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Abstract. Ultrafine particles play a crucial role in the atmosphere, both as a source of larger particles and as a

factor influencing human health. We analysed hourly particle number size distributions collected during 2015—

2021 from an urban background station in the Rhine-Main area in Germany, focusing on potential particle _

sources_and multiannual trends. The site is influenced by diffuse regional sources such as motor traffic and

domestic heating, as well as Frankfurt Airport, located at a distance of 6 km. The average total particle number
concentration (TNC, size range 10-500 nm) was 9.4x10"3 cm”-3. TNC maxima were observed in diurnal cycles
at 07:00, 13:00, and 21:00. The midday peak was more distinct during the warm season and dominated by
nucleation mode particles (NUC, 10-30 nm), suggesting photochemical particle formation as a source. When

the wind was blowing from Frankfurt airport, a 2.5-fold concentration average in NUC was observed compared

related to the COVID-19 lockdown, TNC downwind of the airport was 40-60% lower compared to the average
of the four years before. Overall trend analysis for 2015-2021 yielded consistent downward trends for TNC (-
1). While our observations of particle number size distributions show general similarities to other Central
European observations, the effect of winds from Frankfurt Airport as a particle source is most prominently seen
in the range 10-30 nm. The airport's role as a source of NUC and the rise in flights from 2015 to 2019 may be

the cause of lower decline rates when compared to other locations.
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1. Introduction . { hat gel6scht: Despite significant advances in

Atmospheric_aerosol and air quality science have achieved major advances in recent years, but important .~ {hat geldscht: during

questions remain. M ¢ challenges concern jh; sources of ultrafine partlcles (UFP; pamcles with a size < < { hat geldscht: The
‘[ hat gel6scht: relate to

o JC L

‘{ hat gel6scht: attribution of

””””””””””” . | hat geldscht: for certain components of particulate matter
term studies (Cassee et al., 2019; Ohlwein et al., (PM) in the atmosphere, including

note that WHO defines UFP as a total particle number concentration (TNC) with a lower size limit of 10 nm or \ \“ X \ { hat 95|°5Cht UFP on atmospheric processes and climate,

and
less and an open upper end. The WHO considers a 24-hour mean,of TNC < 1,000 cm”-3 as “low concentrations;”. “\\\\\i\ \\\
IR

0 ~ - -
| “\\\\\\\ hat gel6scht: In this manuscript, we always use PM as an

2024/2881 (Anon, 2024) includes the requirement to measure Particle Number Concentration (PNC) and Particle \\\\‘\\\\ abbreviation for PM mass concentration.q
\\ 11| Although
Size Distribution (PSD). AL g

\\\”\ hat geldscht: in long-term studies
Atmospheric UFP and thepartlcle number size distributions (PNSD)MV occur in considerable variation in the

(
********************************************** I \\‘\{ hat geléscht: | partly
¢ i

{ hat gel6scht: upon
Values of TNC > 10,000 cm”-3 are classified as “high concentrations”. The new EU Air Quality Directive !

il hat gel6scht: studies

,,,,,,,,,,,,,,,,,,,,,,,,,, * \ “ \\{ hat gel6scht: recommended

2021; Yao et al., 2018). As shown by,statlonaly.and mobile observations, large and frequent spatio-temporal | “ \{

hat gel6scht: levels

gradients occur in urban atmospheres (Trechera et al., 2023; von Schneidemesser et al., 2019). The overall factors \‘\\\‘\ \\ a

| hat geléscht: . The

I\ .
influencing UFP concentrations include time of day, wind direction, season, wind speed, temperature and solar \“\\\\\ { hat geloscht: s

! - "
radiation (von Bismarck-Osten et al., 2013). The mixed layer height (MLH) (Emeis et al., 2008) 15721}[1210917 \\\{ hat geldscht: ” and
factor in the dispersal of any kind of pollutant near the ground. Over continental areas, the mixed layer is tvpicallv \ “ “ \ \[ hat geléscht: The temporal variability of
\ e .
more shallow at night-time and during the winter season (Ma, 2013; Geiss, 2017), effectively trapping pollutants | \\\\ \{ hat gelSscht: and UFP concentrations is complex
a P . -
emitted near the eround. \‘ ! \\\\‘\\\ hat gel6scht: meteorology, emissions and atmospheric
Ly processes such as new
Combustion is a major source of UFP including a range of individual sources such as the engines of vehicles d i \{ hat geléscht: formation (NPF) (
| :
aircraft, and ships, as well as power and heat generation plants and domestic heating. Airborne measurements o \{ hat gelscht: ), evaporation, condensation
suggest that plumes from industrial plants contribute to 10-40% of background UFP in Germany ( Junkermann \‘1\ ‘{ hat geléscht: and
. - . .o i -
et al., 2016). The effects of road traffic are evidenced by numerous studies in urban areas (e.g., Wehner et al. "‘ \\ i | hat geléscht: .9
. 'l UFP may have a high spatial and temporal variability in
2002; Gani et al., 2021). I\ urban areas,

\ il

YA contrasting phenomenon is secondary new particle formation (NPF), i.e., nucleation from gaseous precursors L

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, \{ hat gel6scht: mobile and

and subsequent growth into larger diameters. This process is typically driven by the photochemical generation | ' ‘{ hat gel6scht: measurements . The major

o Jo O A G JC U U U JC U JC JC JC JC U . L )

|
of the combination of one or more of the following compounds: sulphuric acid, amines and organic molecules. ! hat geldscht: and the mixing layer height (MLH) . The
\

\ diurnal trend of UFP from traffic was described to be higher

on weekdays with maximum concentration of nucleation

emission (Kerminen et al., 2018). In a continental atmosphere, combustion-derived UFP and (secondary) NPF Y mode'pamcles (NUC, .10_30 nm‘) th max. at 1.5 nm in the

