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Abstract

The spatiotemporal variations of free cellulose concentrations in atmospheric particles, as a
proxy for plant debris, were investigated using an improved protocol with an HPLC-PAD
method. Filter samples were taken from nine sites of varying characteristics across France and
Switzerland, with sampling covering all seasons. Concentrations of cellulose, as well as
carbonaceous aerosol and other source-specific chemical tracers (e.g. Elemental Carbon (EC),
levoglucosan, polyols, trace metals, and glucose) were quantified. Annual mean free cellulose
concentrations within PM1o ranged from 29 + 38 ng m- at Basel (urban site) to 284 + 225 ng
m-3 at Payerne (rural site). Concentrations were considerably higher during episodes, with
spikes exceeding 1150 and 2200 ng m™ at Payerne and ANDRA-OPE (rural site), respectively.

A clear seasonality, with highest cellulose concentrations during summer and autumn, was
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observed at all rural and some urban sites. However, some urban locations exhibited a
weakened seasonality. Contributions of cellulose-carbon to total organic carbon are moderate
on average (0.7 - 5.9 %), but much greater during ‘episodes’, reaching close to 20% at Payerne.
Cellulose concentrations correlated poorly between sites, even a ranges of about 10 km,
indicating the localised nature of the sources of atmospheric plant debris. With regards to these
sources, correlations between cellulose and typical biogenic chemical tracers (polyols and
glucose) were moderate to strong (Rs 0.28 — 0.78, p < 0.0001) across the nine sites. Seasonality
was strongest at sites with stronger biogenic correlations, suggesting the main source of
cellulose arises from biogenic origins. A second input to ambient plant debris concentrations
was suggested via resuspension of plant matter at several urban sites, due to moderate cellulose
correlations with mineral dust tracers, Ca** and Ti metal (Rs 0.28 — 0.45, p < 0.007). No
correlation was obtained with the biomass burning tracer (levoglucosan), an indication that this
is not a source of atmospheric cellulose. Finally, an investigation into the interannual variability
of atmospheric cellulose across the Grenoble metropole area was completed. It was shown that
concentrations and sources of ambient cellulose can vary considerably between years. All
together, these results deeply improve our knowledge on the phenomenology of plant debris

within ambient air.

1. Introduction

Ambient aerosols are a key component of our atmospheric system, with complex compositions
arising from multiple sources and formation mechanisms. These airborne particles (or
particulate matter, PM) have both climatic and health effects which remain poorly understood
(Boucher et al., 2013). Particulate matter is made up of elemental and inorganic material, as
well as a significant proportion of material of a carbonaceous nature (organic carbon, OC, and
elemental carbon, EC) (Hansen et al., 1984; Birch and Cary, 1996; Putaud et al., 2004a; Yttri
et al., 2007a; Franke et al., 2017). PM contains an important portion of organic matter (OM),
the chemical composition of which remains largely unidentified (Putaud et al., 2010). In the
majority of studies, at most 20% of the OM can be speciated and quantified at the molecular
level (Alfarra et al., 2007; Michoud et al., 2021). Understanding the sources and atmospheric
mechanisms of this OM fraction remains key to uncovering more knowledge of its climatic
and health effects, on both local and larger scales (Noziére et al., 2015). Indeed, it has been
hypothesised that our current understanding does not account for a number of hidden sources

and processes of PM (Karagulian et al., 2015; Wagenbrenner et al., 2017; Klimont et al., 2017).
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A large proportion of research in the last two decades has been focussed on the production of
secondary organic aerosol (SOA) arising from the processing of volatile organic compounds
(VOCs), or intermediate/semi-volatile ones (1/SVOCs). So far, a smaller effort has been made
to account for the potential additional input from primary biological aerosol particles (PBAP —
also known as Primary Biogenic Organic Aerosol, PBOA). However, the limited number of
available studies show that a significant portion of OM can be associated with biogenic
emissions (Liang et al., 2015; Alves, 2017; Samake et al., 2019a). PBAP are emitted directly
into the atmosphere from the source material, and are described as “solid airborne particles
derived from biological organisms, including microorganisms and fragments of biological
materials such as plant debris and animal dander” (Després et al., 2012). PBAP aerodynamic
diameters can vary greatly based on the source: ranging from a few nanometres (e.g. viruses
and cell fragments), to > 100 um (plant debris, fungal spores, pollen) (Pdschl, 2005). In terms
of their atmospheric significance, some forms of PBAP have been shown to be very efficient
ice nuclei and giant cloud condensation nuclei, in regions where anthropogenic sources do not
dominate emissions (Rosenfeld et al., 2008; Pdschl, 2010). Biological particles have also been
linked with acute respiratory effects (e.g. asthma), allergies, and cancer (Peccia et al., 2011).
Estimations of global PBAP natural emissions are in the broad range of 50 — 1000 Tg/yr,
highlighting the need for further studies to produce more precise estimates (Penner et al., 2001,
Jaenicke, 2005). For comparison, global anthropogenic emissions of PM1o via road transport,
amount to about 3.3 Tg/yr (Klimont et al., 2017),

Within modern field studies, characterisation of PM is simplified with the use of chemical
tracers (also referred to as molecular markers) as proxy species. Such species should be
persistently emitted from a given source and sufficiently stable in the atmosphere to be
characterised and quantified. The use of these tracers can also lead to more constrained source
apportionment calculations, owing to decreased uncertainties and a stronger statistical output,
together with a better understanding of the emission processes (Waked et al., 2014; Weber et
al., 2019; Borlaza et al., 2021).

Plant debris (e.g. air-dispersed seeds or plant fragments via abrasion or decomposition
mechanisms) is suspected to be a major contributor to PBAP within the atmosphere (Graham
et al., 2003; Winiwarter et al., 2009; Martin et al., 2010; Yttri et al., 2011b; Bozzetti et al.,

2016;). However, atmospheric plant debris has received much less attention than other sources
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of PBAP, such as fungal spores, and thus knowledge of plant debris is severely limited. Both
cellulose and plant waxes (as n-alkanes) have been used as proxy species for atmospheric plant
debris. Early studies of the fraction of plant debris (or vegetative detritus) centred around
analysis of plant waxes as the proxy species (Simoneit and Mazurek, 1982; Rogge et al., 19933;
Rogge et al., 1993b). These studies have formed the basis of our work, using identifiable
chemical species to supply information on insoluble components. For example, Rogge et al.
(1993a) in their experiment found significant amounts of non-extractable, insoluble organic
components, yet were able to identify soluble components, such as plant waxes, as chemical
tracers for insoluble components, such as plant debris. Rogge et al. (1993a) found local
differences in the n-alkanes observed pattern, as a function of the variability in local plant
composition, whilst Simoneit and Mazurek (1982) found plant wax to be a major component
of rural OC.

As scientific understanding increased, cellulose was proposed as a new chemical tracer for
plant debris by Kunit and Puxbaum (1996) and has been used a tracer in several field and PMF
studies since (Tenze-Kunit and Puxbaum, 2003; Sadnchez-Ochoa et al., 2007; Caseiro, 2008;
Yttrietal., 2011a,; Yttri et al., 2011b; Bozzetti et al., 2016; Borlaza et al., 2021a). Interestingly,
Kotianova et al. (2008) evaluated the use of both plant waxes and cellulose as plant debris
tracers. They found a much weaker seasonal pattern with respect to cellulose concentrations,
but showed plant wax/n-alkane concentrations peaked significantly during the warm summer
months. The authors hypothesised that the difference between the two tracers revolved around
plant waxes coming from the plant surface, whereas cellulose originating from bulk plant
material. As such, atmospheric cellulose is predicted to be derived from machining and
decomposition processes, and n-alkanes are emitted as part of surface abrasion mechanisms.
Kotianova et al. (2008) found very good agreement in the results between the contributions of

both cellulose and plant wax to PMuo.

Studies of other molecular markers are more prominent, both within the primary biogenic
fraction and other aerosol classes. The number of campaigns investigating measurements of
atmospheric cellulose are scarce in comparison and do not sufficiently cover all ambient
environments (Alves, 2017, and references therein). This remains a concern, especially
considering that contributions of cellulose-derived carbon (cellulose-C) to overall organic
carbon in the atmosphere can be significant during some periods of the year (Sanchez-Ochoa
et al., 2007; Caseiro, 2008).



137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170

Cellulose is present as two forms within global flora: firstly as “free cellulose”, and also as
cellulose embedded in lignin or hemicellulose. This portion of cellulose bound to lignin
requires an additional delignification process before quantification in atmospheric PM, which
requires harsh conditions and long reaction times (Gould, 1984; Kunit and Puxbaum, 1996). A
conversion from free to total cellulose concentrations was created by Tenze-Kunit and
Puxbaum (2003), where free cellulose was shown to contribute 72% of total cellulose
abundance. This conversion presents large uncertainties, as it was developed using a very
limited sample size (n < 10). Thus, free cellulose is commonly used as the proxy species for

atmospheric plant debris, over total cellulose.

