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Abstract. Measurements of aerosol size-resolved chemical composition and source contribution of carbona-
ceous aerosols provide a unique opportunity to characterize continental outflow over the sea. Studies at coastal
sites usually show an interesting mix of continental and marine aerosol sources. However, few data exist on the
size dependence of the aerosol chemical composition and isotopic source apportionment of organic carbon (OC).
This study investigates differences in aerosol composition among size-dependent samples collected in different
seasons and wind sectors. It also highlights isotope measurements as a tool to study sources and atmospheric
processing of OC. Size-resolved measurements of inorganic ions, levoglucosan, and total carbon (TC) were
combined with 13C and '*C analysis of OC at different desorption temperatures, which allows to investigate sub-
groups like secondary organic aerosol (SOA) and aged organic aerosol. The land-sector samples are dominated
by nitrate, ammonium, and TC, while sulfate and TC dominated the single sea-sector sample set. Sulfate reached
0.5ugm™3 in both sea-sector and land-sector samples, indicating a possible contribution from ship-emissions.
Fossil OC fractions were highest in particles < 250 nm, characteristic for combustion-related traffic emissions.
13C/12C-ratios of ambient OC deviate strongly from expected signatures of primary sources and indicate SOA
contribution to more volatile carbon and smaller particles. The '3C/!2C-ratios of less volatile OC at larger sizes
are consistent with a significant influence of photochemical processing. The results indicate shipping emissions
as a possible important contributor to sulfate aerosols in sea-influenced samples and demonstrate the highly
processed nature of OC in the European continental outflow.

stream (Poschl, 2005). Scattering or absorption coefficients

Particulate matter (PM) has a significant impact on human
health (e.g. Nel, 2005; Pope and Dockery, 2006) and the
global climate (e.g. Boucher et al., 2013; Myhre et al., 2013),
due to scattering and absorption of solar radiation. The full
extent of this influence is still not yet completely understood,
but it is certain, that the size of the airborne particles and
their chemical composition play an important role. The size
of the particles determines, whether and where particles are
deposited in the lung and whether they can enter the blood

of ambient aerosol particles, also depend crucially on their
size and chemical composition.

The size and chemical composition of aerosol particles de-
pend on their sources and on transformation processes in the
atmosphere. In order to improve e.g. climate models and al-
low policy makers to develop mitigation strategies for a bet-
ter air quality, the knowledge about the sources and transfor-
mation mechanism of aerosols needs to be improved.

Previous studies showed that in the Netherlands the
aerosol chemical composition is dominated by secondary in-
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organic aerosol (Weijers et al., 2011), which is the sum of
sulfate, nitrate and ammonium. The second largest contribu-
tion is from carbonaceous constituents and the most impor-
tant natural source is sea salt.

In general, in Europe the carbonaceous aerosol fraction
takes up 30 % to 60 % of PMy 5, i.e. particulate matter with
an aerodynamic diameter of smaller than 2.5 um (e.g. Poschl,
2005; Fuzzi et al., 2015; Putaud et al., 2004). The total
carbon (TC) content of aerosol is usually operationally di-
vided into organic carbon (OC) and elemental carbon (EC)
(TC =0C + EC). EC is produced from primary sources dur-
ing incomplete combustion and is in general inert in the at-
mosphere. OC is also directly emitted by incomplete com-
bustion and other processes, like cooking, or biogenic activ-
ity in the form of e.g. pollen fragments. In addition to these
primary sources, secondary organic carbon (SOC) is formed
from the oxidation of precursor gases and condenses on pre-
existing particles. Contrary to elemental carbon, OC is not
inert and its chemical composition is continuously changed
by transformation mechanisms in the atmosphere.

Analysis of the carbon isotopes '3C and '*C can give in-
sights into sources and atmospheric chemistry of carbona-
ceous aerosols (e.g. Szidat et al., 2006; Dusek et al., 2017;
Masalaite et al., 2020; Ni et al., 2022). Since '*C has decayed
in fossil fuels (Schuur et al., 2016), but is present at a typi-
cal contemporary “C/!2C ratio in living biomass, it allows
to apportion fossil ('*C free) or non-fossil carbon sources
for carbonaceous aerosols. The radiocarbon isotopic compo-
sition of organic aerosol is not significantly influenced by at-
mospheric transformation processes. The '3C/!>C-ratios of
EC and OC also gives an insight into aerosol sources, e.g.
enabling to distinguish between C3 and C4 plant types of
sources (O’Leary, 1988; Vernooij et al., 2022), but in many
regions, including Western Europe, 13C alone is not suitable
for source apportionment, because the different source signa-
tures are overlapping (e.g. Martinsson et al., 2017). Nonethe-
less, the measurement of the '3C isotopic signature of or-
ganic aerosol facilitates the characterisation of atmospheric
transformation mechanism, as '3C/12C ratios are changed by
chemical reactions (e.g. Kirillova et al., 2013; Gensch et al.,
2014; Huang et al., 2006).

During the formation of secondary organic aerosol (SOA)
from precursor volatile organic carbon (VOC), '2C reacts
preferentially due to the kinetic isotope effect. The reaction
products are therefore expected to be depleted in '>C com-
pared to the precursor gas, if it is not completely consumed.
In this case, the *C/!?C ratio in the SOA will be less than
in the precursor gas (and usually also the primary OA) and
the condensing SOA gradually leads to lower '3C/!>C ra-
tio of the overall OC. Since condensing organic vapors will
contribute relatively more mass to smaller particle, this effect
should be more noticeable at smaller particle sizes.

In the presented study the '3C of organic carbonaceous
aerosol was analyzed at three different temperature steps
(200, 350, 650°C), which reflect different volatility frac-
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tions of OC-species (Zenker et al., 2020). More volatile OC,
associated with freshly emitted primary fossil fuel burning
aerosol or newly formed SOA, tends to be evolved from the
filter at lower temperature and more thermally stable OC des-
orbs at higher temperature (Masalaite et al., 2018; Holzinger
et al., 2013). Higher thermal stability of organic carbon is of-
ten observed after the aerosol is transformed by photochem-
ical or aqueous-phase processes (Masalaite et al., 2017; Ni
et al., 2022). These processes, also known as aerosol aging,
result in more oxidized and therefore more thermally sta-
ble aerosol (Donahue et al., 2009; Holzinger et al., 2013).
Considering the particle size distribution, primary anthro-
pogenic combustion sources emit preferentially smaller par-
ticles (Dso < 0.18 um; Masalaite et al., 2018). On the other
hand, aerosol aging is more relevant for larger particles, in
the size range of accumulation mode, due to their longer
residence time in the atmosphere, which gives transforma-
tion processes more time to alter the aerosol (Cubison et al.,
2006). Local combustion sources are therefore primarily re-
flected in the composition of the smaller primary aerosol
particles. Sources further away are associated with the long
range transport of aerosol, and are therefore displayed at
larger particle sizes, which are additionally affected by ag-
ing processes.

For the process of photochemical aging it is postulated
(e.g. Ni et al., 2022; Masalaite et al., 2020), that OC in the
particle becomes gradually enriched in '3C compared to the
original particle composition. This is caused by the gradual
volatilization of OC, which proceeds faster for 12¢C contain-
ing compounds, because molecular bonds involving >C are
more easily broken. This results in a net loss of the isotopi-
cally lighter carbon '2C in the particle. If the particle is only
partially oxidized, the remaining OC in the particle is en-
riched in 13C compared to OC of the original particle.