\ morning rush hour . Diurnal variations of UFP in San

may overlap in observations, making a separation of the contributions difficult. Ma and Birmili (2015) attempted ' | Francisco (USA) showed a summer midday peak that is not
o . ) ) 1| observed in other pollutants, indicating NPF . As evidenced

to separate these contributions based on multiple-site observations and concluded that secondary NPF 1\ | by the evaluation of concurrent background and roadside

This may occur simultaneously over large spatial areas and is independent from combustion-driven UFP “

| . - "

contributed up to 30% of nucleation mode particles in an urban area. Clustering analysis identified NPF as the ~ ' | Measurements in Germany, NPF can contribute up to 30% of
1| the NUC relative to other sources, including residential

most important source for 16% of particle size distributions in Southern Europe (Brines et al., 2015). Several \x heating and car traffic . NPF was the most important source

. . . . . \' | by applying k-means clustering analysis, on average, for 16%
studies have intensely discussed the source apportionment of UFP (Garcia-Marles et al., 2024; Hopke et al. 11| of the particle size distributions of all days, especially in

2022; Trechera et al., 2023; Vérosmarty et al., 2024). '\\ Southern Europe . Particles originating from secondary NPF
\!| contain relevant amounts of sulphate, amines and various
Aircraft engines emit a large fraction of UFP as nucleation mode (NUC hereafter) particles (Brock et al., 2000). ‘\‘\ organic compounds .
Not surprisingly, airports are significant sources of elevated UFP as well, particularly in the NUC range (Lorentz | hat geléscht: . Several studies discuss the source
|_apportionment of UFP . A recent study identified ten dij ... [1]
etal., 2019; Stacey, 2019; Rivas et al., 2020). NUC formation after aircraft exhaust involves a dynamic interplay
{ hat gelscht: Aircraft emit a large fraction of the UFK___ 2]
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of chemical species. Sulphuric acid often acts as the primary nucleating agent (Schneider, 2005). Lower fuel

sulphur content increases the relative contribution of organic compounds to NUC formation (Yu et al., 1999).

Jet engine lubricants contribute to the UFP mass fraction (Ungeheuer et al., 2021). Atmospheric observations

downwind from airports typically show elevated NUC concentrations most pronounced at about 5-10 km: Los

o o o {hat geldscht: . ]

Angeles showed 4-fold increases at 10 km (Hudda et al., 2014). Amsterdam exhibited 3-fold increases at 7 km / "
/{ hat gel6scht: a decrease was found . ]
(Keuken et al., 2015). Boston demonstrated 1.6 to 3-fold increases at 5 km (Hudda et al., 2018). Zurich modelling ”{ hat geléscht: and the ]
« . n ne coa « . _f ine o /” =
suggested 2 to 10-fold increases at 3 km (Zhang et al., 2020). London measurements revealed 10-fold increases . /[ hat geléscht: In this study, we analyse hourly }
at 1.2 km (Masiol et al., 2017). At distances exceeding 20 km, tower measurements show a shift towards Aitken f { hat geléscht: collected during 2015-2021 ]
mode particles (AIT, 30-100 nm). This shift reflects particle growth from NUC to AIT over several hours ”///{ hat geléscht: in ]
(Harrison et al., 2019; Keuken et al., 2015). { hat gel6scht: . To identify the effects of potential particle }
Data on atmospheric UFP have been collected over long enough time periods to identify trends. Long-term /,/ ’” /| sources, we examine PNSD
hat gel6scht: particle number concentration trends as a

observations in North America suggest an increase in UFP over timeyChen et al., 2022). In Germany and Europe, /, , function of time of day, season
however, decreasing trends were obscrved (Sun et al., 2020; Trechera et al.. 2023). This decrease was associated /! // / hat geldscht: wind direction. The main measurement site is

influenced by dispersed regional sources such as motor traffic
although these studies did not explicitly investigate the influence of aircraf " / - . -
with efforts on air quality control, although these studies did not explicitly investigate the influence of aircraft | // and domestic heating, as well as Frankfurt Airport (FRA),

emissions. :‘f located at a distance of 6 km. These auxiliary measurements
/) are obtained from official measurement sites in the same area.
+Lhis work presents new_ P,N,SD& frgm an urban b@clggroggd, station in zhg Bhn,le,Ma,m, area pf GQ‘IB@H}%J This work presents new data from the period 2015-2021 and

elaborates on former investigations of

al., 2015). Our objective is to examine the impact of\anthropogenic sources,on Jocal aj@lyahMM :Sa :Vg]TLi:s;i‘:; ,agléﬁ;z(l?g\;;;atvi:;lxl]}tf resolved measurements }
focus on NUC and UFP concentrations, from Frankfurt Airport at a distance of 6 km, considering the impact of NS { hat geléscht: air pollution from ]
time of day, season and wind direction. We also assess the specific impact of the lockdown period during \\ N {hat geloscht: like Frankfurt Airport, as well as NPF, ]
COVID-19 pandemic, with itsreductions n traffic (Putaud et al., 2021). To ourknowledge, this is the first §tydy \ R { hat gel6scht: the ]
to examine the impact of an airport on adownwind site over asix-year period. . \1\\\\ { hat geléscht: , especially ]
7777777777777777777777777777777777777777777777777777777777 \\ \\\i\\ { hat gel6scht: . We also want to ]
SAWNS ; : \\ \\\ { hat gel6scht: lockdown ]
Mol ={pfferbach \ \\ ” { hat geléscht: traffic ]
/ | “ \ { hat geléscht: . According ]
.I_,;'.. o \\\\\\{ hat geléscht: searches ]
* ‘\\\{ hat gel6scht: measurement site ]
(s ‘\{ hat geléscht: 6 ]
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Figure 1. Location of stations: LAN provided data on TNC, NUC, AIT, and ACC. DAR, FFM_AP, and LAN_TC
provide auxiliary data. ©OpenStreetMap contributors 2025. Distributed under the Open Data Commons Open
Database License (ODbL) v1.0.