Of the few previous characterisation studies to have taken place, only two have had a duration
longer than one year. Regardless, some insights into the seasonal variations of cellulose
concentrations have been afforded (Sanchez-Ochoa et al., 2007; Caseiro, 2008; Yttri et al.,
2011a; Yttri et al., 2011b). For example, Sanchez-Ochoa et al. (2007) highlighted a pattern of
cellulose concentration maxima during spring and summer at their rural background sites,
excluding their maritime counterparts. This seasonal pattern, however, was found to be much
weaker than other aerosol classes and showed higher winter concentrations than anticipated.
Further, Caseiro (2008) found winter maxima at close to half their monitoring locations when
observing from both urban and background locations. The reasons for the difference in
seasonality between these two studies are likely to be owing to the differences in location and
the variety of PM sizes used (PM2 to PM1o) by Sanchez-Ochoa et al. (2007) compared to the
consistent PM1o sampling used by Caseiro (2008). More long-term studies would be beneficial

to understanding these geographical discrepancies.

The lack of sufficient long-term studies and clarity regarding cellulose characterisation of
concentrations, seasonal cycles, sources, and emissions processes calls for further
measurements. This would enable a better comprehension of the importance of this fraction of
PBOA in atmospheric PM. In this study, we present a multi-seasonal investigation of cellulose
concentrations alongside other chemical tracers in ambient aerosol, collected at nine sites
across both France and Switzerland. The objective of the study was to investigate the seasonal
and geographical variability of atmospheric cellulose across sites of varying characteristics.
Contributions of cellulose to the OM fraction of PM, and correlations of cellulose with tracers

of characteristic sources were also completed, alongside the creation of a biannual and triannual
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dataset of cellulose concentrations at three sites within the Grenoble metropole and at ANDRA-
OPE (both France), respectively. Further, a PM2s/PM1o intercomparison was also established.
This study, with the gathering of one of the largest data bases on atmospheric cellulose with
more than 1500 samples, aims to provide a better understanding of this understudied

component of atmospheric PM.

2. Experimental
2.1 Sampling Sites

PM samples used for the present study have been collected during three distinct projects, which
are described in the following. The locations of the corresponding measurement sites are
presented on Fig. la and b, while site classifications, sampling periods, and numbers of

available samples are summarised in Table 1 and Table 2.

The first measurement campaign (QAMECS) focused on the PM10 loading and composition
at various sites within the Grenoble metropole (France), as part of the Mobil’Air air quality
programme (Borlaza et al., 2021a,b). In these campaigns, three sites were monitored over two
one-year periods (2017 — 2018, 2020 — 2021). As the largest metropolis in the Alps, Grenoble
is home to around 450,000 inhabitants. The city itself is situated within an alpine valley: the
centre is at relatively low altitude (between 200 and 600 metres above sea level) and is
surrounded by multiple separate mountain ranges, namely Chartreuse (to the north),
Belledonne (east) and Vercors (south and west). These ranges heavily inhibit horizontal air
movement, leading to unique meteorological conditions and favouring the formation of
temperature inversions, trapping pollutants within the valley, especially during winter. During
this study, a PM1o sampling campaign was undertaken in the Grenoble metropole at three sites,
each representing a different urban site typology: Les Frénes (LF, urban background), Vif
(peri-urban) and Caserne de Bonne (CB, urban centre). All three sites are within 15 km of one
another (Fig. 1b).

Secondly, PM1o and PM2s samples could be obtained from a monitoring campaign at the
Observatoire Pérenne de I’Environnement (ANDRA-OPE), in northern France
(http://ope.andra.fr/index.php?). Samples have been collected continuously for about a decade
at this site (Golly et al., 2019; Borlaza et al., 2021c) but cellulose measurements were
conducted and presented in this work for the years 2016, 2017 and 2020, only. PM10 and PM2s
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samples were taken on alternate days. The ANDRA-OPE site is situated 230 km east of Paris,
on arise in between lows of the Paris Basin and the mountains in the department of Les VVosges
(OPE-ANDRA Atmospheric Station). It is subject to persistent westerly prevailing winds and
is surrounded by significant agricultural activities but is notably distant from towns (> 25 km)
and small villages (> 4 km).

Last but not least, simultaneous PM1o and PMzs filter samples were taken across five sites in
Switzerland, as part of an EMPA monitoring campaign (Grange et al., 2021). These sites varied
in characteristics and were sampled for one year (from June 2018 to May 2019). Two rural
sites, Magadino and Payerne, are included within the study. The former is located south of the
Alps, whilst the latter is found on the Northern plateau roughly 50 km from the nearest city of
Bern. Filter samples were also taken from urban sites within three of the most populous cities
in Switzerland: Basel, Bern and Zurich. Zurich has a similar topography to the Grenoble
metropole, whilst the traffic-impacted site in Bern resides within a ‘street canyon’, thus both
sites may also experience inhibited air movement. The monitoring site in Basel is within a
suburban area, located in an open and park-like environment. It is not expected to be impacted

by accumulation effects.

Table 1: Sampling period and site characteristics for the PM1o sampling campaign. LF = Les Frénes, CB =

Caserne de Bonne. LF, CB and VIF represent sites from the Grenoble metropole.

Site PM Size, um Site Type Sampling Start  Sampling Finish ~ # Samples
LF 10 Urban 28/02/2017 31/03/2018 286
Background 02/01/2020 12/03/2021
Vif 10 Peri-urban 28/02/2017 31/03/2018 218
30/06/2020 12/03/2021
CB 10 Urban 28/02/2017 10/03/2018 209
30/06/2020 12/03/2021
ANDRA-OPE 10 Rural background 04/01/2016 27/12/2017 174
04/01/2020 29/12/2020
Zurich 10 Urban 03/06/2018 29/05/2019 88
Payerne 10 Rural 03/06/2018 29/05/2019 90
Basel 10 Suburban 03/06/2018 29/05/2019 90
Magadino 10 Rural 03/06/2018 29/05/2019 90
Bern 10 Urban-traffic 03/06/2018 29/05/2019 89
Table 2: Sampling period and site characteristics for the PM,.s sampling campaign
Site PM Size / um Site Type Sampling Start ~ Sampling Finish ~ # Samples
ANDRA-OPE 2.5 Rural Background 01/01/2020 26/12/2020 51
Zurich 2.5 Urban 03/06/2018 29/05/2019 89
Payerne 2.5 Rural 03/06/2018 29/05/2019 90
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Figure 1. a) A map of all sampling sites from within the study (highlighted with yellow pin drops). Five sites are
sampled within Switzerland, three sites within the Grenoble metropole, and one in Northern France — ANDRA-
OPE. b) Situation of the three sampling sites within Grenoble.
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2.2 Sampling Procedure

At each of the nine sites used for the present study, daily (24-h) PM sample collection periods
were conducted according to Table 1 and Table 2 (starting at 00:00 or 09:00 local time) with
an average 3-day sampling interval within the Grenoble metropole, 4-day interval for the Swiss
sites, and 6-day for the ANDRA-OPE monitoring site. Additional samples for PMio were
collected daily during 9 weeks in summer 2017 in OPE and Grenoble and measured for
cellulose, but are not considered in this study (Samaké et al., 2020). The PM collection was
performed using high volume samplers (Digitel DA80, 30 m®h!) onto 150 mm-diameter pure
quartz fibre filters (Tissu-quartz PALL QAT-UP 2500 diameter 150 mm). Excluding the Swiss
sites, filters were pre-fired at 500 °C for 12 hours before use to avoid organic contamination,
and all were handled under strict quality control procedures. After collection, samples were
wrapped in aluminium foil or sterile parchment, sealed in Ziploc plastic bags, and stored at <
4 °C until use for chemical analyses. Blank filters were collected to determine detection limits
(DL) and to check for the absence of contamination during sample transport, setup, and

recovery.

2.3 Set of Analyses

All PMyo filters from the nine monitoring locations were analysed for cellulose, while PM2s
filter samples have been analysed at three of the monitoring locations available. The PM1oand
PMz2 s filter samples were subjected to several other chemical analyses in order to quantify their

major chemical components and tracers used in this study.

Carbonaceous Aerosol

Organic carbon (OC) and elemental carbon (EC) were analysed with a Sunset Lab analyser
following the EUSAAR?2 thermo-optical protocol (Hansen et al., 1984; Birch and Cary, 1996;
Aymoz et al., 2007; Cavalli et al., 2010) and according to the recommendations of EN 16909
European standard. A punch of 1.5 cm?was used and automatic split time was always selected

in order to differentiate between EC and OC.