This study presents results for the mass concentrations of
inorganic ions and total carbon, and the carbon isotope ratios
13C/12C and '#C/'2C of organic carbon for size-resolved
fine aerosol particles. While bulk chemical composition is
measured routinely at many European sites, size resolved
chemical composition data are much more rare, especially
combined with isotope source apportionment of the organic
aerosol. This allows more detailed insights into the inorganic
and organic chemistry of various size aerosol fractions and
related atmospheric transformation mechanisms. Results are
based on a year-long sampling campaign, which makes it
possible to investigate seasonal variations. The special set-up
of the sampling campaign allows to investigate aerosol from
the North Sea and aerosol, that is originating from the land
and advecting to the sea. This aerosol can probably change
the radiation budget of the sea surface as the particle absorb
or reflect light. The sampling location very close to the sea is
in general of significance, as many aerosol studies are avail-
able for continental and urban sites, but much less data exist
for coastal sites (Chesselet et al., 1981; Ceburnis et al., 2011;
Tursic et al., 2006).
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The objective of this study was to characterize the sea-
sonal, air mass and size dependent variation of the aerosol
chemical composition and related atmospheric transforma-
tion processes at a site close to the Wadden Sea in the Nether-
lands.

2 Methods

2.1 Sampling and filter handling

A year-long seasonal sampling campaign was conducted dur-
ing 2015/16 to collect size-resolved aerosol samples at the
Lutjewad atmospheric measurement station located directly
behind the dyke at the Wadden Sea in the Netherlands. The
sampling equipment has been set up on a scaffold at about
10.5 m, which is higher than the dyke (see Fig. Al in the
Appendix). The sampling equipment consisted of a custom-
made setup with two impactors (MSP-model 130-HFI) and a
weather station.

The impactor setup is shown in Fig. 1. The two impactors
are connected to the sampling pump via two controllable
solenoid 3-way valves. At any given time either one of the
impactors is sampling or the air is flowing through a bypass
directly to the pump. The setting of the valves is controlled
by a customised LabVIEW program, so that each impactor
samples only from a given (custom-defined) wind sector. If
air is coming from outside the wind sectors, neither impactor
is sampling. Sampling will also only start when the wind ve-
locity is above 2ms~! to avoid baffling wind.

The location directly at the Wadden Sea made it possible
to collect aerosol from a “land” sector (E-SSW) on one im-
pactor and aerosol from the “sea” sector (WSW-NE) on the
other. The land sector is mostly influenced by sources in con-
tinental Europe including possible transformation processes
during long-range transport. This type of aerosol is of special
interest, as it will be advected in the direction of the ocean
and influence the radiative forcing over the North Sea (Ja-
yaraman et al., 1998). On the other hand the air from the
sea sector is likely much cleaner (Fitzgerald, 1991; Cebur-
nis et al., 2011) and is mainly influenced by marine aerosol
or regional sources, e.g. ship emissions from the highly fre-
quented English Channel (Matthias et al., 2010). In addition
72 h back-trajectories were calculated using the HYSPLIT
trajectory model (Stein et al., 2015; Rolph et al., 2017) (see
Figs. 3 and A3) with a time resolution of one hour and an
arrival altitude of 50 ma.g.l. (meter above ground level) for
the sampling periods of each impactor.

The high flow cascade impactor had an inlet flow rate of
100 L min~" and consists of five stages and a back-up fil-
ter. It allows sampling in the following aerodynamic parti-
cle size ranges: 1.4-2.5, 0.77-1.4, 0.44-0.77, 0.25-0.44, 0-
0.25 um. To convert the measured concentrations to mass size
distributions dM /dIn D, we assume a lower cut-off size of
0.05 um for the back-up filter, as the contribution of parti-
cles below that size to the measured mass is negligible (Ni

https://doi.org/10.5194/acp-26-15931-2026

15933

et al., 2022). In this study, quartz fibre filters (75 and 90 mm
(back-up filter); Pallflex membrane filters, type Tissuquartz
2500QUAT-UP) were used as impaction substrates, which
required customization of the distance ring for the last two
impactor stages to compensate for the increased filter thick-
ness compared to conventional aluminum foil. The quartz
fibre filters were pre-cleaned at 650 °C for two hours and
stored in the freezer at about —18 °C, before using them for
sampling. After removing the filter samples from the im-
pactor, they were wrapped in pre-cleaned (2h, 550 °C) alu-
minum foils and stored in sealed polyethylene bags at about
—18 °C in the freezer until analysis. Every part of equipment
that came into contact with the samples, including impaction
plates and tweezers etc., was first cleaned with acetone, then
with ethanol and afterwards air-dried.

The filter sampling was conducted during each season of
the year for at least one month, allowing for the collection
of at least two complete sets of filter samples per season. A
complete set of samples consists of one impactor filter for
each particle size range from both the sea and the land wind
sector. During the collection period the impactors were left
in the sampling setup for approximately two weeks. If sam-
pling took place with the specific sea-sector or land-sector
impactor depended on the wind directions during this time
period. Table 1 shows the collection periods (11-18 d) in the
different seasons for the filter sets from this study. The sam-
pling time per impactor varied between two and eleven days,
depending on time periods with wind from a certain sector.
At the end of each part of the sampling campaign, i.e. for
each season, a complete set of impactor filter samples was
left in the impactor in the sampling setup for approximately
two weeks without the pump running. This filter set repre-
sents the sampling blank.

Filter samples for this measurement report were selected
mainly according to the possibility of performing all the
planned measurements, i.e. analyses of ions and levoglu-
cosan, measurement of total carbon concentrations and iso-
topic analysis of organic carbon. Unfortunately only one
sample from the sea wind sector could be analyzed, as the
others did not contain enough particle mass. TC measure-
ments and isotopic analyses were performed at the Centre
for Isotope Research, University of Groningen in the Nether-
lands, while analyses of ions and levoglucosan were con-
ducted at the Research Group Environmental Analytics, In-
stitute of Chemical Technologies and Analytics, TU Wien
in Austria. Depending on the TC mass of the impactor filter
samples, aliquots were taken and sent to Vienna. Approxi-
mately one eighth of the filter sample area was cut for the
land-sector filter sets and one quarter was taken for the sea-
sector filter set. Each sample aliquot was separately wrapped
in pre-cleaned aluminum foil and packed in sealed polyethy-
lene bags. The parcel containing the aliquots was sent to Vi-
enna by express post with an ice pack.

Due to the limitations in the available particle mass for this
measurement study only a small number of filter sets could
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Figure 1. Sampling Setup: An outline of the wind direction selective sampling setup with two impactors is shown on the left. The impactors
are equipped with a TSP (total suspended particulates) inlet. The flow meters, valves and the pump are in a weather-proof housing (yellow
box). The right indicates an example of wind sectors for impactor 1 and 2, e.g. impactor 1 would collect aerosol particles only from “Land”
wind directions, impactor 2 only from “Sea” wind directions. If the wind comes from neither sector, the pump samples from the bypass via

valve 1.

Table 1. Overview of filter samples: start and end dates are the times when the impactors are set up, not actually the start or end of sampling.

filtername  start end sampling time  season sampled wind  sample
[days] direction [°] type
AU15_L2 27 October 2015 12 November 2015 10.63 autumn  80-220 land
WI16_L1 4 February 2016 15 February 2016 2.25  winter 90-185 land
WI16_L2 15 February 2016 2 March 2016 3.98  winter 90-185 land
SP16_L1 6 April 2016 19 April 2016 2.84  spring 90-185 land
SP16_L2 19 April 2016 4 May 2016 1.72  spring 90-185 land
SU16_L3 25 July 2016 9 August 2016 2.00 summer 90-185 land
SU16_14 9 August 2016 24 August 2016 2.66 summer 90-185 land
SU16_S4 9 August 2016 24 August 2016 4.62 summer 240-30 sea

be analyzed for the different seasons of the year, see Table 1.
The statements in the discussion section of this publication
should therefore be interpreted as indications rather than as a
comprehensive characterization of seasonal conditions or the
study region.