Darmstads.
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2. Methods
2.1. Study area

This study is based on atmospheric measurements in the Rhine-Main metropolitan region (2.8 million
inhabitants), including the city of Frankfurt (Main). An essential feature is Frankfurt Airport (FRA), which
ranked 4th to 6th in Europe with regard to passenger volume during 2015-2021. Observations were made at one
site for PNSD and three other sites for auxiliary observations, shown in Fig. 1. For the exact positions of the
sites, see Tab. 1.

For this study, we used PNSD data from the years 2015-2021 at LAN, excluding 2016 resulting in a 6-year trend

from January 1, 2019 to December 31, 2021.

Table 1. List of air quality sites supplying datasets to this study, with location and type of environment. Coor.,
coordinates; Alt., altitude; UB, urban background; Met, meteorological parameters; TC, traffic count; PNC, particle
number concentration.

City Station . Coor.;
Acronym (station name) Parameters type Station Code (Alt., m a.s.1)
PNSD, PNC, Solar
LAN Langen radiation, T, rH, p, wd, ws UB DEUB052! 50.00 N, 8.39 E;
Paul-Ehrlich-Str. 29 (PM10, PM2.5, DE0065B? (144)
PM1in 2019-21)
Darmstadt PM10, SOz, NO, NO:, Os, 1 49.87 N, 8.66 E;
AR Rudolf-Miller Anlage co s IDIELELITN (158)
FFM_AP Frankfurt Airport wd, ws Met DWD1420 3023 (I;Iég)'sz E;
LAN_TC Langen Traffic Count, counts of cars and heavy- TC BAST6221 49.99 N, 8.65 E;

B486 duty vehicles (130)

'EU station Code, 2 EBAS-station codes.

o LAN (Langen) is the main observation site for particle number size distributions (PNSD). The urban

background site is on the roof of the laboratory building of the German Environment Agency. or

northwest of the city centre (approximately 40,000 residents). It lies 15 km south of Frankfurt (Main)
and 15 km north of Darmstadt. Site classification and details can be found in Birmili et al., 2016 and

Sun et al., 2020 for further information. Significant roads are located in the vicinity of the site. These

hat gel6scht: mass

hat gel6scht: ,

hat gel6scht: /

hat gel6scht: /

hat gel6scht: /

hat gel6scht: land

o DAR (Darmstadt) is an urban background site to supply general air quality data in the city of Darmstadt -

(Rudolf-Mueller-Anlage), 15 km south of LAN and 18 km southeast of Frankfurt Airport. It is operated
by the governmental authority Hessian Agency for Nature Conservation, Environment and Geology
(HLNUG) (HLNUG, 2023a). Hourly concentrations are provided: NO, NO:, CO, Os, SO, and PMio

mass._The longer distance, particularly between the two stations LAN and DAR, made it difficult to

adequately compare the gaseous pollutants to PNSD.

hat gel6scht: We also used data from 3 auxiliary
observation sites:{
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o FFM_AP (Frankfurt Airport) provides data on meteorological parameters. It is situated on flat
grassland at the edge of the airport field. It is operated by the German Weather Service (DWD). Because
buildings and building components to the northeast were shaded by winds, we preferred the weather
parameters from FFM_AP over LAN. For completeness, wind roses for both LAN and FFM_AP for
2015-2021 are given in the supplement (see Fig. S1).

e LAN_TC (Langen Traffic Count) is an automatic counting station for vehicular traffic at the edge of
the B486 federal road, 1 km south of LAN. It is operated by the German Federal Highway Research
Institute (BAST, 2023).

It is expected that traffic emissions from major highways and local roads less than five kilometres away, whose
traffic count is recorded at the nearby station LAN TC, will affect LAN measurements. Urban emissions such
as domestic heating and limited industrial sources can be found in the surroundings of LAN. Natural gas is
primarily used for domestic and commercial heating, with residential wood combustion likely to have increased
recently. Residential wood combustion has been identified as the most important source of VOCs during winter
in a city (Languille et al., 2020). There is a gas-fired power plant (DFS Energy Centre) 500 m to the north with
120 MWh fuel consumption per year (DFS, 2022).

A 430 MW coal-fired power plant in Frankfurt (Main), 11 km north, may be the primary source of SOz emissions.

up to 300 m above ground contributing less than 10% (HLNUG, 2023b). The transport of polluted air from

Eastern Europe to Eastern Germany is a major source of PM10 mass (50%) and SO: (van Pixteren et al., 2019).