Sugar alcohols, anhydrides and glucose
Sugar anhydrides (levoglucosan, mannosan and galactosan), sugar alcohols (mannitol, arabitol

and sorbitol) and glucose were analysed by High Performance Liquid Chromatography with
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Pulsed Amperometric Detection (HPLC-PAD) (Waked et al., 2014; Samaké et al., 2019a). A
Thermo-Fisher ICS 5000* HPLC was used with a 4 mm diameter Metrosep Carb 2x150 mm
column and 50 mm pre-column in isocratic mode with an eluent of 15% of sodium hydroxide
(200 mM), sodium acetate (4 mM) and 85% water, at 1 mL min. For this analysis, an
extraction was performed upon 5.09 cm? punches soaked in 7 mL of ultra-pure water under
vortex agitation for 20 minutes. The extract was then filtered with a 0.25 pm porosity Acrodisc

(Milipore Millex-EIMF) filter before analysis.

lonic components

Quantification of sodium (Na*), ammonium (NH4*), potassium (K*), magnesium (Mg?®"),
calcium (Ca?*), chloride (CI"), nitrate (NOz), sulfate (SO4%), and methane sulfonic acid (MSA)
was completed using ion chromatography (IC), in agreement with EN 16913. An extraction
was performed on 11.34 cm? filter punches in 10 mL of ultra-pure water under vortex agitation
for 20 minutes. The extract was then filtered with a 0.25 um porosity Acrodisc (Milipore
Millex-EIMF) filter. The major ionic components were measured by ion chromatography (IC)
following a standard protocol described in Jaffrezo et al. (1998) and Waked et al. (2014) using
an ICS3000 dual channel chromatograph (Thermo-Fisher) with AS11HC column for the anions
and CS12 for the cations.

Major and trace elements

Preparation of an extract was completed via mineralisation of a 38 mm diameter filter punch
in 5 mL of HNOs (70%) and 1.25 mL of H202 at 180 °C for 30 minutes in a microwave oven
(microwave MARS 6, CEM). The analysis of 18 elements (Al, As, Ba, Cd, Cr, Cu, Fe, Mn,
Mo, Ni, Pb, Rb, Sb, Se, Sn, Ti, V, and Zn) was performed on each filter extract using
inductively coupled plasma mass spectroscopy (ICP-MS) (ELAN 6100 DRC Il PerkinElmer
or NEXION PerkinElmer) akin to the method described by Alleman et al. (2010).

Cellulose

The concentration of “free” cellulose within the filter samples was determined following an
improved protocol based on the enzymatic procedure proposed by Kunit and Puxbaum (1996).
Free cellulose was extracted in an aqueous solution, which was then enzymatically hydrolysed
to glucose units using two cellulolytic enzymes. The glucose concentration was then quantified
by using an HPLC-PAD method. The hydrolysis step was the same as originally proposed,

however the enzyme guantities and analytical step have been modified in our protocol.

10
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First, a 21 mm diameter punch was soaked in 3 mL of aqueous solution with a thymol buffer
(pH 4.8, see supplementary information) and was extracted for 40 minutes in an ultrasound
bath. The two enzymes are added into the solution containing the filter: cellulase (from
Trichoderma reesei, Sigma Aldrich, C2730) with 20 uL of an aqueous solution at 70 units g
and glucosidase (from Aspergillus niger, Sigma Aldrich, 49291), with 60 pL of an aqueous
solution at 5 units g*. The filter-containing solution was then incubated at 50 °C for 24 hours
for hydrolysis to occur. Hydrolysis was then terminated by denaturing the enzymes, by placing
the solution in an oven at 100 °C for 45 minutes. Finally, the solution was centrifuged (9000
rpm) for 15 minutes at 15 °C and carefully separated and extracted from the filter and enzymes,

before being analysed with an HPLC-PAD instrument.

The HPLC-PAD (Dionex DX500) was equipped with a Metrohm column (250 mm long, 4 mm
diameter), with an isocratic run of 40 minutes with the eluents A (84%, H20), B (14%, 100
mM NaOH), and C (2%, 100 mM NaOH + 150mM NaOAc). Column temperature was
maintained at 30 °C. Eluent flow rate was 1.10 mL min, and injection volume was 250 pL.

Each analytical batch contained six glucose and six cellulose hydrolysis standard solutions,
alongside unknown samples. Cellulose standards are used to calculate the cellulose-to-glucose
hydrolysis efficiency for each batch and are made from cellulose beads of 20 um (Sigma
Aldrich, S3504). The final calculation of the atmospheric concentration of the free cellulose
takes this efficiency of conversion into account. The efficiency was variable between batches,
but was typically between 75 — 94%, resulting in an average of 85 + 8 %. The calculation also
subtracts the initial concentrations of atmospheric glucose of each sample, determined in
parallel with the aforementioned analysis of sugars and polyols. Finally, field and procedural
blanks are taken into account. The procedural blank results are greatly improved when the stock
cellulase enzyme solution is filtered to lower their glucose content. This is performed through
a series of centrifugal cleaning steps (n=10) by tangential ultrafiltration in a Vivaspin 15R tube
at 9000 rpm in Milli-Q water. Additional procedural information can be found in the

supplementary information (SI).

2.4 Cellulose Method Validation
This cellulose quantification method was subjected to a repeatability test, in order to quantify
the uncertainties with respect to glucose content within the filter punches. Briefly, a high-

volume sampler (Digitel DA80, 30 m® h!) was used to collect PM1o onto a pre-fired quartz

11
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fibre filter (Tissu-quartz PALL QAT-UP 2500 diameter 150 mm) on the roof of the laboratory,
and sampled a total of 615.1 m? of air on 15/03/2021. Ten filter punches of 21 mm were then
taken and subjected to the same cellulose-to-glucose enzymatic procedure as for normal
samples. It is important to state that we assume constant concentrations of both native glucose
and cellulose within the filter, as well as the same enzymatic cellulose-to-glucose conversion
efficiency for all ten filter punches. Each filter punch was then analysed three times using the
same HPLC-PAD method, to monitor repeatability in terms of both cellulose hydrolysis and
PAD glucose concentration measurements. Post hydrolysis, the total glucose content of the ten
filters was found. The variability (Relative Standard Deviation — RSD) was small, ranging from
0.7 — 5.7 % for the three repeats of the same filter sample. The RSD of the glucose content
within the ten filter punches was calculated to be 9.9 %. For a 95% confidence in the
uncertainty estimate, the uncertainty in the measurement was therefore found to be 20% at a

maximum.

2.5 Limit of Quantification

In order to check for potential contamination of filters during transport, sampling and storage,
blank filters were taken across the nine sites. Within the Grenoble metropole, blank filters were
taken at Les Frénes and then applied to Caserne de Bonne and Vif (labelled QAMECS in Table
3). Further, blanks filters were taken at ANDRA-OPE on both PM1o and PM2.s sampling days.
With regards to the Swiss sites (EMPA), blanks were taken from each sampling site and an

average glucose concentration taken from across the five locations.

Glucose concentrations calculated in the blanks were then subtracted from measured glucose
concentrations within each sample. After, any sample that then yielded a negative
concentration of glucose was deemed to be lower than the quantification limit (< QL),
representing 5.2 % of all samples. Table 3 summarises the concentrations of cellulose on the
blank filters, which has been converted from the blank glucose concentration and the average
sampling volume taken across the series. QL varied according to the site, from 0.53 to 13.4 ng
m-3. In subsequent analyses of monthly, seasonal or annual concentrations (sections 3.1 - 3.3
and 3.6), any sample that was deemed < QL was assigned a cellulose concentration of

[Blank]/2. This prevents an artificial increase in average cellulose concentrations.

12



Table 3: Cellulose concentrations derived from blank filters to derive the quantification limit (QL) for each site.

Campaign QAMECS EMPA ANDRA-
OPE
Site LF CB VIF Basel Bern Magadino Payerne Zurich ANDRA
Blank conc", ng m? 7.1 7.1 7.1 0.53 0.53 0.53 0.53 0.53 13.4
No. Field Blanks 3 3 3 5 5 5 5 5 2
No. Samples < QL 14 16 32 14 3 0 0 0 3
% Samples < QL 4.9 7.7 14.7 15.6 34 0 0 0 1.7

353 3. Results and Discussion
354

355 In the following, cellulose concentrations are reported as “free” cellulose. The multiplication
356  factor of 1.39 derived by Tenze-Kunit and Puxbaum (2003) could have been used to derive
357  “total” cellulose. We chose not to do this, due to the large uncertainty in this ratio. From this
358  point onwards, “free” cellulose will be regarded as cellulose.

359

360 3.1 Comparison with previous data from the literature

361

362  Figure 2 illustrates the annual averages of cellulose concentrations across our nine sites (in
363 orange), as well as previous data from the literature (in blue), sorted by site typology and
364  sampled particle size. The bars represent either annual cellulose averages (if sampling lasted
365  greater than one year) or cellulose averages for the designated sampling period. We believe
366 that the roughly 4440 samples (excluding the ones produced within our study) considered in
367 this literature survey represent the near complete data base of cellulose concentrations in PM
368 available in the literature. A tabulated version of the results from within the study can be found
369 in Table 4. An expanded version of Table 4, also including previous literature results, can be
370 found in Table S1 (SI). The evolution of cellulose concentrations across the respective
371  sampling periods for our study have further been included in the SI (Fig. S1).