2.2 Analyses of ions and levoglucosan

Determination of anions (C1—, NO;, NOj, SOi_), cations
(Na', NHI, K*, Ca®t, Mg?t) and levoglucosan was per-
formed with ion chromatography. For analyses of ions, sam-
ple aliquots were extracted with 3 mL ultrapure water and
ultrasonic agitation, followed by centrifugation. Analyses of
anions was done with a Dionex ICS1100 system (Thermo
Fisher Scientific Inc.) using AS22 and AG22 columns, a self-
regenerating suppressor and conductivity detection. The elu-
ent was 4.5 mM Na,COs3 / 1.4 mM NaHCOs, at a flow rate of
I mL min~!. Cations were analyzed with a Dionex Aquion
system (Thermo Fisher Scientific Inc.) equipped with CS16
and CG16 columns, a self-regenerating suppressor and a con-
ductivity detector. The eluent was 38 mM methanesulfonic
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acid at an eluent flow of 1 mL min~!. Calibration was done
with external standards, prepared from Merck stock solu-
tions. Detection limits were at 0.01 uyg mL~! for all ions. Lev-
oglucosan was determined via anion-exchange chromatogra-
phy and pulsed amperometric detection (HPAE-PAD) with
an Dionex ICS3000 system using a CarboPacMA1 as an an-
alytical and a guard column. Gradient elution was done with
sodium hydroxide, using concentrations of 480-650 mM
at a flow rate of 0.4mLmin"!. Detection limit was at
0.015 ugmL~! for levoglucosan.

2.3 Measurement of total carbon concentrations

The total carbon concentration of the size-resolved aerosol
filter samples was determined with a commercial thermo-
optical OC-EC analyzer (Sunset Laboratory Inc., Model 5L).
The samples were analyzed with a custom TC protocol, that
combusts the sample in a mixture of helium and 2 % oxygen
for 5.5 min at a temperature of 870 °C. The limit of detection
for the measurement of carbon concentrations is given by
the manufacturer of the OC-EC analyzer as 0.2 ug cm 2. The
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measured total carbon concentrations have been corrected for
the instrument blank and the sampling blank. The instrument
blank was measured daily and sample concentrations were
corrected using the instrument blank determined on the cor-
responding measurement day. The instrument blank for this
study was on average 0.27 ug cm~2 with a standard deviation
of 0.15ugcm™2 (n = 58). The sampling blanks were ana-
lyzed with the EUSAAR_2 protocol (Cavalli et al., 2010) and
contained only organic carbon with an average concentration
of 0.69 ugem™2 with a standard deviation of 0.24 ugcm™>
(n = 18).

OC/EC analysis of the impactor filter samples was not
possible due to the inhomogeneous deposits on the impactor
samples.

2.4 Measurement of §('3C) signatures

The stable carbon isotope ratio R(>C/!2C) of OC in a sam-
ple is given in the delta notation, which is defined as follows:

8 (13C/ 12c, sample / reference) =

R("3c/"2C, sample)
R (13C/12C, reference)

—1 (1

The reference is the international Vienna Pee Dee Belemnite
(VPDB) standard and delta values are expressed in %o. In the
following text 8(13C) is used as the short form of 8§(!3C/12C,
sample / reference).

A detailed description of the setup and the measurement
procedure is given in Zenker et al. (2020). Briefly, measure-
ments of §(13C) values are conducted with a system that com-
bines a OC-EC analyzer (Sunset Laboratory Inc., Model 5L),
where OC is converted to CO,, with a continuous flow iso-
tope ratio mass spectrometer (IRMS) (Micromass now Iso-
prime, model Optima). The interface between these two in-
struments serves to collect, purify and concentrate the ex-
tracted CO; from the aerosol filter samples. In the Sunset
oven the organic carbon is desorbed in helium carrier gas
at three different temperature steps (200, 350, 650 °C). The
manganese dioxide (MnO») catalyst in the Sunset OC-EC an-
alyzer ensures the complete oxidation of the carbon released
during the different desorption steps to CO».

Thermal desorption for the §('3C) analysis is performed
in an inert helium atmosphere, where OC charring can occur
and the resulting charred carbon is not included in the subse-
quent isotope analysis. Previous studies have estimated that
this does not strongly alter the 8('3C) signature (Dusek et al.,
2013; Zenker et al., 2020; Yao et al., 2022b).

For the analysis of the coastal filter samples, the system
described by Zenker et al. (2020) was updated to include a
reduction oven, which is installed downstream of the Sun-
set OC-EC analyzer. This oven contains copper and silver to
remove traces of oxygen, nitrogen oxides and halogens at a
temperature of 600 °C. This treatment was found to signif-
icantly improve the repeatability of the filter samples from

https://doi.org/10.5194/acp-26-15931-2026

15935

this coastal location, but is usually not necessary for filters
from other locations.

8(13C) values were calculated with respect to two refer-
ence gas peaks, measured before and after the sample peak.
If these two values differ by more than 1 %o, this certain mea-
surement is rejected from further analysis. 8('3C) values cal-
culated with respect to the first reference peak are presented
in this study. 8('>C) signatures are calibrated using a two-
point linear scale correction based on two different reference
materials, which are measured every day. The linear scale
correction uses a weekly average of these reference mate-
rials and is applied to all samples measured in the respec-
tive week. These two in-house reference materials are both
caffeines and one of them is enriched in '3C. Their nominal
8(13C) values are —38.2 %o and 0.61 %o. A third international
reference material is analyzed every day and is used for qual-
ity control. This internationally agreed upon secondary ref-
erence material is L-Valine (Schimmelmann et al., 2016) and
has a reference value of —24.03 = 0.04 %o, which is in the
range of the expected §('*C) values of aerosol particle sam-
ples. The average 8(!3C) value of the measured L-Valine ref-
erence for a time span of about two years is —24.07 %o and
the standard deviation amounts to 0.22 %e.. This is an indica-
tor for the precision and the uncertainty of the §( 13y values
presented in this work.

2.5 Measurement of the fraction modern of carbon
(F(*4C))

The radiocarbon isotopic composition of an aerosol filter
sample is reported as fraction modern (F G{e))) according to
the nomenclature established by Reimer et al. (2004):

F(14C/12c, sample /OxII) -

R (**c/2C, sample)
0.7459 - R (*C/12C, Ox1I)

2

Hereby the '“C/'2C ratio of the sample is given in relation
to the ratio of the standard (oxalic acid, OxII). The factor
0.7459 converts the '4C/!2C ratio of OXII to the value de-
fined by international agreement as representative for an un-
perturbed atmosphere in the year 1950. The '4C/!2C ratio of
both the sample and the standard are normalized to a s(13C)
of —25 %o. In the following text F (Q) is used as the short
form of F(4C/'2C, sample / OxII).

In this study F('4C) of organic carbon is presented. The
combustion, extraction and conversion to CO, was done us-
ing the Automated Aerosol Combustion (AAC) system de-
scribed in Dusek et al. (2019). Briefly, the aerosol filter sam-
ple was combusted in pure oxygen at 375 °C for § min. The
separation of CO, from other interfering gases (e.g. SOa,
NOy, H70 or halogens) is done with the help of a reduction
oven containing copper and silver, and two water traps. Un-
til analysis the CO» is stored in evacuated flame sealed glass
tubes.

Atmos. Chem. Phys., 26, 15931-15952, 2026
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For the F('*C) analysis, extraction at 375 °C in pure oxy-
gen extracts approximately 80 % of the organic carbon as de-
fined by thermal-optical analysis, with the most refractory
OC omitted due to potential overlap with EC. However, the
use of oxygen largely prevents charring, and the less refrac-
tory carbon fractions are extracted with an efficiency close to
100 %.