2.2. Instrumentation

The following instrumentation was used for atmospheric measurements at the main observation site, LAN:

Particle number size distributions (PNSD) were measured by a Scanning Mobility Particle Size Spectrometer
Research (TROPOS), Leipzig. The original TSI instrument was augmented with additional hardware and
software from TROPOS, and Nafion® dryers were installed in the system for acrosol and sheath air conditioning.
We used the negative high voltage of the differential mobility analyser (DMA). As a condensation particle
counter (CPC), TSI model 3010 was used before Nov 2016, and TSI model 3772 (both with a Dp50 = 10 nm)
afterwards. An X-Ray neutraliser (TSI model 3087) was used for bipolar charging of ambient aerosols. Prior to
size classification, the aerosol was dried below 50% relative humidity (RH), as opposed to the optimal 40% RH

(CEN, 2020). In this instance, hygroscopic characteristics and other water uptake processes may have caused the

during the summer months. After multiple charge inversion, the MPSS provides PNSD across a particle size
range of 10-500 nm. Regular quality control was performed in association with the World Calibration Centre for
Aerosol Physics (WCCAP), Leipzig, Germany. A Catalytic Stripper (Catalytic Instruments, CVF500) operating
at 400°C was used since mid-2016 to remove gas-phase hydrocarbons (1-butanol) from the exhaust of the CPCs.
To provide standardised sampling conditions, a PM; mass inlet (Digitel AG and sampling line PSE1, Riemer)
between 20°C and 25°C, as controlled by a combination of air conditioning and heating. Although direct solar

radiation heated the sampling line to 31°C during the summer, the aerosol was cooled to the temperature of the

5
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measurement container air as it passed through the sampling line and Nafion® dryers. As a result, the PNSD's

temperature range of 5°C was ignored throughout the year. For more information, see Tab. S1. We are aware

that inlet heatinghas not been recommended since 2020 and that the PM1 mass inlet should be PM2.5 or PM10_ - { hat geléscht: is no longer

(CEN, 2020).,We recommend that future studies meet the UFP measurement requirements of ACTRIS and CEN
(CEN, 2023, 2020), as well as Wiedensohler et al., 2018, 2012. Therefore, in future we will use an adapted MPSS

of TROPOS for PNSD from 10 to 800 nm, including improved sampling according to CEN. Then, we will dry

the sampled aerosol below 40% RH and use a PM2.5 inlet as is recommended in the Service Tool 1 prepared

within the "Research Infrastructures Services Reinforcing Air Quality Monitoring Capacities in European Urban
& Industrial AreaS" EU-project (RI-URBANS, 2024).

The meteorological parameters (FFM_AP) and the concentrations of PM mass and gaseous pollutants (DAR)
were recorded at the corresponding nearby stations using instruments that comply with European legislation

standards. All data obtained were averaged to hourly values.

2.3. Data treatment

The non-parametric Mann-Kendall test (Kendall, 1975; Mann, 1945) was used to determine an increasing or
decreasing trend over time. In the presence of a statistically significant trend, the amount was quantified by the
Theil-Sen slope. This is the median of all possible slopes between the data pairs (Sen, 1968; Theil, 1992). To
accomplish this, monthly data series spanning more than 6 years were aggregated with a 30% threshold and de-
seasonalized using the seasonal decomposition of time series by loess (Cleveland et al., 1990). It should be noted
that a 6-year time series for identifying trends is quite short. Data preparation and statistical analysis were carried
out with R (v3.6.1, (R Core Team, 2019)) and the Openair package (v2.18-2,2024-03-11) (Carslaw and Ropkins,
2012). To better compare the contributions to exposure to an air pollutant between the modes, we have divided
the 10° cut wind sectors into 20° or 30° sectors: northeast (NE) 40-60°; northwest (NW) 290-310°; southwest
(SW) 190-220°. The TNC in this study has three particle modes: nucleation (NUC: 10-30 nm), Aitken (AIT: 30-
100 nm), and accumulation (ACC: 100-500 nm). The specific size range for NUC often depends on the
instrumentation used for measurement, the specific scientific question being addressed, and the environment

being studied (e.g., urban, remote, marine). It is currently defined as 3-25 nm (Wehner et al., 2005) but with

nm to capture as well the slight overlap of nucleation mode particles with Aitken mode particles.

In the LAN data set 2015-2019, high particle number concentrations were detected in the finest size fractions

Trechera et al.

the CPC used has a low detection efficiency in that range. Therefore, instrument-to-instrument variability has

been observed to be higher below 20 nm than above this size (Wiedensohler et al., 2012). However, this higher

variability has considerable effects, especially on the number concentrations in NUC.

CEN guidelines (2020).

- { hat verschoben (Einfiigung) [1]
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| hat geldscht: only captures the larger portion we used 10
nm as the lower limit and extended the
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3. Results and Discussion
340 3.1. Particle number concentrations of size fractions
Table 2 presents the multiannual statistics of TNC-derived PNSD (10-500 nm). The corresponding data for the
year 2021 is given in Table S3. The median TNC was 8.2x10"3 cm”-3 (7.9x10"3 cm”-3 in 2021). The NUC
range had the highest fraction of TNC (median 3.7x10"3 cm”-3, 44% 2015-2021; 3.9x10"3 cm”-3, 49% in
2021). These values are within the typical range of other urban background stations in Germany and Europe (Sun
345 et al., 2020; Trechera et al., 2023). The highest 1% of hourly TNC ranged from 31 to 290x10"3 cm”-3 for the

entire period and from 27 to 54x10"3 cm”-3 in 2021.

Table 2. Hourly Concentrations at Langen (LAN) 2015-2021 (2016 excluded) for nucleation, Aitken and accumulation

mode particles (NUC, N10-30; AIT, N30-100, and ACC, N100-500) and total number concentration (TNC, N10-500).

| — = { hat gel6scht: size distributions and number
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M { hat gel6scht: corresponds to the months of

hat gel6scht: , January and
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|350 Data coverage in % per annum (p.a,).

PNCin | Min  1perc Median Mean SD 99perc Max coverage (%)
cm”-3 .
TNC 572 1 806 8286 9352 6082 30930 289 689 71
NUC 79 572 3699 4996 5082 24349 271 376 71
AIT 112 441 2772 3191 2 009 9738 17915 71
ACC 22 130 1009 1165 792 3615 21 547 71
N30-500 141 610 3 886 4356 2553 12109 30397

3.2. Temporal trend of TNC
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hat gel6scht: . The moving average of the trend shows a
decrease for the 95th percentile and a drop of 25% in spring

/| 2020....
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clarity, as linear regression is applied here while the Theil-Sen estimator is used in subsequent figures. The

[Lhe drop of 25% in 95th percentile in s

moving average reveals a decreasing trend for the 95th percentile, with a pronounced 25% drop in spring 2020.