372

373  The concentrations measured in this study are in the same order of magnitude as those reported
374 in the literature for previous measurement campaigns. This is generally the case for both
375  seasonal averages and overall maximum concentrations, in both coarse and fine mode aerosol
376  (Sanchez-Ochoa et al., 2007; Caseiro, 2008; Yttri et al., 2011a; Yttri et al., 2011b). As shown
377 in Fig. 4, annual cellulose concentrations in PM1o in our study ranged from 29.3 + 38.4 ng m-3
378 (Bern) to 284.3 + 224.8 ng m (Payerne), and in PM2s ranged from 15.9 + 15.0 ng m

13



379
380
381
382
383
384
385
386
387
388
389
390
391
392
393
394
395

(ANDRA-OPE) to 118.1 + 76.5 ng m= (Payerne). This annual average PMuo cellulose
concentration taken at Payerne is higher than any previously recorded in literature by roughly
50 ng m,

Moreover, results obtained at Payerne evidenced three episodic (high cellulose concentration)
spikes (03/06, 13/07, and 29/07 — highlighted in red, Fig. S1) which exceeded any maximum
episode found in literature, by at least 160 ng m-3 (Sanchez-Ochoa et al., 2007; Caseiro, 2008;
Winiwarter et al., 2009). One striking feature of the overall concentration evolution at Payerne
is the high cellulose concentrations at the beginning in June 2018, and the surprisingly low
concentrations in April and May 2019 (Fig. S2). Another high concentration episode exceeding
those found in literature was documented at the rural site of ANDRA-OPE. The episodic
concentration of 2027 ng m= (07/07/2018 — highlighted in red, Fig. S1) is almost double that
of any other measurement, including those generally obtained in the present study. Samaké et
al., (2020) recently reported at the same site a noticeable increase in concentrations of PBAP
tracers, cellulose included, during harvest in the late summer 2017. However, given the
concentration spike in 2018 originated during early July, the middle of the European summer,

it is not sure that this new episode can be correlated with agricultural activity.
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Figure 2: Annual cellulose concentrations (ng m-3) reported within this study (orange bars) alongside previous
literature measurements (blue bars). Black bars represent the standard deviation of the results. Bar charts
are assigned as follows: Top — urban-based sites; Middle — rural-based sites; Bottom — PM s cellulose
measurements (fine mode) or smaller. Note: Only positive error bars are used for clarity.

Countries for literature sampling sites:
PM o Urban: ROT — Netherlands; Oslo — Norway; RIN, KEN, DB, GS, RU and LE — Austria.

PM 0 Rural: SIL — Germany; PDD — France; BIR, Hurdal and Hyyttiéld — Norway; Lille Valby, VAV — Denmark;
SCH, LOB, BB and AN — Austria.

PM s or smaller: AZO, AVE — Portugal; KPZ — Hungary; SBO — Austria; Oslo, Hurdal — Norway.
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Table 4: Cellulose concentrations (ng m-) within PM1o and PM s across the nine locations studied. Concentrations are shown as annual and seasonal averages (plus 10), as well as the total range of cellulose

concentrations seen across the respective period.

16

Cellulose (ng m-3) Annual Winter Spring Summer Autumn
Site Particle Size # Samples Mean = SD Range Mean = SD Range Mean * SD Range Mean + SD Range Mean = SD Range
(um)

LF 10 286 67 £55 (1-379) 34+29 (1-146) 57 £44 (1-214) 98 £ 58 (29-379) 93 £ 60 (1-333)
VIF 10 218 59 + 63 (0.0-344) 43 +47 (0.0-222) 44 + 38 (3—186) 68 + 87 (1-344) 77 £ 65 (1-286)
CB 10 206 99 + 85 (1-701) 85+111 (1-701) 131+56 (46 —288) 94+ 59 (3- 238) 95+ 85 (3-357)
ANDRA-OPE 10 174 169 £ 199 (3-2027) 90 £ 115 (3-518) 102 £ 116 (12 - 560) 247 + 260 (7 -2027) 9067 (13 -290)
ANDRA-OPE 2.5 51 16 £ 15 (0.3-41) 17+21 (0.3-41) <LD <LD 15+12 (6—32) 16+18 (2-40)
Basel 10 90 29+38 (2—-266) 27 £57 (2-266) 35+37 (10-154) 32+35 (11-179) 23+16 (3-83)
Bern 10 89 124+ 75 (25-318) 66 + 45 (30-159) 76 £52 (25-241) 143 £ 45 (99 - 306) 138 £72 (78 —318)
Magadino 10 90 117 £ 67 (16 —348) 53+23 (17 -103) 84 +48 (43 -282) 135+ 65 (60 —348) 131+54 (48 —279)
Payerne 10 90 284 + 225 (53 -1194) 163+ 84 (90-437) 108 + 54 (53 —284) 553 + 246 (235-1194) 300+ 114 (96 —538)
Payerne 25 90 118 £ 77 (29-678) 105 £ 29 (71-201) 74 £33 (29 -163) 161+ 122 (75-678) 132 £52 (74 -275)
Zurich 10 88 190+ 75 (7-521) 18948 (116 —342) 177 £51 (81 —-260) 19771 (7-330) 198 £ 112 (48 —521)
Zurich 2.5 89 57+24 (11-163) 52+16 (31-89) 52+26 (13 -199) 58 £ 20 (33-109) 64 +31 (11-163)
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3.2 Size distribution (PM1o vs PMz2:5)

Figure 3 presents the comparative monthly average concentrations of cellulose in PM1o and
PMz2s taken at the three sites of Payerne, Zurich, and ANDRA-OPE, respectively (overall
concentration evolutions presented in Fig. S2, Sl). Cellulose concentrations in PMio are
consistently much higher than those in PM2s, with annual average in PMz2s representing
between 18 and 42 % of that in PMzo for the 3 sites. However, very large fluctuations in this
monthly ratio can be observed, particularly for the two rural sites (Payerne and ANDRA-OPE).
This is primarily due to changes in PMaio cellulose concentrations, as those within PMzs
remained largely consistent. Further, considering the overall evolution in Fig. S2, episodic
PMz2s concentrations still generally remain well below the PMio cellulose concentrations
around the same period. It seems that some process is largely impacting the source strength of
atmospheric plant debris within PMao, particularly in the rural sites. In the city of Zurich, the
cellulose PM2s/PM1o ratio remained relatively constant, just like the concentrations
themselves. The comparatively low cellulose concentrations at ANDRA-OPE for 2020 (both
PMaoand PM2.) are discussed as part of section 3.7, in the interannual comparison. No ratio is
provided at ANDRA-OPE as PM2.s and PM1o measurements were completed on different days,
as opposed to simultaneous PM10 and PM25 sampling at Payerne and Zurich.
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Figure 3: Monthly averages of cellulose concentrations within PM o (green bars) and PM, s (orange bars) at
the three sampling sites of Payerne (rural, top), Zurich (urban, middle) and ANDRA-OPE (rural, bottom). Black
error bars represent one standard deviation of the results. The corresponding blue lines represent the ratio of
the monthly mean cellulose concentrations in PM; s : PM;o. Note: ANDRA-OPE data is only for the year of
2020, and only positive error bars are used for clarity (StDev larger than mean).
Importantly, across the three sites, less than 30% of atmospheric cellulose was found within
PMz2s, on average. This large data set of size resolved cellulose concentrations confirms that
plant debris predominantly resides within the coarse aerosol mode (Sdnchez-Ochoa et al., 2007,
Yttrietal., 2011a). Thus, the remainder of this work will solely discuss PM1o data to understand

atmospheric cellulose and its behaviour.
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3.3 Variations of cellulose concentrations in time and space

Previous studies indicate either a temporal variation with cellulose concentration maxima
during the spring and summer seasons (Sanchez-Ochoa et al., 2007), or show very minimal
seasonality (Caseiro, 2008). The following discussion will take these observations into account
by presenting the results in terms of seasonal averages. Seasons were defined in three-month
periods: Dec — Feb (Winter), Mar — May (Spring), Jun — Aug (Summer), Sep — Nov (Autumn).
At the nine sites investigated, our PMio cellulose measurements were above the limit of
detection across all seasons. Figure 4 illustrates these seasonal cellulose concentrations (ng m-
%) for the nine locations. Numerical values of seasonal means and ranges are tabulated as part
of Table S1 (SI).