For radiocarbon measurement the CO; is transferred via
the gas inlet system to the ion source of the Mini Carbon Dat-
ing System (MICADAS). This accelerator mass spectrome-
ter is described in more detail in Synal et al. (2007). The
F(1*C) values are corrected for the memory effect, the in-
strument background is subtracted and finally all values are
normalized to the average of the oxalic acid (OxII) gaseous
standard, which are analyzed in every batch (Wacker et al.,
2010). Furthermore secondary standards are analyzed along-
side the unknown samples, which serve as a control of the
measurement and data correction (Aerts-Bijma et al., 2021).

To correct for the contamination introduced during com-
bustion in the AAC, small amounts of standard material un-
dergo the same process of combustion and radiocarbon mea-
surement. Here OxII serves for the determination of the fos-
sil contamination and a '“C free background wood standard
serves to determine the modern contamination.

3 Results and Discussion

3.1 Chromatographic analysis and total carbon
concentrations

Figure 2 shows an overview of the mass size distributions
dM /dIn D, of all analyzed chemical constituents: inorganic
ions, levoglucosan and total carbon. The different icons in-
dicate a specific set of impactor filters and the different col-
ors characterize a specific season of the year (winter — blue,
spring — green, summer — red, autumn — gray; exception: yel-
low — summer, sample type “sea”; also consider Table 1).

Figure 3 highlights the relative contribution of the main
constituents (NHI, NO;3, SOi_, TC, Na™, CI7) for four
typical impactor samples. Figure 3a and b compare in more
detail the mass fractions of a sample collected in spring
(SP16_L1) to a sample collected in autumn (AU15_L2) to
highlight seasonal differences. Figure 3c and d show two fil-
ter sets collected in summer during the same time period;
one set from the land (SU16_L4) and the other from the sea
wind sector (SU16_S4). In addition the 72 h back-trajectories
(HYSPLIT trajectory model, time resolution one hour, arrival
altitude 50 m a.g.1.) are shown for each filter set.

As observed in earlier studies (Weijers et al., 2011; Men-
sah et al., 2012; Schlag et al., 2016) in the Netherlands the
largest contribution to the aerosol particle mass comes from
nitrate, ammonium and total carbon. The outflow aerosol
from the land to the sea is dominated by ammonium ni-
trate as the main water soluble species. A main reason for
the large influence of ammonium nitrate is the combination
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of intensive agriculture, responsible for high ammonia emis-
sions, and the high traffic and industrialization, which emit
nitrogen oxides. Most inorganic components show the high-
est mass concentrations at a size range between 0.5 and 1 um,
indicative of aged aerosol. This shows that the measurement
site is influenced mainly by long range transport and not so
much by local sources. The size distribution changes with air
mass origin (TurSi¢ et al., 2006) and residence time in the
atmosphere, as can be seen comparing the filter set from au-
tumn with the set from summer. For the autumn sample, the
back-trajectories (see Fig. 3) show a long residence time over
continental Europe and the mode of the mass distribution is
at large particle diameters of around 1 um. The summer sam-
ple on the contrary mostly has a much shorter residence time
over land close to the sampling site and the mode of the size
distribution is at smaller diameters of around 0.6 um.

Particulate ammonium is the main cation to neutralize the
most important atmospheric anions to form ammonium ni-
trate, ammonium sulfate and ammonium chloride. Forma-
tion of ammonium nitrate requires high concentrations of
NH3, because the more stable ammonium sulfate is prefer-
entially produced. Ammonium nitrate is semi-volatile and
consequently the mass concentration of particulate nitrate de-
pends on temperature, with lower concentration in summer
compared to the colder periods of the year. Especially high
particulate nitrate concentrations occur in samples collected
at the end of the winter period (WI16_L2) and in spring
samples with maximum concentrations between 0.5 and
1 um (WI16_L2: (0.6 um, 4.3 ugm=3), (1.1 um, 3.0 uygm—3);
SP16_L1: (0.6 um, 4.6 ugm™>), (1.1 um, 3.6 ugm=)). The
highest mass concentrations of ammonium can be found in
spring samples for particle sizes ranging from 0.44 to 1.4 um
(SP16_L1: (0.6um, 1.75ugm™3), (1.1 um, 1.4 ugm=3)), re-
lated to fertilizer use. The lowest concentrations are ob-
served for samples from the sea-influenced sector (0.01—
0.2 ug m~3), with the lowest relative contribution to the mass
of the particles from the highest size range. Otherwise, dif-
ferences in concentrations between samples collected during
different seasons are not very strong. Currently, it is up for
debate if reducing emissions of NH3 or NO, are more ben-
eficial for reducing particulate matter (Gu et al., 2021; Guo
et al., 2018; Jonson et al., 2022). However, our data show
especially high contributions of ammonium nitrate to partic-
ulate matter, when ammonia emissions through fertilizer use
are high in spring. Since NO, emissions are much more con-
stant over the year, this indicates that low ammonia availabil-
ity is at least partially a limiting factor for ammonium nitrate
formation.

The particle mass concentration of sulfate does not show
any distinct seasonal pattern among the analyzed samples. In
Fig. 2 the total mass of sulfate is shown. The proportion of
non-sea salt sulfate was calculated with sodium as a refer-
ence for sea salt and was found to be more than 97 % for all
particle sizes except the largest size range for the land-sector
filter set. Aerosol particles from the largest size range (1.4—
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Figure 2. Mass size distributions of TC and inorganic ions (dM/dIn Dp): The shown impactor filter samples are collected in different
seasons of the year. The color coding is as follows: winter — blue, spring — green, summer — red, autumn — gray; exception: yellow —
summer, sample type “sea”; cf. Fig. A2 for concentrations in mol m~3; also consider Table 1; accompanying dataset is available at https:
//doi.org/10.5281/zen0do.19990975 (Zenker et al., 2026).
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Figure 3. Aerosol mass contribution of the main constituents (NH+, NO3_ s SOi_, TC, Nat, ClI7) in dependence of the particle size: The
full bar (100 %) is the sum of the six constituents. Shown is a filter set from autumn (a) and one from spring (b). In the bottom a filter set
with continental influence (c¢) is compared to a set from a sea-influenced episode (d), both sets are collected in the same time period. For
each filter set the 72 h back-trajectories (HYSPLIT trajectory model, time resolution one hour, arrival altitude 50 m a.g.1.) are shown.
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2.5 um) show a clear impact from sea salt emission sources
with a proportion of up to 21 % sulfate from sea salt and
mainly for filter sets (e.g. in Fig. 3c) under the influence of
regional and coastal air masses. The sea-sector filter set has
a proportion of 7% sulfate mass from sea salt in the size
range of 0.77 to 1.4um and 46 % in the size range of 1.4
to 2.5 um. For the remaining particle size ranges of the sea-
sector filter set the non-sea salt sulfate mass represents more
than 98 % of total sulfate. Furthermore for the sea-sector fil-
ter set, sulfate is the main component next to TC for all sizes
besides the largest collected size range. For sulfate aerosols,
the ocean itself is a source with e.g. a total concentration of
non-sea salt SO?[ of around 43 ngm~> on average for a re-
mote station on the Svalbard Islands (Moroni et al., 2016).
The sea-sector filter shows much higher SOi_ concentrations
than this (0.1-0.5 ug m—3), suggesting that the combustion of
sulfur-containing fossil fuels by ship engines, as an impor-
tant emission source of the precursor gas SO, (Aakko-Saksa
et al., 2023), may contribute to the observed sulfate concen-
trations. Since TC represents the second-largest fraction of
the sub-micron aerosol mass in the sea-sector filter, this is
consistent with a contribution from ship emissions to the ob-
served aerosol at this coastal location. However, TC is not
specific to shipping emissions, and the back-trajectories of
the sea-sector filters (see Fig. 3d) show that part of the air
masses passed over Great Britain, indicating a possible influ-
ence by other sulfate sources, such as vehicular traffic emis-
sions. The relative mass contribution of nitrate in the sea-
sector filter samples is negligible for particles smaller than
0.44 um (see Fig. 3d). This may indicate a stronger influence
of ship emissions, as the particle mass from ship emissions is
generally dominated by sulfate and organic matter (Ausmeel
et al., 2020). In contrast, measurements of the London plume
(McMeeking et al., 2012) showed a substantial nitrate con-
tribution of 24 % to sub-micron aerosol, comparable to the
contributions of sulfate (24 %) and organic aerosol (29 %).
The absence of a similarly strong nitrate contribution in the
sub-micron particles of the sea-sector filter samples therefore
supports the interpretation that shipping emissions may rep-
resent an important source of the observed aerosol. However,
the low nitrate contribution and high sulfate and TC concen-
trations in the sea-sector filter set are consistent with an influ-
ence from shipping emissions but do not allow unique source
attribution. In general, sulfate is the only major species (ex-
cept for NaCl), where the absolute mass concentrations of the
sea-sector filter is within the range of the land-sector filters
and even exceeds the land-sector filters (for size range around
0.35 um sea-sector filter: 0.4 ug m~3, land-sector filter: 0.16—
0.3 ugm™3). Therefore most likely ship emissions may rep-
resent also a very relevant source not only locally, but for
coastal locations in the Netherlands in general. Nonetheless
the absolute concentrations of ammonium sulfate are much
lower than those of TC and ammonium nitrate, which is most
likely related to the substantial reductions in SO, emissions
from major sources, including the industrial sector, following
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the implementation of emission-control measures and regu-
lations (Wever et al., 2021).