. 2) corresponded to the COVID-19-lockdown-related

ring 2020 (Fi

2021).

360
decrease in traffic. [Landings and take-offs (LTO) decreased by 70% (Schulthei-Miinch et al.,2022) (s. 3@7:\\
and car traffic on motorways by 16% (BAST, 2023) in 2020 compared to 2019 for car traffic (at LAN TC) and \\\\ i w1
2015-2019 for airports. Several studies have examined the environmental impacts of traffic restrictions during ; A it ey '
the COVID-19 lockdown. In Spain, COVID-19 lockdown restrictions reduced traffic intensity by up to 80%,

365 resulting in lower levels of combustion-related pollutants NO», CO, and SO, (Putaud et al., 2021; Querol et al.,
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Figure S2 shows annual box plots for TNC to complete the picture
downward trend.

. The yearly medians confirm the gen

a

b

390

F - . L
Figure 3a-c Theil-Sen trend (deseasoned) for monthly means from 2015 to 2021 for all wind directions for (a) LAN:
TNC, DAR: (b) PM10, and (c) NO2.

eral

(s. 2.3) from 2015 to 2021 on the basis of monthly means of daily mean values (cf. Tab. S6). The trend for TNC

of 2015-2019 when excluding year 2020 as a special year of pandemic-caused reductions, the trend was still -
395

1.9 % p. a. but less significant (P<0.05) (cf. Tab. S6). Trend analyses for an earlier period (2009-2018) at German

Ultrafine Aerosol Network (GUAN) stations in Germany showed a stronger decrease between -2.6% to -6.3%
p-a. for TNC (20-800 nm) (Sun et al., 2020).,

Other components also showed a highly significant (P<0.001) decrease, with even higher rates: PM10 -4.3% p.a.w‘

(Fig. 3b) and NO: -4.9% p.a. (Fig. 3c). In contrast, some components showed a significant (P<0.01) increase:
400

\
CO 3.5% p.a., ozone 1.5% p.a. (cf. Tab. S4). \
When considering Tab. S4 the decrease for the different particle size ranges was the highest for NUC -2.9% p.a. |

at P<0.001 (2015-2021). The decrease was lower for AIT -2.0% p.a. (2015-2021). ACC showed no significant

trend or even showed an increase of 3.3% p.a. 2015-2019. Overall, the decrease in TNC seems to be associated
primarily with a decrease in the subfraction NUC. This decrease is in line with decreasing trends in other
405

combustion-related compounds of mainly anthropogenic origin, such as NOz, PMio and cf. Tab. S4 NO and SO..
In contrast, CO, another combustion-related pollutant, increased as well as ozone.

i
N

|
|

\
Fig. 3a) yielded a highly significant (P<0.001) decrease of -2.3% per annum (p.a.). Even for the shorter period
g y ghly sig p p p

'\

airport. The decrease in wind from the other directions was
Il Tower at -1.8% p.a. (Fig. 5a) and showed no visible impact in
120209
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'''|' hat nach unten verschoben [5]: Figure 4a-c. Theil-Sen
trend (deseasoned) for monthly means, 2015-2021, from

wind from airport: WR 270°-340°, for (a) LAN: TNC,
DAR: (b) PM10 and (c) NO2.q

hat nach unten verschoben [6]: Figure 5a-c. Theil-Sen
trend (deseasoned) for monthly means, 2015-2021, from
wind not from airport: WR 350°-360° + 0°-260°, for (a)

| LAN: TNC, DAR: (b) PM10 and (c) NO2.9|
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hat nach unten verschoben [7]: The airport as an
]

additional source of NUC could be the reason for the lower
\ . -
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emissions from the airport. The decrease in wind from the other directions was lower at -1.8% p.a. (Fig. 5a) and

showed no visible impact in 2020.

3.3.

In this section, we analyse the variations of PNSD and its subfractions as a function of different meteorological '
\
variables. For the analysis of the temporal variation of the auxiliary compounds, we focus on the available data '

from 2019 to 2021. !

3.3.1. Influence of wind direction on particle number concentrations

Figure 6 shows the average particle number concentration of all the years included in this analysis for each
subfraction of the PNSD as a function of wind direction (aggregated to 10° steps) and wind speed (as distance
from the centre). From this figure we can see high concentrations coming from the direction of the airport (NW

indicated with a white arrow) with a maximum of 16x10"3 cm”-3 for NUC. However, from this figure alone, it

is unclear which factors influence the other size fractions AIT (Fig. 6b) and ACC (Fig. 6¢) showing a maximum /

which could originate from various directions. Therefore, we analyse further by splitting the polar plot into the //

different years as shown in Fig. 7. !

% !