In general, the seasonal pattern exhibited here shows higher cellulose concentrations during
summer and autumn, likely due to increased temperature and humidity increasing the activity
of soil and litter decomposers as well as improving the quality of the litter composition. For
example, nitrogen content of leaves is shown to be greater in warmer temperatures, which leads
to better conditions for leaf degradation by microbial action (Liu et al., 2006; Verma et al.,
2018). It should be stated that this hypothesis would require further experiments, including
specific field measurements linking soil and litter state and plant debris emission. The general
trend above is exhibited at all rural sites, and some urban locations (Bern, LF, Vif). However,
the extent to which these concentrations exceed the other seasons varied greatly. Normalised
seasonal concentrations for each site can be found in Fig. S3, to show this variability.
Considering this general seasonality, a summer-autumn maximum in cellulose concentrations
deviates from the spring-summer maximum suggested by Sanchez-Ochoa et al. (2007). This
may be a result of the different particle size fractions measured as part of their sampling
campaign (i.e., PM2, PM2s or PMao), compared to the consistent PMio measurements used in
this study. This might also be due to the presence of three high altitude, mountainous sites
comprised within the six sites investigated by Sanchez-Ochoa et al. (2007). Large standard
deviations are also noticed at the two rural sites of ANDRA-OPE and Payerne, especially
during the summer months. This implies a significant variability in the source of atmospheric
cellulose at these sites, especially when compared to the more urban locations showing smaller

standard deviations and therefore a smaller flux from the cellulose source.
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Figure 4: Mean cellulose concentrations (ng m-3) at each site, by season: spring (blue), summer (orange),
autumn (grey) and winter (yellow). Black error bars represent one standard deviation of the seasonal
averages. Only positive error bars are added, for clarity. Note: LF = Les Frénes; CB = Caserne de Bonne.
Grenoble-based sites represented by CB, LF and Vif.

Whilst this is the general case, there are notable exceptions. Both the urban centres of Zurich
and CB show very little seasonal variability compared to their more rural counterparts.
Cellulose concentrations in Basel (suburban) also show minimal seasonality, but this may be
due to concentrations being too small to exhibit a full seasonal pattern. This is surprising, given
the close proximity of the site to a park-like area with trees and gardens. The lack of seasonality
in urban settings, however, is consistent with the findings of Caseiro (2008). Additionally,
Caseiro (2008) provided some evidence of cellulose concentrations at urban sites being greater
than for nearby rural or background sites, with residential areas being an intermediate case.
Within our Grenoble-based dataset as a comparison, CB (urban) does indeed exhibit cellulose
concentrations marginally higher than the urban background site of LF and significantly higher

than Vif (peri-urban).

Alongside Basel, Caserne de Bonne also deviates from the general trend of summer-autumn
maxima in cellulose concentrations observed across the other seven locations investigated here.
Reasons for this are unclear, but this is suggestive of a source change in atmospheric plant
debris, or an additional source being present at some urban locations, that may mask the typical
seasonality. Given that these locations are urban in character, the weak seasonal variations may

be owing to anthropogenic activity. This will be investigated in section 3.5.
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3.4 Contribution of Cellulose-C to OC

To determine the overall importance of cellulose contribution to PM, the percentage
contribution of cellulose-carbon to total organic carbon (Cellulose-C to OC) was determined.
Figure 5 illustrates this seasonal average percentage contribution. Table S3 summarises
numerically the overall average and seasonal percentage contributions and the ratio of
cellulose-C contribution during winter and summer. Also highlighted is the maximum
contribution of cellulose-C to OC experienced over the respective sampling periods at each
site.

I L |
i I ii . i ST YT 1
Basel Bern Magadino  Payerne Zirich  ANDRA-OPE CB LF Vif

W Spring M Summer Autumn Winter

Site LF CB VIF Basel Bern Magadino Payerne Zurich  ANDRA-OPE
Classification Urban Urban  Peri- Suburban Urban- Rural Rural Urban Rural
Background centre urban traffic background

Figure 5: Seasonal contributions of cellulose-C to OC (%) in PM1o across the nine sites. Seasons are as follows:
Spring (blue) - Mar-May; Summer (orange) - Jun-Aug; Autumn (grey) - Sep-Nov; Winter (yellow) - Dec-Feb.
Black error bars represent one standard deviation of the mean values. Only positive error bars are included,
for clarity. Note: LF = Les Frénes, CB = Caserne de Bonne. Grenoble-based sites represented by CB, LF and
Vif.

The highest contributions to OC were typically found at rural sites, potentially due to fewer
local sources of OC in rural sites compared to more urban locations. In fact, the annual
contribution to OC found at Payerne (5.9 £ 4.4 %) is the highest found in literature. However,
the annual average for the urban site of Zurich is also in a high range, at 3.8 + 2.9 %. Regarding
seasonal contributions, the rural sites in this study show a significantly different seasonal
pattern compared those found in the study by Sanchez-Ochoa et al. (2007). Here, we see a

noticeably smaller contribution of cellulose-C to OC during winter compared to summer. This
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is reflected in the respective winter/summer ratios of cellulose-C contribution: the values in
this study range between 0.36 — 0.45, in comparison to 4.2 and 0.3 at the PM1o rural and high-
altitude sites used in their study (Sanchez-Ochoa et al., 2007).

While seasonal contributions appear to be moderate in most cases, the contribution of cellulose-
C within episodes can be much more significant. It is also worth noting that these contributions
to OC are derived from free cellulose concentrations. Thus, the contribution to overall OC will
be higher when considering total cellulose. At sites with typically lower seasonal contributions
(Basel, Bern, LF), the episodic contributions reached between roughly 4.1 to 6.3 %. However,
at the sites that illustrated a much higher seasonal average contribution to OC, the maximum
contributions during episodes were found to be between 16.1 % at Zurich and 19.7 % at
Payerne. These maximum contributions (detailed in Table S3) are similar to those found at the
background sites by Sanchez-Ochoa et al. (2007). These values stand to highlight the
substantial contribution that atmospheric plant debris can have on atmospheric composition. In
other words, PBAP, and plant debris in particular, can contribute greatly to OM and must be

considered within all future characterisation and source apportionment studies.

Lastly, the contribution of coarse mode (PM with diameter less than 10 pum and greater than
2.5 um) cellulose-C to coarse mode OC was evaluated at the three sites that completed both
PMz1o and PM2s analysis (ANDRA-OPE, Payerne and Zurich). This can be seen in Table S4,
in the SI. As PM2sdata for ANDRA-OPE was only available for the 2020 sampling campaign,
PMio data from 2016 and 2017 was excluded. Table S4 shows a contribution of coarse
cellulose-C to be 3.16% at ANDRA-OPE, which is of very similar magnitude to that of the
overall cellulose-C contribution to OC. This is potentially due to the significant reduction in
cellulose source strength at the ANDRA-OPE site during the year of 2020, compared to the
years prior. This will be discussed in section 3.7. However, at both Payerne and Zurich, the
annual contributions to coarse OC are notably higher (11.02 % and 13.04 %, respectively) than
that of overall cellulose-C to OC (5.88 % and 3.76 %, respectively). From this data, we can see
that plant debris makes up a significant component of the coarse fraction of OM within these

two datasets.
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3.5 Investigation of cellulose emission sources

To further evaluate the potential sources of plant debris into the atmosphere, correlations
between cellulose and other source-specific tracers were investigated. This is the first cellulose
field study to investigate these correlations with other tracers. Briefly, three specific sources
have been hypothesised in the literature: direct biogenic emissions, unpyrolysed cellulose
during domestic biomass burning, and anthropogenic resuspension and milling of plant debris
(Sénchez-Ochoa et al., 2007; Caseiro, 2008; Yttri et al., 2011a; Yttri et al., 2011b). The
chemical tracers used as proxies for these sources in this study are i) glucose and polyols, ii)
levoglucosan, and iii) EC, Ca®* and Ti, respectively. A suite of correlation coefficients
(Spearman’s rank correlation, RS) was created for each site to monitor variations in correlations
between site types using daily samples. Spearman’s rank correlation was used in this section
to better account for anomalous results between different datasets (e.g. cellulose vs polyols).
A value of 1 indicates a perfect positive correlation, and a value of -1 indicates a perfect
negative correlation. Table 5 shows the strength of the cellulose-tracer correlation at individual
sites across the entire sampling period. A full table, inclusive with the number of data points
(n) and p values for each correlation, plus Rs values within each season, can be found in the Sl

(Table S5).