The total carbon mass shows higher concentrations in the
winter and autumn samples, which is most likely due to do-
mestic biomass burning with the starting cold season. Potas-
sium and levoglucosan, typical biomass burning tracers, also
show clearly higher values in autumn and winter samples and
lower values in summer samples and for the sea-sector fil-
ter set. Local and regional sources seem to make a signif-
icant contribution, because these tracers are especially en-
riched in the lower size ranges compared to the other ana-
lyzed components. The contribution of carbon from traffic
emissions is assumed to be constant throughout the seasons.
Local traffic emissions would cause elevated TC mass con-
centrations in the lower size ranges, as the combustion of fuel
produces small aerosol particles. Our samples do not show
this influence, which underlines the rural character of the
measurement site. The sea-sector filter set, which was col-
lected in summer, shows the lowest TC mass concentrations
overall (0.1-0.34ugm™3), but for the smallest size range
TC concentrations are comparable to other samples (0.05-
0.23 ugm™). The source of TC cannot be uniquely identi-
fied, but shipping emissions may be one possible contributor.
In general, one would expect for a rural station higher TC
concentrations in summer than in winter or autumn as bio-
genic secondary organic material contributes strongly to the
aerosol mass. The measured concentrations do not show this
and it was also not observed in earlier studies in the Nether-
lands (Dusek et al., 2017). The main reason here is probably
the higher planetary boundary layer in summer than in the
colder seasons. However, in the smallest two size classes,
the mass concentrations of TC in the summer samples are
comparable to or even higher than those in the autumn and
winter samples. This indicates, that biogenic SOA, produced
regionally in the Netherlands during the summer, probably
contributes more strongly to smaller particle sizes. This is
supported by air mass back trajectories, which during the
summer show air mass origin over the Atlantic and transport
over the Benelux and Northern France resulting in regional
pollution advected to the site. In autumn, the air is coming
from central Europe representing integrated European out-
flow and much longer aging times.

Sea salt is a source of the following analyzed ions, stated
from the highest to the lowest proportion by weight ap-
pearing in sea salt: chloride (C17), sodium (Na™), sulfate
(SOif), magnesium (Mg>"), calcium (Ca®T), potassium
(KT) (Millero, 1996). Particles with diameters > 1 um ac-
count for most of the PM; 5 sea salt aerosol mass, which is re-
flected in the aerosol mass size distributions shown in Fig. 2.
Therefore, even though sea salt can significantly contribute
to PM3 5, the contributions to the sub-micron range are very
low. Obviously the sea-sector filter set shows the highest
chloride, sodium and magnesium mass concentrations for the
highest size range, where the sodium chloride mass accounts
for 40 % of the total constituents (Fig. 3d). Even the land-
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sector filter set from the same time period (SU16_L4) shows
a significant contribution from sea salt for the highest size
range, which is related to air masses originating over the sea
before crossing land as shown by the corresponding trajecto-
ries.

Despite the fact that chloride takes up the largest mass
proportion of the sea salt constituents, its mass concentra-
tion or rather the concentration in molm~3 (see Fig. A2) is
lower than sodium for the largest size range in the coastal
aerosol samples. The difference is even clearer for the im-
pactor stages with mean diameters of around 0.6 and 1 pm
(see Fig. A2), where sodium shows elevated values in the
sea-sector filter compared to the other samples, but chlo-
ride does not. This is consistent with the ageing of sea
spray through reaction with nitric acid (HNO3), forming gas-
phase hydrogen chloride (HCI) and particulate-phase sodium
nitrate (NaNQO3) (Warneck, 1999; ten Brink, 1998). Given
the proximity of the sampling site to the coast, this reac-
tion may occur on relatively short timescales after the air
mass makes contact with the coast. Laboratory studies have
demonstrated rapid HNOj3 uptake and chloride depletion in
deliquesced NaCl particles under atmospherically relevant
conditions (Liu et al., 2007). For the largest size range, the
chloride is much less depleted than for the smaller sizes.

In the middle size ranges (mean diameters of around 0.35
and 1 um), chloride mass concentrations (cf. concentrations
in mol m~3 in Fig. A2) are higher than sodium mass concen-
trations for the land-sector filters, especially in samples col-
lected in winter and autumn. Chloride is then likely present
in the form of ammonium chloride (NH4Cl), a semi-volatile
compound, which explains higher concentrations in the sam-
ples collected during the colder seasons. Magnesium shows a
very similar size distribution as sodium with the largest val-
ues for the sea-sector filter set and at larger particle sizes,
indicating that its main source is sea spray.

Calcium has a very distinct mass size distribution with el-
evated values for the lowest and the highest size range. An
emission source for calcium is sea salt, but this has only
a minor contribution. Another important source is mineral
crust material, especially limestone (Warneck, 1999), which
produces primary coarse mode particles by wind erosion.
In general dry conditions and high wind velocities cause
more mineral crustal material to become airborne. This ex-
plains the high particle mass concentrations for the largest
size range and increased values for winter and spring sam-
ples for this size range. Elevated values for the lowest size
range could occur, because of particle bounce in the impactor
(Dzubay et al., 1976), which causes large particle not to be
collected on their size corresponding impaction plate, but to
bounce off and eventually end up on the back-up filter (low-
est size range). This happens especially with dry particles,
such as mineral dust. However, particle bounce is less likely
on quartz fibre filter compared to smooth substrates. The rea-
son for elevated particle mass concentrations of calcium in
the lowest size range remains unclear.
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3.2 Fraction Modern of Organic Carbon

Figure 4 shows the fraction modern of organic carbon
(F(**C, 00)) as a function of particle size for the analyzed
aerosol filter samples. An F('*C) of 0 % corresponds to pure
fossil origin of the OA, whereas F (*C) of around 100 % in-
dicates biogenic origin. The particle size is shown as the ge-
ometric mean of the lower and the upper cut-off-size of the
relevant impactor stage. If two stages were combined in or-
der to have enough material for the analysis of the '*C/!2C
ratio (i.e. for some spring and summer samples), the geomet-
ric mean of the lower cut-off diameter for the smaller stage
and the upper cut-off for the larger stage is used. Some of
the autumn filter samples have been analyzed twice and the
values show a high repeatability for F(1*C, OC).