~

Figure 6. Polarplot for particle number concentration in cm/-3, average of hours of the years 2015-2021 (2016 ~

excluded), in LAN. (a) NUC, (b) AIT and (c) ACC. Grey spots represent cases less than 2 hours. The arrow indicates \\
the wind from the airport. \
\

In 2020 (Fig. 6a), the lowest maximum value of NUC was observed with 7x10*3 cm”-3 from the NW, which

according to the Frankfurt Airport Air Traffic Statistics 2023 (Schultheil-Miinch et al., 2024) (s. 3.2). The \\

maximum increased again in 2021. The highest 10° concentration was measured in 2018 from the NW at 9 m,x \\

s”-1 with 20x1073 cm”-3. In 2021, NW showed lower concentrations of 12x10"3 cm”-3 than in the years before \\\ \\

, hat nach oben verschoben [3]: The drop of 25% in 95th
/s | percentile in spring 2020 (Fig.

|

hat nach oben verschoben [4]: 2022) (s. 3.6) and car
traffic on motorways by 16% (BAST, 2023) in 2020
compared to 2019 for car traffic (at LAN_TC) and 2015-2019
for airports. Several studies have examined the environmental
impacts of traffic restrictions during the COVID-19
lockdown. In Spain, COVID-19 lockdown restrictions
reduced traffic intensity by up to 80%, resulting in lower
levels of combustion-related pollutants NOz, CO, and SO:
(Putaud et al., 2021; Querol et al., 2021).

\ | Figure S2 shows annual box plots for TNC to complete the

\ | picture. The yearly medians confirm the general downward

| trend.q
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AIT concentrations were highest in three directions: NW, NE, and S, reaching up to 4.5x10"3 cm”-3 at wind

The minimum in 2019 and 2020 from SW was < 0.1x10"3 cm”-3.
The 2019-2021 PM concentration polar diagrams in LAN and DAR showed a pattern that was similar to ACC
(Fig. S3a, b). The highest concentration was found in the NE quadrant, especially in 2019 and 2021, with wind

throughout the years. The NO: pattern appears to be partly influenced by the FRA airport, located 18 km away,
and local sources. But the highest concentration from NW was not found in 2019 like with NUC, possibly due
to the changing ratio between NO. and NUC from 2015 to 2019,
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(excluding 2016), in LAN. (a) NUC, (b) AIT and (c) ACC. Grey spots represent cases less than 2 hours.

In contrast to NUC, wherein the highest concentration is in the direction of the airport, like in other studies before
(Keuken et al., 2015), AIT and ACC showed a different pattern that is not directed towards the airport. These
bigger particles could be influenced less by air traffic and more by other sources, such as tailpipe emissions,

abrasion and resuspension or long-range transport (Okuljar et al., 2021). We speculate that AIT has sources in
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the traffic sector, in line with the arguments of Trechera et al., 2023. We interpret the pattern of ACC to the
movement of large-scale meteorological air masses across Central Europe, as described in (Engler et al., 2007).
In line with ACC, high PM10 concentrations from NE with higher wind speed point to long-range transport
effects (van Pixteren et al., 2019).

3.3.2.  Seasonal variability

The annual variation for the entire period of TNC showed a maximum in summer, with the highest concentrations
in July and August, and about 20% higher concentrations during May-September compared to the rest of the
year. (See Fig. S5, where shaded areas represent 75% and 95% confidence intervals). TNC followed the same

pattern as particles < 100 nm, as both NUC and AIT reached their maximums in summer (Jul-Aug). In contrast,

We found a seasonal variability for PM1, PM2.5 and PM10, with a winter-to-summer ratio of 2-3 for PM2.5 in
LAN (Fig. S6). The PM10 concentration in DAR is lower in November and December than in LAN.

The secondary parameter ozone showed its maximum in summer; others such as NOz, NO and CO showed their
maxima in winter (Fig. S7).

For UFP at LAN and gaseous compounds at DAR, we discovered that TNC, NUC, AIT, and ozone have an

annual cycle, with the highest concentrations in the summer. In contrast, PM, particularly PM,s, NO,, NO, and

CO, reached their peak in the winter. Possibly due to higher heating emissions and lower MLH in the winter,.

Studies have shown that wood combustion is a significant source of particulate matter during winter (Pinxteren

2016).

3.3.3. Diurnal variation

In this section we analyse diurnal variation of particle number concentrations which are influenced by

meteorology (temperature, humidity, wind speed), anthropogenic activities, and biological processes.

In LAN, the overall diurnal variation (Fig. 6a) of TNC showed two intermediate maxima concentrations (08,

21:00). . The first occurred between 7 and 9:00 and a very small midday peak at 13:00 (Fig. S5) and the highest

peak was seen at 21:00 in the evening. For NUC, a similar shape was observed, but with a more distinct small
midday peak at 13:00 and a slightly earlier evening peak at 20:00. Hourly variations of NUC increased with
ozone and global radiation (GLO) between 7:00 and 11:00 (see Fig. 8b), particularly in the summer, but less in
the spring and autumn. The midday TNC peak was more pronounced in the summer and less so in the spring and
autumn, but it was absent in the winter.

Diurnal variations of AIT and ACC showed the highest concentration between 20:00 and 2:00, especially during
Friday and Saturday nights (Fig. S5). ACC showed a second maximum between 7:00 and 9:00, during the week,
but not on weekends.

In LAN 2019-21, we found diurnal variability for PM1, PM; 5, and PMo, with PM; having a (Fig. S6) minimum
between 15 and 18:00. In contrast, PM10 in DAR showed a profile with a maximum concentration during rush
hour at 8:00 and a minimum concentration in the morning hours of 3—4:00. On average, the diurnal variability
during 2015-2021 was similar to LAN in 2019-2021.

Ozone showed a midday peak at 15:00 (Fig. S7) and a minimum at 7:00. In contrast, NO, NO:, and CO showed
two peaks at 08—10:00 and 20-22:00 (see Fig. S7 and S8). SO: showed the highest concentration between 09:00
and 13:00.

- [ hat gel6scht:

[ hat gel6scht: .

[ hat gel6scht:




585

590

595

600

605

610

W WAt THC i 1O

" A

i,
E
3
i
H

= e | - h
[ 5 12 18 pE]

L a [ b

Figure 8. The diurnal variation of hourly means, 2019-2021, NUC, TNC, GLO and O3 in LAN (a); and for the 4
seasons separately (b). Shaded areas represent 75% and 95% confidence intervals.