Table 5: Spearman correlations (Rs) between cellulose and characteristic chemical tracers across the nine sites.
A red cell indicates a positive correlation between cellulose and the selected chemical tracer, whilst a blue cell
indicates a negative correlation. A colour-coded key of corresponding Rs values is to the right of the table.
Grenoble-based sites: CB — Caserne de Bonne, LF — Les Frénes and Vif. Note: polyols = sum of arabitol,

mannitol and sorbitol.
Bern Magadino  Payerne Zurich  ANDRA-OPE
0.43
0.43 0.33

Rs CB LF Vif Basel

Polyols 0.28 0.42 0.33
Glucose 0.28 0.48 0.39

Levoglucosan| -0.06 -0.38 -0.08 0.00 -0.07 -0.37 -0.18 -0.03 -0.43 0.00
EC 0.19 -0.08 0.04 0.34 0.25 -0.03 0.07 0.25 0.11 0.33
ca? 0.14 0.28 0.12 0.37 0.45 -0.12 0.21 0.29 0.33
Ti 0.28 0.34 0.03 0.40 0.39 0.05 0.31 0.31 0.18 -
Site LF CB VIF Basel Bern  Magadino Payerne Zurich ANDRA-OPE
Classification Urban Urban  Peri-  Suburban Urban- Rural Rural Urban Rural
Background centre urban traffic background

Biogenic sources

The best understood chemical tracers for biogenic emissions are polyols (sum of arabitol,
sorbitol and mannitol) and glucose (Bauer et al., 2008; Zhang et al., 2010; Després et al., 2012).
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Glucose is the most abundant monosaccharide amongst vascular plants, is an important carbon
source for bacteria and fungi, and remains stable in the atmosphere (Jia et al., 2010; Zhu et al.,
2015). Its multiple biological sources into the atmosphere means that it can provide a good
insight as to whether atmospheric plant debris comes from a predominantly biogenic source.
Polyols are also used to provide tracer correlations with cellulose. These species are typically
used as markers of airborne fungi but have also been found to be present within leaves and
pollen (Medeiros, 2006).

As we can see in Table 5, relatively strong positive correlations arise between cellulose and
the two selected biogenic source tracers at most sites. The strongest correlations were seen at
rural locations (Magadino, Payerne and ANDRA-OPE, p < 0.0001). However, Bern and LF,
traffic-impacted and urban background sites respectively, also showed similar Rs magnitudes
to their rural counterparts (p < 0.0001). This indicates that similar factors promote the emission
of all of cellulose, polyols and glucose. The remaining four sites, all urban in character, showed
weaker correlations of cellulose with both glucose and polyols. It should also be said that
correlations across all sites were of similar magnitude when comparing cellulose-glucose and
cellulose-polyol concentrations. The stronger correlations at the rural sites indicate that a
significant portion of atmospheric cellulose, and thus plant debris, arises from biogenic sources
at these sites. As the values are typically below 0.7, this could suggest a different timing of
emissions between biogenic tracers and cellulose (e.g. meteorological conditions favouring
emission of fungal spores before plant debris). This is a distinct possibility, given that sampling
ranges between 3-6 days at the nine locations. Additionally, these moderate correlations with
biogenic tracers could be due to some input from other sources, but of a lower magnitude. By
contrast, the weaker correlations observed at most urban sites suggest that there remain other,
potentially more prominent, sources at play that determine atmospheric cellulose
concentrations. The two exceptions to this, LF and Bern, show that the sources of atmospheric

plant debris are not consistent within each designated site type.

It is noteworthy that the five locations that illustrate the strongest correlations with glucose and
polyols are the five out of the six sites in which the common, general-case seasonality is
observed. It is thus likely that this typical seasonality pattern is observed where the biogenic

source of plant debris is the most dominant.

24



569
570
571
572
573
574
575
576
S77
578
579
580
581
582
583
584
585
586
587
588
589
590
591
592
593
594
595
596
597
598
599
600
601
602

Biomass Burning

A potential second source of atmospheric cellulose was proposed by Sanchez-Ochoa et al.
(2007) to account for anomalous high cellulose concentrations during winter. They suggested
that they were caused by unburned cellulose during biomass burning (Sanchez-Ochoa et al.,
2007). They also concluded that it was an unlikely process, based on the work of Schmidl et
al. (2005) illustrating that only a very small concentration of cellulose can be found in wood
smoke. Nevertheless, correlations between cellulose and levoglucosan, a chemical tracer for
biomass burning, were completed here to provide a more robust understanding of the viability
of this hypothesis (Giannoni et al., 2012; Madsen et al., 2018).

Table 5 indicates cellulose-levoglucosan tracers across all sites show no correlation with one
another, and in some instances show a moderate anti-correlation (Rs -0.43 — 0.00, p 0.0001 —
0.98). Stronger anti-correlations were seen at sites that also showed strong correlations with
biogenic tracers. Given that the theory was based on a winter-time source of atmospheric
cellulose via biomass burning, it is important to view the seasonal correlations to gain a fuller
understanding (Table S5, SI). Of all sites, the Grenoble-based locations (Caserne de Bonne,
Les Frénes and Vif) were the only three to have greater than the thirty data points of
simultaneous cellulose and levoglucosan measurements needed for a robust correlation. None
of these three locations showed any correlation between cellulose and levoglucosan (Rs 0.05 —
0.18, p 0.14 — 0.74). In fact, the remaining six locations showed also very weak correlation,
except for the site of Bern, which showed a moderate correlation (Rs 0.49, p < 0.03). But, as
already mentioned, the relatively small wintertime dataset for these six other sites (n = 21 to
25) does not provide strong confidence in these results. Thus, we can state that the sources of
atmospheric plant debris, as indicated by measurements of free cellulose, do not seem to
include any significant input from biomass burning from domestic wood. Further investigation
would be needed concerning possible emissions of total cellulose (included the one still

embedded in lignin.

Other anthropogenic sources

It has also been hypothesised that others anthropogenic activities may contribute to
atmospheric cellulose. Caseiro (2008) noticed typically higher cellulose concentrations in

urban locations, compared to the more rural ones within their study. The predominant
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hypotheses for anthropogenic input of plant debris into the atmosphere were mechanisms such
as resuspension via road traffic, paper usage, and lawn mowing. To test these hypotheses,
correlations were computed between cellulose and known chemical tracers for man-made
emissions and mineral dust: Elemental Carbon (EC) and Ti/Ca?*, respectively. EC is a known
primary product of combustion processes and is dominated by anthropogenic sources,
including road traffic, in urban areas (Wu and Yu, 2016). Ca?* is also used as a tracer for
mineral dust, which commonly enters the atmosphere via road wear, gritting and dust
resuspension due to transport, as well as via gusts of wind (Denier van der Gon et al., 2010).
At the Swiss sites, Ca metal was measured as opposed to the soluble ion Ca?*, but is a still a
suitable tracer for mineral dust. Titanium metal is also used as a chemical tracer for mineral
dust and thus should possess a similar resuspension mechanism (Charron et al., 2019). A
positive correlation with these dust tracers would suggest plant debris is resuspended into the

atmosphere via the same established mechanism as mineral dust.

Considering EC first, Table 5 shows typically weak positive correlations between EC and
cellulose abundance at sites considered to be urban or traffic-impacted in character, excluding
Les Frénes (Rs 0.25 — 0.34, p < 0.03). The rural-based sites showed very little correlation (Rs
-0.03 — 0.11, p 0.16 — 0.79), suggesting that any resuspension mechanism of plant debris
involving automotive vehicles is only active in more built-up areas. In any case, automotive
resuspension of plant debris appears to be relatively weak, even when present at the more urban

locations.

In general, cellulose correlations with the two mineral dust chemical tracers were slightly
stronger across all sites compared to their respective cellulose-EC correlations. These values
were once again higher at more urban locations compared to rural sites, in particular at Basel
and Bern, which show Rs values between 0.37 and 0.45 (p < 0.001). The stronger correlations
with mineral dust do seem to suggest that ambient cellulose concentrations are somewhat
influenced by the resuspension of plant debris in a manner similar to that of mineral dust. Yet,
given the lack of significant correlation with EC, it seems that a resuspension mechanism may
not include a vehicular input. Other anthropogenic resuspension mechanisms not related to
traffic may contribute; paper usage (e.g. newspaper and cardboard production) has been
mooted in previous literature (Caseiro, 2008). These still unknown mechanisms could shadow
the seasonality of cellulose concentrations in more urban locations. One possible process

without anthropogenic input, however, could be via strong gusts of wind that resuspend this
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plant material. Agricultural activities can also play a large role in emitting plant matter into the
atmosphere. Samake et al. (2019b) showed maximum cellulose concentrations occurred during
harvest (summer) at ANDRA-OPE. This agricultural input from harvested land is also a major
emission source of polyols and glucose, which may explain the strong correlations of cellulose
with these tracers at the more rural locations (Samakeé et al., 2019b). A lot of these processes
(seed emission, harvest, mowing, tree cutting, street sweeping and traffic etc.) are highly
sporadic and are subject to significant uncertainties, such as particle loads before, during and

after rain.

Overall, several conclusions can be drawn for the three potential sources proposed in the
literature. Firstly, the direct biogenic source of atmospheric plant debris is by far the most
significant, showing moderate to strong Spearman correlations between cellulose and other
characteristic biogenic tracers. This is particularly clear in rural sites; the correlation is
inconsistent among other site types. In addition, there is no source of atmospheric plant debris
that arises from biomass burning across any season or site type, as already suggested by Borlaza
et al. (2021a). Lastly, the resuspension of plant material could be another possible input to
overall ambient plant debris abundance. This mechanism does not seem to incorporate road
traffic in the way suggested by Caseiro (2008), given the lack of correlation between cellulose

and EC abundance.