The organic carbon of all filter samples is clearly domi-
nated by modern sources, as the lowest F (14C, OCQC) value is
about 67 %. The highest F('*C, OC) occurs in spring sam-
ples with a value of about 103 % in the size range that covers
particle sizes from 0.44 to 0.77 um, which is very close to
the F(1*C) of atmospheric carbon dioxide of approximately
104 % (Levin et al., 2010). In general, the impactor samples
taken in spring show elevated F('*C, OC) compared to sam-
ples from the other seasons. For samples from all seasons
F('*C, OC) is lowest at small particle sizes and increases to-
wards the particle size range of 0.44 to 0.77 um. Usually, a
slight decrease for the larger particles can be observed. Even
for this relatively remote coastal site in the Netherlands quite
far from major roads and urban centres a clear influence of
fossil sources on the smaller particles is evident. These parti-
cles most likely originate from regional vehicular and/or ship
traffic. For the winter samples this trend is clearest. F (14C,
0OC) is 68 % for the smallest size range, increases to 84 % for
the middle size range and decreases to 70 % for the largest
size range. To our knowledge, this is the first time that this
significant size dependence in the fossil contribution to OC
has been demonstrated in Western Europe. In contrast a study
in a megacity in China showed no significant size depen-
dence in fossil contribution to OC (Ni et al., 2022).

The main sources for contemporary carbon are biogenic
SOA and biomass burning, but previous studies (Dusek et al.,
2017; Yttri et al., 2011; Genberg et al., 2011) show, that also
primary biogenic particles, e.g. pollen fragments, or cooking
emissions (Zotter et al., 2014) can contribute to high values
of the fraction modern. In this remote area cooking is not
a very likely source as there are only small villages within
20 km of the site.

Higher values of F(*C, OC) in spring compared to all
other seasons were also observed in another seasonal study
of radiocarbon in the Netherlands (Dusek et al., 2017). In
this study, F (14C, OC) was analyzed for PM2.5 without any
size dependence. Average values of F(!4C, OC) for sum-
mer (71 %), autumn (78 %) and winter (74 %) varied within
a narrow range of about 4 %, but the average F (14C, 00)
in spring was much higher with a value of 89 %. This is
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Figure 4. Fraction modern of organic carbon (F (*C,00)) in dependence of the particle size range: The particle size was calculated as the
geometric mean of the lower and upper cut-off diameters of the corresponding impactor stage. In case filters from different impactor stages
were combined the geometric mean of the lower cut-off diameter for the smaller stage and the upper cut-off for the larger stage is used. The
shown impactor filter samples are collected in different seasons of the year. The color coding is as follows: winter — blue, spring — green,

summer — red, autumn — gray; also consider Table 1.

roughly comparable to the weighted average over the whole
size range in our study (summer 75 %, autumn 78 %, winter
76 %, spring 90 %). Dusek et al. (2017) discuss, that elevated
values of F(1*C, OC) in spring are most likely caused by
biogenic SOA and prevalent during the growing season. In
the highly agricultural region of the Netherlands maximum
biogenic SOA production thus seems to occur in spring and
not in summer, such as in other, more forested, regions.

The reason for the elevated F(1*C, OC) values in spring
remains unclear. Enhanced secondary organic aerosol for-
mation associated with agricultural activities, increased bio-
genic precursor emissions, or contributions from primary bi-
ological particles such as pollen fragments are all possible
explanations. However, the available dataset does not allow
us to distinguish between these possible mechanisms. Fur-
ther targeted investigations are therefore needed to better un-
derstand the processes responsible for the elevated F(1*C,
OC) values observed in the spring samples.

F('*C) of SOA depends on the origin of the precursor
gases that are involved in the formation of secondary or-
ganic carbon. If these gases primarily originate from fossil
sources, then the formed particulate matter will have low
F(1C) values. In our case an influence from modern sources
on SOA is more prominent, as F (14C, OC) is above 65 % for
all size ranges and sources surrounding the sampling station
are predominantly biogenic. Even though biogenic sources

https://doi.org/10.5194/acp-26-15931-2026

and SOA production are mainly enhanced in warmer sea-
sons, F(1*C, OC) in winter samples shows similar values to
summer samples. This is likely caused by biomass burning
as an important source for OC in winter and autumn, which
increases F('*C, OC). Biomass burning in the Netherlands
mostly occurs in residential heating with fire wood or pel-
lets. This type of heating is more common in rural areas than
in cities.

3.3 8('3C) signatures of Organic Carbon

Figure 5 shows the 8(13C) values of organic carbon B3¢,
0OC)) as a function of particle size for different desorption
temperatures (200, 350 650 °C). The color coding for the
samples from different seasons of the year is the same as
used in Fig. 2 (winter — blue, spring — green, summer — red,
autumn — gray; exception: yellow — summer, sample type
“sea”; see Table 1). The shaded horizontal areas show the
range of typical §(3C, OC) values for particles emitted from
primary sources, as expected for this region (Zenker et al.,
2020; Masalaite et al., 2026). Non fossil sources, namely
biomass burning, are shown in green and traffic emissions
are shown in gray. For biomass burning aerosol the range en-
compasses emissions from burning of alder, oak, birch, ash
(Masalaite et al., 2026) and Quercus ilex (oak) (Zenker et al.,
2020) wood. These biomass burning sources represent char-
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acteristic material for heating, that can be bought, e.g. in the
form of pellets, on the Dutch market. Traffic emissions were
measured on filters collected in a tunnel of a main city traffic
street in Naples (Zenker et al., 2020) and directly collected
from a city bus exhaust (Zenker et al., 2020). These sam-
ples are selected as they represent a typical mixture of traffic
emissions, that can be expected in Western Europe. Unfortu-
nately not so many source reference measurements are pub-
lished so far for this type of analysis with the different tem-
perature steps, especially focused on the Western European
region.

For some impactor filter sets 5(13C, OC) values were not
available for every particle size, as e.g. the measurement
did not satisfy the quality control or not enough filter ma-
terial was left after chemical analysis and the analysis of the
14C /12 ratio. On that account for some seasons, especially
winter, it is not possible to draw a comprehensive conclu-
sion for the trends of the §(!3C, OC) values over the whole
particle size range. The measurement of the autumn filter set
(AU15_L2) was repeated for some size ranges. Most of these
8(13C, OC) values are repeatable within the measurement un-
certainty.

An overall increase of 8(13C, OC) can be observed with
increasing desorption temperature. This was also observed
in previous studies on ambient aerosol (Ni et al., 2023, 2022;
Masalaite et al., 2020). Since the same increase is typically
not necessarily observed in source samples (Zenker et al.,
2020; Yao et al., 2022a; Vernooij et al., 2022), we conclude
that it is related either to differences in contributing sources at
the investigated desorption temperatures or to different atmo-
spheric transformation processes that influence the particular
OC fractions.