The TNC concentration showed three peak concentrations. The first is between 7 and 9:00 a.m. during traffic

rush hours, which could be due to aircraft activity, as observed in many previous studies (Sun et al., 2019;
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) and

compared to none in winter (see Fig. 8), which was attributed to photo-nucleation.

ACC showed a peak during morning rush hours on weekdays, indicating that car traffic was the source of this

S5, S7).
CO showed a pattern for the evening/night peak independently of the weekday day indicating non-traffic sources,

but the morning peak was reduced on Saturdays and even vanished on Sundays (Fig. S8).

3.3.4. Weekday variations

On Sundays, NUC (-20%) and TNC (-15%) were reduced compared to working weekdays (Fig. S5). Hourly
variations during the week show that the maximum of the afternoon peak varies in relation to the morning peak
from weekday to weekend. Diurnal variations of AIT showed the highest concentrations between 20 - 2:00 on
Friday and Saturday nights. AIT was highest on Saturdays (Fig. S5). On the weekends, ACC was only slightly
higher. We found a day of the week variability for PM10 in LAN and DAR (Fig. S6). Highest concentration on
Wednesdays/Thursdays and lowest on Sundays, with a difference of 3 pgxm”-3. PM10 concentrations were
similar on Saturdays and Mondays.

NO and NO: were highest during the week, with a minimum on Sunday (-25% NO-). Ozone showed the inverse
behaviour, with a maximum on Sunday and lowest during the working days. CO was slightly lower, and SO:
showed a clearer minimum on Sundays.

We found on Sundays reduced concentrations of NUC, TNC and NO: (and less CO). Also, from 2015 to 2021,
on average, 54% less traffic was counted at LAN_TC on Sundays than on Tuesdays through Thursdays (BAST,
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2023). Therefore, we assume that the number of 10 — 30 nm particles was partly raised by car traffic during
working weekdays, besides other causes like NPF. The afternoon NUC peak shifted from weekday to weekend.
This might reveal that NUC and TNC were influenced by traffic. It is possible that the NUC-NPF peak in the
afternoon is supplemented by the traffic-NUC peak, which decreases after traffic rush hours and is also reduced
on Sundays.

Higher concentrations of AIT and, to a lesser extent, ACC, particularly at night before and after Saturday, may
indicate the influence of increased barbecue and residential wood heating activity over the weekend in the nearby
of solid fuels produces distributions with a modal diameter of approximately 100 nm (Hopke et al., 2022), which
falls within both AIT and ACC. Wood burning activities are also associated with higher benzene concentrations

at 18:00 elsewhere (Hellén et al., 2008).

3.4. Correlation of particle modes with auxiliary pollutants and meteorological parameters 2021

Due to the start of availability for PM in LAN from 2019 on, and because the COVID-19 lockdown caused a
reduction in traffic in 2020. Therefore, we focus on the year 2021 to compare different measured parameters
with each other. The average concentration of four size modes and PM fractions, meteorological parameters and
The mean concentrations in DAR in 2021 were PMio 13 pgxm”-3; NO 4 pgxm”-3; NOz 17 ugxm”-3; CO 0.2
mgxm”-3; SO, 0.8 pgxm”-3; Ozone 42 pgxm”-3. In LAN: PMo 14 pgxm”-3, PM,s 10 pgxm”-3 and PM,
9 ngxm”-3, TNC 8.3x10"3 cm”™-3, NUC 4.9x10"3 cm”-3, AIT 2.9x10"3 cm”-3, ACC 1.0x10"3 cm”-3.

The matrix in Fig. S9 shows the correlations between different particle fractions and auxiliary parameters in
2021. The particle number of TNC showed a significantly high to moderate correlation with NUC and AIT (R=
0.90 and R = 0.64) respectively, but a low correlation with ACC (R = 0.26). The LAN PM correlated highly
and significantly with LAN PM; and LAN PM;s (R= 0.73, 0.88) but showed a low negative correlation with
NUC (R =-0.08).

NO; in DAR correlated moderately with PM, s but not significantly (R=0.44) and not with NUC (R=0.09). NO2
correlated highest with CO as another traffic-related pollutant (R=0.73). SO, only correlated very low with NO,
and PM fractions (R= 0.18 and R= 0.15-0.17). Ozone correlated moderately with temperature and global
radiation (R= 0.52, 0.45), but not with any of the particle fractions. Concerning the meteorological parameters,
a low positive correlation is obtained for both TNC and NUC (N10-30) with temperature (R=0.22 to 0.23) and
a very low negative correlation with RH (R=-0.06 to -0.09). Negative correlations were also observed for wind
speed with all size modes, moderate for AIT and ACC (R =-0.51) and low for NUC (R =-0.11). Using a multiple
linear regression approach, temperature and wind speed were two of the six most influential parameters for the

spatio-temporal variance of UFP (von Bismarck-Osten et al., 2013).

3.5. Comparison with the WHO classification

According to the WHO definition of UFP, TNC has a lower limit of < 10 nm and no restriction on the upper
limit (WHO, 2021). The WHO classifies high concentrations as days > 10,000 cm”-3 or hours > 20,000 cm”-3.
We discovered high concentrations in LAN on 23-59% of days and 2-6% of hours per year (see Tab. S 5). The
WHO limit for high UFP in 24 hours per year was exceeded on 30% of all days. During the lockdown, there
were fewer exceedances (23% per day and 2% of hours) than in previous years (37-59% of days and 5-6%).
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Considering the WHO classification for low concentrations per day (< 1,000 cm”-3), no day of the entire
measurement campaign was in this category.

