transported as
well as locally generated traffic particles (Saarikoski et al., 2021; Zeka
et al., 2006). Therefore, the high correlation of between total LDSA and
BC implies that the traffic emission made a high contribution to total LDSA.

3.3.3. Total LDSA vs gaseous pollutants
A correlation analysis between total LDSA concentrations at each site

and the concentrations of gaseous pollutants (SO2, CO, NO, NO2, and O3)
has been carried out. The results show a moderate and positive correlation
between total LDSA and SO2 (0.00 ≤ r2 ≤ 0.52), NO (0.05 ≤ r2 ≤ 0.56),
NO2 (0.21≤ r2≤ 0.64), and CO (0.02≤ r2≤ 0.79) (Fig. 5). Since CO, NO,
and NO2 mostly arise from the combustion of fossil fuels (all four pollut-
ants), including that from motor vehicle emissions (mainly NO, NO2 and
CO) (Liu et al., 2021a,Liu et al., 2021b), which points to total LDSA as a
tracer of road traffic emissions. To confirm this phenomenon, the correla-
tion between LDSA and gaseous pollutants were compared in different
type area. We found the higher correlation at traffic sites, supporting with
our finding. In particular, at sites ISP_RB and LIL_SUB, LDSA vs CO, the r2

values were 0.79 and 0.76, respectively, implying that the main source of
LDSA at these two sites is from vehicle emissions. Total LDSA concentra-
tions are negatively correlated with O3 concentrations at all sites
(−0.63≤ r≤−0.03). These negative values are likely the result of the in-
verse relationship between O3 and NOX due to the titration of O3 by NO
(Cao et al., 2022).
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3.3.4. Total LDSA vs PMX

The correlations between total LDSA and ambient PMX (PM1, PM2.5, and
PM10) are highly variable among the sites (Fig. 5). For example, in DRE_UB,
ISP_RB, LIL_UB, LDN2_UB, and MAR_UB, r is >0.60, and reaches 0.88 in
one case, while in MAD_UB, DRE_UB and GRA_UB, r is <0.20. The results
show clearly that levels of PMX do not necessarily co-vary with those of
LDSA and hence it is possible that the measurements of the latter can signif-
icantly improve the ability of air quality monitoring to evaluate the harmful
effects of particulate pollution (Salo et al., 2021a,Salo et al., 2021b).

4. Conclusions and limitations

This study analyzes the long-term (2017–2019) spatial-temporal char-
acteristics of total LDSA at 25 European and one USA monitoring sites, in-
cluding 15 urban backgrounds, UB; four suburban backgrounds, SUB; one
regional background, RB; and six traffic, TR, sites. The concentration of
total LDSA varies across urban Europe. The annual range of concentration
for all sites is between 20 and 85 μm2/cm3. There are lower UB concentra-
tions in Northern Europe and higher concentrations in Southern Europe,
with a trend of TR > UB > SUB. The diel, weekly, and seasonal variability
in total LDSA shows significant differences (p = 0.01) at different types
of sites, which may be caused by the changes in the sources of UFP and
larger particles, emission rates, traffic volume, and meteorological factors,
including those favoring new particle formation, stagnation, long-range
transport, vertical transport of aerosols, and influence from plumes from
pollution hotspots. Based on the correlations of total LDSA with other pol-
lutant metrics, it is suggested that the PNC in the Aitken and accumulation
modes are mainly associated with the total LDSA concentration. The results
also indicated that the main proportion of LDSA is attributed to the ALV
(50 % on average at all sites), followed by the TB (34 %) and HA (16 %)
fractions. Overall, the results of this study provide valuable information
on the total LDSA concentrations in different types of locations and high-
lights the importance of considering LDSA as an additional air quality indi-
cator due to its possible relationship with health risks. The evaluation of
total LDSA as an exposure metric in time series of epidemiological studies
should be further investigated.

The direct comparison of the datasets was a major limitation due to dif-
ferent protocols used for PNSD measurements and quality assurance. Some
datasets (DRE_UB, LAN_UB, LEI_UB, DRE_TR, LEI and LEI2_TR) were ob-
tained following the ACTRIS protocols for measurements of PNSD and the
instruments are frequently passing quality assurance exercises by the
World Calibration Center for Aerosol Physics (WCCAP, https://www.
eurochamp.org/calibration-centres/wccap), while others (ATH_UB,
BCN_UB, GRA_UB, HEL_UB, MAD_UB, HEL_TR, ATH_SUB, LIL_SUB,
PRA_SUB, ISP_RB) are produced by ACTRIS collaborators or partners and
are obtained with protocols tending to follow the ones from ACTRIS, but
not recently or never passed the quality checks byWCCAP. Finally, datasets
of BIR_UB, BUD_UB, LND and LND2_UB, MAR_UB, ROC_UB, ZUR_UB,
PAR_SUB, LND_TR and STO_TR are obtained by highly specialized research
teams, but data uncertainty remains unknown. The lack of harmonization
has caused a high variability of the lower size detection limit, with some
PNSD measurements starting from 3 nm, while others start at 20 nm. Ac-
cordingly, caution is required when comparing LDSA values from these
endmember sites. However, one should take into account that LDSA contri-
butions below 10 nm are relatively small.
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