Considering the particle size distribution, the 8(13C, 00)
values tend to increase with increasing particle size. This in-
crease in 8(13C, OC) with increasing particle size is more
pronounced for higher desorption temperatures and less evi-
dent at 200 °C. At higher temperatures many 8('3C, OC) val-
ues, especially for the size range 0.44 to 0.77 um and larger,
are higher than the 8(!3C, OC) values of the possible pri-
mary sources. The filter sets from summer and autumn show
a clearer increase of §(13C, OC) with increasing particle size,
especially for 350 °C and 650 °C. Ni et al. (2022) found an
increasing mass fraction of OC at 650 °C for larger particles
and also higher s(13C, 0C) (650°C) values with increas-
ing particle size. The observation was explained with pho-
tochemical aging of the aerosol, as it especially occurred in
combination with low and moderate PM> 5 pollution events,
where regional aged aerosol contributes significantly to ur-
ban pollution. At 200 °C most 8(13C, OC) values are lower
compared to the primary sources (horizontal green and gray
areas). This is especially the case for filters from spring and
summer, where §(13C, OC) values are all lower than the val-
ues of the primary sources. Lower values of §(!>C, OC) for
the OC fraction desorbed at 200 °C were also found for sam-
ples from the Tibetian Plateau (Ni et al., 2023), different sam-
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pling areas in Lithuania (Masalaite et al., 2020) and samples
collected in Beijing (Ni et al., 2022).

3.4 Combined Interpretation of Isotopic Measurements

Figure 6 compares calculated 8('3C, OC, prim) (black
squares) based on a hypothetical mixture of only primary
sources (in this case, traffic emissions and biomass burn-
ing) to the measured 8(13C, OC) (red circles) for autumn.
The hypothetical primary source mix is based on the F('*C,
OC) values from Fig. 4, which give the relative contribution
of fossil and modern sources to OC. For example a F (14C,
OC) value of 80 % means, that roughly 80 % of OC origi-
nated from modern sources and 20 % originated from fossil
sources. The §('3C, OC) values assigned to fossil and mod-
ern primary sources are represented by the values for vehic-
ular sources and biomass burning, respectively, as shown in
Fig. 5 by the shaded areas. For the calculation the respec-
tive §(13C, OC) values of the sources are averaged and are
depicted as horizontal lines in Fig. 6 for every temperature
step. Modern sources, represented here by biomass burning,
are shown as green line and fossil sources, represented here
by traffic sources, are shown as gray line. The calculation of
the theoretical §(3C, OC, prim) is summarized in the follow-
ing equation:

5(13c, oc, prim) -

F (1*C, oC, sample)
104 % '
N (l B F (1, OC, sample)
104 %

5 (13(:, ocC, modern)

) 5 (13c, oc, fossil) 3)

104 % is the F(*C) value of atmospheric carbon dioxide
(Levin et al., 2010). Equation (3) provides an illustrative two-
endmember comparison between modern and fossil OC and
should not be interpreted as a unique quantitative source ap-
portionment. Modern OC may originate from sources other
than biomass burning, while fossil OC is not necessarily at-
tributable to only vehicular traffic.

The most obvious observation from Fig. 6 is the low
variability (< 1%o) of the calculated 8(13 C, OC, prim) with
changing particle size compared to values of the real sample.
The calculated §('3C, OC, prim) do not vary strongly with
the temperature step or particle size. This is also in line with
findings of a study investigating the §('>C) of OC in primary
emissions (Zenker et al., 2020), where §(!3C, OC) did not
vary much with changing desorption temperature. Basically,
if the organic aerosol were dominated by a primary source
mix, without the contribution of SOA or aging processes, we
would expect §('3C, OC) to vary only in a relatively narrow
range.

On the contrary, the 8('3C, OC) of the sampled aerosol
particles show an increase with increasing particle size. This
means smaller, on average less aged particles have lower
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Figure 5. s(3c, 00) depending on particle size and temperature step (200, 350, 650 °C): The shown impactor filter samples are collected
during different seasons of the year. The color coding is as follows: winter — blue, spring — green, summer — red, autumn — gray; exception:
yellow — summer, sample type “sea”; also consider Table 1. The typical uncertainty of the values is 0.22 %o, as explained in Sect. 2.4. The
shaded horizontal areas show the range of typical 8(!3C, OC) values for particles emitted from primary sources, as expected for this region
(Zenker et al., 2020; Masalaite et al., 2026) (biomass burning — green, traffic emissions — gray).

8(13C) values than larger particles. With respect to desorption
temperature, at 200 °C all values of 8(13C, 0OCQC) of the sam-
ples are depleted compared to the calculated values. For the
higher temperatures (350 and 650 °C) the measured s(13¢,
OC) values are, except for the smallest particle size range,
enriched compared to the theoretical § (13C, OC, prim).

The depletion at 200 °C is most likely caused by the influ-
ence of recently formed SOA as it tends to desorb at lower
temperatures (Meusinger et al., 2017). Due to the kinetic iso-
tope effect, 12C is preferred during the formation of SOA
from the precursor gas and accumulates in the reaction prod-
ucts that condense on the aerosol. As a consequence the
13¢C/12C ratio in the formed SOA will be less than in the pre-
cursor gas and likely less than in the primary organic particle
matter. If incomplete, this process leads to a depletion of 13C
@i. e. low 8(!3C) values) in the particle phase of the aerosol.
The original primary particle, not influenced by atmospheric
transformation processes, is in our case represented by the
theoretical §(>C, OC, prim). SOA condenses on all particles,
irrespective of their size. However, proportionally more SOA
is added to the smaller particles. The lower s(13¢, 0C) val-
ues of the smaller particles observed in this study are consis-
tent with this fact. Since SOA can also contain low- and non-
volatile compounds, a similar effect and size dependence can

https://doi.org/10.5194/acp-26-15931-2026

also be seen for higher desorption temperatures. However,
for higher desorption temperatures only the smallest particles
are depleted in '3C compared to the estimated primary signa-
ture. As shown in Fig. 5, §(13C, OC) is especially depleted in
the spring and summer samples, compared to samples from
the other seasons and the primary source values. This is con-
sistent with enhanced SOA formation in these warmer sea-
sons.

The enrichment of the measured §(}3C, OC) compared to
) (13C, OC, prim), especially at 650 °C, is most likely caused
by aerosol aging. Photochemical aging causes a net loss of
organic carbon from the particle and the isotopically lighter
carbon '2C is preferentially lost. If the particle is only par-
tially oxidized, the remaining carbon in the particle is en-
riched in '3C compared to carbon of the original particle. As
reflected by the s(13C, OC) of the samples (see also Fig. 5),
aerosol aging is more relevant for larger particles (accumu-
lation mode) as these particles have a longer residence time
in the atmosphere and therefore are involved in long range
transport. The smaller particles (see Fig. 5) show 8(13C, 00)
close to the primary emission sources at higher desorption
temperatures. The increase of the measured s(13C, 0OC) val-
ues with particle size is much stronger at 650 °C than for
lower temperatures. Especially for this filter set from autumn

Atmos. Chem. Phys., 26, 15931-15952, 2026
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Figure 6. Comparison of averaged analyzed §( 13¢, 0C) of samples from autumn (AU15_L2) (red) and thereoretical calculated s(13c, oc,
prim) (black): The calculation is based on the F (14C, OC) of the respective filter set and average values of 8(13C, OC) from source filter
(biomass burning and traffic). Average 8(13C, OC) of the source filter are shown as lines for the different temperature steps (biomass burning

— green line; traffic — gray line).

the influence of aged regional aerosol is larger than the effect
of SOA production.

4 Conclusions

Size-resolved aerosol filter samples in the sub-micrometer
size range were collected at a site close to the Wadden Sea
in the Netherlands during a year-long sampling campaign,
with a sampling period of at least one month in each season.
Eight filter sets collected during the year-long sampling cam-
paign, covering different seasons, contained sufficient mate-
rial to perform the complete analytical suite. The filter sam-
ples were analyzed for mass concentration of different inor-
ganic ions and total carbon, as well as for the B¢ signature of
organic carbon desorbed at three different temperature steps
(200, 350, 650 °C) and the l4c isotopic signatures of total OC
to investigate seasonal changes of the chemical composition
of aerosol particles and related atmospheric transformation
processes.