3.6 Local vs. regional origin

Seasonal cellulose variations do not show a similar pattern across all sites, nor one that is
consistent across different regions and scales. This trend, or lack thereof, was expressed
numerically using correlation coefficients (R?) of monthly concentration averages for the
groups of sites that were sampled at the same time. As shown in Table 6, the correlations
between sites within the Grenoble metropole (CB, LF and Vif) are low to moderate. This is
also the case for the Swiss sites, which span a much larger spatial range compared to the
Grenoble-based sites. The lack of a shared temporal variability seems to indicate that the major
sources of plant debris are most likely to be local to each site. It may also suggest that several
mechanisms impacting ambient cellulose concentrations contribute to different degrees
according to the investigated site (Caseiro, 2008; Winiwarter et al., 2009; Borlaza et al., 2021).
Moderate correlations between the traffic-impacted location in Bern with the two rural sites of

Magadino and Payerne were the highest among the Swiss sites. Regardless, these values are
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not indicative of a common source. The Grenoble-based sites of LF and Vif do seem to show
a slight exception, producing an R? value close to 0.7 (p < 0.0001). The three monitoring
locations within the Grenoble metropole are within 15 km of one another, so a common source

of atmospheric plant debris on local scales of this magnitude remains possible.

Table 6: Correlations (R?) monthly cellulose concentrations between the Swiss sites (top) and between Grenoble-
based (bottom) sites (LF, CB and Vif). The colour-coded key (right) gives the corresponding colour of the
correlation strength (R? values). A strong correlation (R? close to 1) is coded red, with no correlation coded blue.
Intermediate correlations are coded white. Note: CB = Caserne de Bonne, LF = Les Frénes. Grenoble-based sites
represented by CB, LF and Vif.

Bern
Magadino
Payerne

0.4636
0.4275

Zurich 0.395 0.6
Magadino  Payerne 0.5

0.4

R 0.2

c o

VIF 0.6944

LF CB
Site LF CB VIF Basel Bern Magadino Payerne Zurich
Classification  Urban Urban  Peri- Suburban  Urban- Rural Rural Urban
Background centre urban traffic

The R? values in Table 6 were compared to correlations between monthly mean concentrations
of the so-called polyol fraction (i.e., sum of arabitol, mannitol and sorbitol) for the same set of
locations (Samaké et al., 2019a; Borlaza et al., 2021a; Grange et al., 2021). In contrast to
cellulose, polyols show common temporal variations, with R? correlations ranging from 0.4 —
0.91 and 0.95 — 0.98 (p < 0.0001) within the groups of Swiss and Grenoble-based sites,
respectively (Table S6 and Table S7). Polyols are used as chemical tracers for fungal spores, a
very common class of PBAP, and here provide a near perfect example of a PBAP class
displaying homogenized concentration variations over time at a regional scale. This suggests a
single common source of polyols that is impacted similarly by external factors across all
locations, especially at short range e.g. within the Grenoble area. This was also suggested by
Borlaza et al. (2021) during their PMF study, and by Samaké et al. (2019a) as part of their
study across all of France. Moreover, Samake et al. (2020, 2021) evidenced that the presence
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of fungi and bacteria in ambient air is mostly related to a limited number of microorganism

species only, which vary from one climatic region to the next.

The stark contrast between the two sets of chemical tracers (cellulose vs. polyols) highlights
the rather local nature of atmospheric plant debris and its sources. Given that meteorology is
relatively consistent on a short to medium scale (< 200 km), it would be expected that plant
debris emissions would impact all sites of a given area similarly. However, heterogeneous
distribution of the diverse plant species at the city (or regional) scale might induce specific
temporal variations in the emissions of plant debris at the local scale. Therefore, the lack of
correlation in cellulose datasets may result from site-to-site differences in the dominant sources

(flora) or emission processes of ambient plant debris (Caseiro, 2008).

3.7 Interannual Comparison — A Combined Approach

Cellulose concentrations were measured over two separate time periods: 2017-18 and 2020-21
in Grenoble, and over three separate time periods: 2016, 2017 and 2020 at ANDRA-OPE.
These multiple datasets (with a similar number of data points) gave us the opportunity to assess
the interannual variations of atmospheric plant debris, in the same regions. This provided the
possibility to combine the various analyses used in the above sections as part of a more small-

scale, holistic investigation.

Grenoble

Figure 6 presents the seasonal mean cellulose concentrations across the two time periods within
the Grenoble metropole (expressed numerically in Table S8, SI). The difference in cellulose
concentrations between different sampling years is stark. Both CB and Vif show significant
decreases in cellulose concentrations from 2017-18 to 2020-21, with the exception of the spring
period. For example, summer and autumn cellulose concentrations decreased by over a factor
of 3 between 2017-18 and 2020-21. This is not the case for the urban background site of Les
Frénes, where the seasonal concentrations typically increased across all seasons except for

spring.

29



721
722
723
724
725
726
727
728
729
730
731
732
733
734
735
736

250
£
o 200
c
g
© 150
=]
o
O
o 100 [
(0]
i |
50 I I I
0
17-18 20-21 17-18 20-21 17-18 20-21
Caserne de Bonne Les Frénes Vif

W Spring M Summer Autumn Winter

Figure 6: Seasonal mean averages of cellulose concentrations (ng m-3) of the three sites within the Grenoble
metropole across the two separate sampling periods: 2017-18 and 2020-21. Black error bars represent one
standard deviation of the seasonal means. Only positive error bars are shown to aid clarity. Seasons are
defined as: Dec-Feb (winter), Mar-May (spring), Jun-Aug (summer), Sep-Nov (autumn). Site classifications are

as follows: Caserne de Bonne — urban; Les Frénes — urban background; Vif — peri-urban.

Temperature data was used as an attempt to elucidate the contrasting concentrations across the
two sampling periods (Fig. S4, SI). A warmer and more humid climate brings about greater
biological activity (e.g. an increase in pollen production), but can also speed up the
decomposition processes involved in generating plant debris (Liu et al., 2006; Martinez et al.,
2014; Verma et al., 2018). Temperature data for Grenoble across the two sampling periods was
provided by Atmo Auvergne-Rhéne-Alpes (Atmo AURA).

Seasonal and monthly average temperatures across the two sampling periods show some
differences, but the variation is slight (Fig. S4, Sl). It is highly unlikely in this instance that the
large variations in the atmospheric cellulose concentrations were caused by ambient
temperature changes. This is further supported by the lack of change in seasonal average polyol
concentrations for the same sites, shown in Fig. S5, whose concentrations are impacted solely
by biogenic factors (Bauer et al., 2008; Zhang et al., 2010; Després et al., 2012). While other
climate data were not been available, there is potential for the variability in cellulose source
strengths to have been caused by factors that are not purely meteorological. This observed

variability may be related to changes in human activities, associated with the COVID-19
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lockdown and sanitary restrictions. This would most profoundly affect the pedestrianised urban
centre of Caserne de Bonne, with the prolonged closure of shops in the area surrounding the

sampling site, together with the decrease of traffic on the nearby avenues.

Interestingly, changes in ambient cellulose concentrations across the two periods are
concomitant with changes in the contribution of cellulose-C to OC (Fig. 7, numerical values
Table S9). Thus, it is likely that changes in atmospheric cellulose concentrations will have
resulted from changes in the source strength of plant debris, and not from a wider-scale

reduction in some or all other OC sources.
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Figure 7: Percentage contribution of cellulose-derived carbon towards overall organic carbon (cellulose-C to
OC) across the three sites within the Grenoble metropole during the two separate sampling periods: 2017-
18 and 2020-21. Black error bars represent one standard deviation of the seasonal means. Only positive
error bars are shown to aid clarity. Seasons are defined as: Dec-Feb (winter), Mar-May (spring), Jun-Aug
(summer), Sep-Nov (autumn).

Site classifications are as follows: Caserne de Bonne — urban; Les Frénes — urban background; Vif — peri-
urban.

Given that these large interannual variations seemed to be predominantly limited to cellulose
and not the remaining sources of OC, it was necessary to evaluate the potential sources once
more. Following section 3.5, cellulose-tracer correlations were again produced using the same
characteristic source tracers for the two periods, to see if changes in cellulose concentrations
were consistent with variations in tracer correlations. These correlation coefficients can be seen
in Table 7 (Table S10 for full table). From the two sets of correlations, it is evident that the
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sources of plant debris are only consistent between campaigns at Les Frénes. Reasonable
correlations with characteristic biogenic chemical tracers (polyols and glucose) remain
consistent, whilst a moderate anti-correlation is still seen between cellulose and levoglucosan.

No correlations with EC were seen throughout the two campaigns.

Table 7: Spearman correlations (Rs) between cellulose and characteristic chemical tracers at the Grenoble-based
sites, across the two separate sampling periods: 2017-18; 2020-21. A red cell indicates a positive correlation
between cellulose and the selected chemical tracer, whilst a blue cell indicates a negative correlation. A colour-
coded key of corresponding Rs values is to the right of the table.