These findings are limited to this specific location and time period of campaign. In the future, these results should
be compared with data from other stations to further discuss their representativeness for similar station types and

other local specific sources.

3.6. Temporal variability of emissions from the airport

To estimate the temporal variability of emissions from air traffic at Frankfurt Airport, we show the variability of
flight activity measured in terms of passengers carried (PAX) and aircraft movements such as landings and take-
offs (LTO).

Between 2015 and 2019, PAX at FRA averaged 65 million per year and increased by 2% per year (Schultheif3-
Miinch et al., 2022). PAX fell to 29% in 2020 and 38% in 2021, compared to previous years' averages. The LTO
(490,000 on average) declined to 44% / 55% in 2020 / 2021. In 2023, the PAX and LTO were 90% of those in
2015-2019 (Schulthei-Miinch et al., 2024). The 95th percentile of the TNC fell by 25% in spring 2020 compared

to the previous year (see Fig. 2) before rising again. In Fig. 3a, the monthly mean values from the airport's wind

maximum TNC.

The seasonal behaviour in 2023 is expected to be similar to the years preceding 2020. LTO has a seasonal
maximum plateau from June to October and a minimum in February, with approximately 70% of the maximum
(SchultheiB-Miinch et al., 2024). TNC follows a similar pattern to LTO, with a maximum in the summer, highest
in July and August, and approximately 20% higher concentrations from May to September compared to the
remainder of the year. As a result, this time pattern could also indicate TNC caused by aircraft movements other
than the new NPF in the summer (s. 3.3.2).

The LTO's 24-hour fluctuation from 2015 to 2021 is characterised by a ban on night flights between 23 and 5:00
(Gemeinniitzige Umwelthaus GmbH, 2025). In 2019, the LTO is 0% between 0 and 5:00, and 30% from 5:00 to
7:00. Highest between 7 and 22:00 with 80 to 100%: The three maxima are 7-13:00, 16:00, and 20:00, with the
lowest at 18-19:00 at 80%. As described in 3.3.3, NUC had a similar shape with three maxima (08, 13, 21:00),
but with a clearer small midday peak at 13:00 than TNC did. The TNC midday peak was most noticeable in the
summer and completely absent in the winter. Because the LTO diurnal cycle is consistent throughout the year,
this midday peak appears to be unaffected by air traffic, or at least less so than the NPF.

Previous short-term studies of UFP near FRA, including spatially resolved measurements (Gregor et al., 2015),
demonstrated that FRA is a source of UFP, particularly for small diameters in the NUC range. Atmospheric
observations downwind of airports generally show increased UFP, especially in the NUC range (Harrison et al.,
2019; Hudda et al., 2014; Keuken et al., 2015). Elsewhere, it is discussed that regional or urban photochemical
NPF is not exclusively the cause of the high nucleation mode. An influence of airports is also described (Rivas

etal., 2020)
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Metropolitan region Rhine-Main (Frankfurt (Main)).

and partly also for Aitken mode particles in an urban background station downwind from the airport.

The average NUC concentrations were 2.5 times higher with wind from the airport than with other wind

directions. We therefore draw the conclusion that aircraft emissions from a major airport within a 6-
kilometer radius seem to have an impact on NUC.

We discuss the value of long-term observations in understanding trends and investigating the effects of
global events like pandemics on air pollution. In the COVID-19-lockdown-influenced year 2020, with

the lowest flight traffic, the maximum TNC from airport direction was reduced to 25% of the previous
year's average, the lowest maximum in 6 years.

The WHO limit for high UFP in 24 hours (> 10,000 cm”-3) per year was exceeded on 30% of all days.
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The effect of airport emissions upon the particle number concentration and 3 size classes starting from

10 nm was assessed at a site 6 km downwind from a major European airport (FRA) serving the

Wind-influenced concentration analysis indicates that FRA is a strong potential source for nucleation

hat nach oben verschoben [2]: <#>2023). A
measurement in the 10 nm range places high demands on
instrumental detection, as the CPC used has a low detection
efficiency in that range. Therefore, instrument-to-instrument
variability has been observed to be higher below 20 nm than
above this size (Wiedensohler et al., 2012). However, this
higher variability has considerable effects, especially on the
.| number concentrations in NUC.{

hat nach oben verschoben [1]: <#>We recommend that
future studies meet the UFP measurement requirements of
ACTRIS and CEN (CEN, 2023, 2020), as well as
Wiedensohler et al., 2018, 2012. Therefore, in future we will
use an adapted MPSS of TROPOS for PNSD from 10 to 800
nm, including improved sampling according to CEN. Then,
we will dry the sampled aerosol below 40% RH and use a
PM2.5 inlet as is recommended in the Service Tool 1
prepared within the "Research Infrastructures Services
Reinforcing Air Quality Monitoring Capacities in European
|| Urban & Industrial AreaS" EU-project (RI-URBANS, 2024

hat gel6scht: <#>Experimental Challenges{
The experimental challenges we had to face were:q
In the LAN data set 2015-2019, high particle number

concentrations were detected in the finest size fractions
(Trechera et al.,

hat gel6scht: <#>This study is based on a particle number
size distribution (PNSD) dataset from 2015-2021, as well as
auxiliary pollutants collected from a federal state authority's
air quality monitoring network. It is also worth noting that all
datasets had more than 55% data coverage during the study
period; one year was excluded due to low data coverage. This
shortfall could be attributed to the complexities of UFP-
PNSD measurements, as well as the need for close
{_supervision and frequent instrumentation maintenance.

hat geloscht: <#>).q

The longer distance, particularly between the two stations
LAN and DAR, made it difficult to adequately compare the
gaseous pollutants to UFP.Y|
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