Chemical analysis of size-resolved aerosol filter samples
in the sub-micrometer size range shows that the largest con-
tributions to aerosol particle mass are from nitrate, ammo-
nium and carbon. This is in line with earlier studies and is

Atmos. Chem. Phys., 26, 15931-15952, 2026

typical for the Netherlands where the agricultural sector is a
major source for pollutants, especially at rural sites.

Most ion mass concentrations show a typical seasonal
trend depending on sources and the volatility of the formed
inorganic salts. For example, particulate nitrate shows lower
mass concentrations in the analyzed summer samples com-
pared to the analyzed winter samples, because temperatures
are higher in summer and ammonium nitrate, the main form
of nitrate in this region, is semi-volatile.

In contrast, sulfate does not display any clear seasonal pat-
tern among the analyzed samples, as sulfuric acid and ammo-
nium sulfate have a very low volatility. A similar mass size
distribution of sulfate was observed in samples from the sea-
and land-sector. The elevated sulfate concentrations in the
single sea-sector sample are consistent with a possible con-
tribution from shipping emissions, which are likely an impor-
tant source of the observed sulfate. However, the available
measurements do not allow shipping emissions to be identi-
fied as the exclusive source.

Other inorganic ions, whose main emission source is sea
salt, like chloride, sodium or magnesium, show a very dis-
tinct mass size distribution with elevated values for the
largest size range. Even though NaCl is present in the PMj 5

https://doi.org/10.5194/acp-26-15931-2026
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mass, only a small mass fraction occurs in the sub-micron
range.

A second objective of this study was to demonstrate the
potential of carbon isotopes to provide more detailed insights
into sources and processing of carbonaceous aerosols. The
size distribution of F(1*C, OC) shows a similar trend for all
analyzed samples collected in different seasons of the year
with in general high values of larger than 67 %, which indi-
cates that non-fossil sources are dominant. F('*C, OC) val-
ues in spring samples show even higher values, with the high-
est value of more than 100 % in the size range of 0.44 to
0.77 um. To our knowledge, this is the first time that this sig-
nificant size dependence in the fossil contribution to OC has
been demonstrated in Western Europe. In contrast a study
in a megacity in China showed no significant size depen-
dence in fossil contribution to OC. High values of F (14C,
OC) in autumn and winter samples are likely related to a
substantial contribution from biomass burning for residen-
tial heating, especially as during these seasons the size dis-
tribution of levoglucosan is very similar to the size distribu-
tion of TC. The size distribution of F(}*C, OC) is consis-
tent with an input from regional traffic, with lower values
for the smallest size ranges, which correspond to the size
range of primary traffic particles. However, these observa-
tions do not uniquely establish biomass burning or regional
traffic as the respective sources. The clearly modern values of
F (14C, OC) observed in samples from different seasons, al-
though similar, likely result from a combination of different
effects; biomass burning in autumn and winter and contribu-
tions from biogenic SOA and/or primary biological material
in spring and summer. An earlier study in the Netherlands,
that analyzed F(!*C, OC) of PM, 5 without any size depen-
dence showed a similar seasonal trend with higher values of
F('#C, OC) in spring compared to all other seasons. The ele-
vated F('*C, OC) values observed in the spring samples may
be related to enhanced biogenic SOA formation, primary bi-
ological material, or other sources of modern carbon, but the
available dataset does not allow these contributions to be dis-
tinguished.
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8(13C, OC) values increase with increasing desorption
temperature (200, 350, 650 °C) and larger aerosol particles
tend to show higher 8(13C, OC). This is consistent with the
theory that SOA formation can be traced by low §(!3C) val-
ues, whereas photochemical aging by increasing 8(!3C) val-
ues. However, source mixing and differences among the ther-
mal fractions may also contribute to the observed § (13C, 00)
patterns. Similar observations were also made in earlier stud-
ies for other regions of the world. This holds promise that 13C
signatures can be used to gain more quantitative insights into
atmospheric formation and processing of organic aerosol.

The broader implications of the chemical composition and
OC sources pertain especially to the European outflow over
the North Sea, where it will impact the radiative balance and
clouds. The outflow is characterized by high ammonium ni-
trate concentrations, which will have a major influence on
cloud activation and radiative forcing. We also find a rela-
tively minor contribution of fossil sources to organic aerosol
in the analyzed samples. The observed isotope patterns are
consistent with increasing contributions from SOA at smaller
particle sizes, especially in spring and summer, while the
larger particles show patterns consistent with stronger atmo-
spheric processing. However, these interpretations are not
unique, and source mixing and differences among thermal
fractions may also contribute to the observed isotope pat-
terns. Better source characterization and controlled labora-
tory studies of isotope effects during chemical processing are
needed to further constrain the contributions of SOA and at-
mospheric aging.

Overall, the dataset highlights the strong size dependence
of aerosol composition and carbon isotopes at coastal sites
and demonstrates the potential of combined size-resolved
chemical and isotopic measurements to better characterize
sources and atmospheric transformation processes of organic
aerosol.
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Appendix A

10.5m

9.5m

Y

Figure A1. Sampling Site: top left shows the position within Europe, top right shows the measurement station Lutjewad and the bottom
shows the proportion of the scaffolding, with the sampling equipment on top, to the dyke.

Atmos. Chem. Phys., 26, 15931-15952, 2026 https://doi.org/10.5194/acp-26-15931-2026



K. Zenker et al.: Size-resolved aerosol composition and carbon isotopes 15947
le—8 le-10
— /'Y — 4 ®
£ 61 A E
3 @ 3 % <
E 4] ® L | EF & a o
g2 S s o & 4
204 B g B 5 - 0+ ‘ = = “ # B
le—7 le—9
_ 1.0 A @
ME A E 1.0 - < <
£ 05- ® < E o5 ] & .
= ¢ 8 2 40" S I I
= 00 K a d a T T <'> T |<> Q 0 0 i T 8 T T <'> T T q
le—7 Q le—-10 -
< —_
— 1.0 1 A ”’E 6 -
£ % N | @ 8
g 051 § & ¢ E4T” %
£ 05 % . o
= g $ 0 * § b i ﬁ a B <
0-0 T T T T I0 T 0 T T T T T T
10 _1e—8 - le—9 .
o m 1.0 1
A
(S £
= ¥ 9 3 o
g o 4 £ e
£ 0.54 > g — 0.5~ o %*
| + A
'8 i © § o @
< 0 O a T T T = 0'0 7 : g T g —T I‘ 1]
le—9 le-11
o 81 L] - *
E 6 - E 4 -+
© © >
€ 41 E S N i & X o
o 21 $ z EDN A & d g
= o ¥ ﬁ T ﬁ T T ﬁ |l <‘l] = 0 @ T T 'O T lg T
le—9 0.1 0.5 1 2
- 8+ Dp [um]
£ 6-
e ¢
12 o ‘ %
P — : g — !
0.1 0.5 1 2
Dp [um]
< AU15 L2 > WI16 L1 A SP16 L1 % SU16 L4
e WI16 L2 ® SP16 L2 ¢ SU16 S4 *  SU16 L3

Figure A2. Size distributions of the amount of substance of TC and inorganic ions: The shown impactor filter samples are from different
seasons of the year. The color coding is as follows: winter — blue, spring — green, summer — red, autumn — gray; exception: yellow — summer,
sample type “sea”; also consider Table 1; accompanying dataset is available at https://doi.org/10.5281/zenodo.19990975 (Zenker et al., 2026).
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Figure A3. Supplement for Fig. 3: The 72h back-trajectories (HYSPLIT trajectory model, time resolution one hour, arrival altitude

50ma.g.l.) for the remaining filter sets from Table 1.
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Data availability. The dataset accompanying this publication
is available at https://doi.org/10.5281/zenodo.19990975 (Zenker
et al., 2026).
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