Site classifications are as follows: Caserne de Bonne (CB) — urban; Les Frénes (LF) — urban background; Vif — peri-
urban. Note: polyols = sum of arabitol, mannitol and sorbitol.

Grenoble 2017 - 2018 Grenoble 2020 - 2021
Rs CB LF Vif CB LF Vif -
Polyols 0.46 0.33
Glucose 0.47 0.00
Levoglucosan -0.07 -0.33
EC 0.15

By contrast, tracer correlations across both CB and Vif vary significantly between the two
campaigns. Rs values of cellulose versus glucose or polyol concentrations decrease
significantly during the 20/21 campaign. A weak positive correlation becomes apparent
between cellulose and Ca?* concentrations during the 20/21 campaign that was absent during
the previous series. This is particularly visible at Vif, but it is also a consistent trend across all
three sites. These findings suggest potentially two possible hypotheses. Firstly, the contribution
of plant debris arising from biogenic sources has been much weaker during the second
campaign at CB and Vif, compared to three years earlier, thus showing little to no correlation
with characteristic biogenic tracers. This may be the reason for the weakened seasonality at
both CB and Vif. Secondly, the increased correlation with Ca?* during 20/21 implies a better
correlation between plant debris and mineral dust abundance. This in turn could suggest a slight
increase in the strength of plant matter resuspension during the second campaign, compared to
2018-109.
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769 ANDRA-OPE

770  Figure 8 shows the seasonal mean average free cellulose concentrations (ng m=3) for three
771  separate sampling campaigns (2016, 2017 and 2020) at ANDRA-OPE (numerical values in
772  Table S11, Sl). During the 2017 monitoring campaign, an extended period of sampling was
773  completed with samples being taken on average 5 times per week during summer. For this
774 interannual analysis, it was important to bring the number of data points in line with the datasets
775  from 2016 and 2020. Samples were removed from the 2017 dataset until the same sampling
776  frequency was obtained across all the periods (1 sample taken every sixth day). As can be seen
777  inFig. 8, cellulose concentrations dropped significantly between 2016/2017 and 2020, with the
778  exception of the winter period. This is in a manner very similar to the variations seen at the CB

779  and Vif sampling sites from within the Grenoble metropole. The data for the winter period in
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Figure 8: Seasonal mean averages of cellulose concentrations (ng m-3) at ANDRA-OPE (rural site) during
the three separate sampling periods: 2016, 2017 and 2020. Black error bars represent one standard

deviation of the seasonal means. Only positive error bars are shown to aid clarity. Seasons are defined

as: Dec-Feb (winter), Mar-May (spring), Jun-Aug (summer), Sep-Nov (autumn).

780 2020 comes predominantly from before the COVID-19 pandemic, so it is possible for the
781  significant reduction in anthropogenic activities being a major factor in the reduction of

782  atmospheric cellulose concentrations. However, it should be mentioned that agricultural
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activities (fertilisation, harvest, ploughing, etc...) were not affected by the COVID-19
associated restrictions.

Further, we once again see a noticeable reduction in the contribution of cellulose-C to OC (%)
during the 2020 sampling period, compared to the two previous campaigns, especially during
summer and autumn (Fig. 9, numerical values Table S12, SI). This suggests that the source of
atmospheric plant debris became significantly weaker during 2020, when placed in the context
of overall OC atmospheric emission. Unlike the Grenoble metropole dataset, at ANDRA-OPE
the seasonal variations of cellulose concentrations and the respective contributions of cellulose-
C to overall OC are different. This may suggest that other emission sources of OC have varied
at ANDRA-OPE, compared to the more consistent OC emission within Grenoble across its

sampling periods.
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Figure 9: Percentage contribution of cellulose-carbon towards overall organic carbon (cellulose-C to OC) at
ANDRA-OPE during the three separate sampling periods: 2016, 2017 and 2020. Black error bars represent
one standard deviation of the seasonal means. Only positive error bars are shown to aid clarity. Seasons are
defined as: Dec-Feb (winter), Mar-May (spring), Jun-Aug (summer), Sep-Nov (autumn).

Following these significant interannual variations within cellulose concentrations and
cellulose-C to OC, correlations of cellulose with source-specific tracers were completed to see
how the source of atmospheric plant debris has changes between the three sampling periods
(Table 8, p values in Table S13, Sl). The three sampling periods at ANDRA-OPE exhibit
significant variations in their cellulose-tracer correlations. Notably, the correlations of

cellulose with biogenic tracers (polyols and glucose) remain generally moderate throughout,
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and in fact are weakest during the 2016 campaign. This suggests that, at the rural site of
ANDRA-OPE, the significant reduction in atmospheric cellulose concentrations during 2020
is consistent with that of the changes within other biogenic chemical tracers. Further, during
the 2020 campaign, a relatively strong correlation is seen between cellulose and Ca?*, a mineral
dust tracer, that is absent during the previous two campaigns. This potentially implies a
significant contribution to cellulose concentrations from an anthropogenic source, or reflects a
correlation to wind speed. An anthropogenic source would be unlikely however, given the rural
nature of this sampling site and its lack of proximity to anthropogenic inputs, outside of

agriculture.

Table 8: Spearman correlations (Rs) between cellulose and characteristic chemical tracers at ANDRA-OPE, across
the three separate sampling periods: 2016, 2017 and 2020. A red cell indicates a positive correlation between
cellulose and the selected chemical tracer, whilst a blue cell indicates a negative correlation. A colour-coded key
of corresponding Rs values is to the right of the table. Note: polyols = sum of arabitol, mannitol and sorbitol.

ANDRA-OPE -
Rs 2016 2017 2020
Polyols 0.44 0.52 0.33
Glucose 0.21 0.00
Levoglucosan | -0.31 -0.33
EC -0.12

Overall, these results at ANDRA-OPE and within the Grenoble conurbation indicate for the
first time a large interannual variability in the sources and drivers of atmospheric cellulose, and

highlight our emerging knowledge of these processes.

4. Conclusions

Previous work has acknowledged the potential contribution of atmospheric cellulose to PM1o
and atmospheric OC (Yttri et al., 2011b; Bozzetti et al., 2016; Borlaza et al., 2021). Yet, long-
term studies using cellulose as a chemical tracer for atmospheric plant debris are still rare, and
typically cover only few ambient conditions (Sanchez-Ochoa et al., 2007; Caseiro, 2008; Y'ttri
et al., 2011a; Yttri et al., 2011b; Alves, 2017). Thus, an investigation of ambient cellulose
concentrations, across a wide range of locations and site types, using a sensitive HPLC-PAD

analysis and an improved hydrolysis method was undertaken. To date, with more than 1500
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samples analysed in the exact same way, this is one of the most in-depth study of atmospheric

cellulose, its seasonality, spatiotemporal variability and its sources.

Annual mean free cellulose concentrations were found to range between 29 + 38 ng m at
Basel to 284 + 225 ng m-3at Payerne (suburban and rural sites, respectively). All rural sites and
half of the urban sites showed cellulose concentrations that were highest during summer and
autumn, coinciding with typically higher seasonal temperatures. This seasonality differs from
the spring-summer maximum illustrated by Sanchez-Ochoa et al. (2007). The remaining urban
sites deviated significantly from this pattern, showing no evidence of seasonal cellulose
variations. This suggests that different sources or processes may shadow the cellulose
seasonality in some urban areas. Cellulose concentrations generally correlated poorly between

sites, which implies a source of atmospheric plant debris that is highly localised.

For the first time, correlations of cellulose with chemical tracers, that are characteristic of
specific emissions sources, were completed to best apportion the origins of atmospheric plant
debris. It was shown that plant debris arises predominantly via direct biogenic emissions,
particularly at rural locations. Further, the sites showing the strongest correlations with
biogenic tracers were the same sites that exhibited the general summer-autumn cellulose
maxima. A potential secondary influence towards ambient cellulose concentrations comes via
resuspension of previously settled plant matter, comparable to that of mineral dust. The
mechanism associated with this source is unknown but is unlikely to possess a traffic signature
at the sites investigated, given the poor cellulose correlations with EC, a known tracer for
anthropogenic combustion mainly related to traffic in urban areas. This may be the factor that
masks seasonality at some urban sites. At rural locations, agricultural activities can be a
significant source of cellulose into the atmosphere during harvest, as demonstrated by Samaké
et al. (2019b). Lastly, biomass burning is not a source of atmospheric cellulose for the sites

investigated here.

The annual contribution of free cellulose-derived carbon to total organic carbon ranged
between 0.7 and 5.9 % for the measured locations, with rural sites typically showing higher
contributions. It should be noted that the percentage contribution of total cellulose-derived
carbon to OC would be greater than the above values. While the annual mean contributions to
OC seem moderate, this percentage can greatly increase during episodic cellulose

concentration spikes. The maximum percentage contributions seen of cellulose-C to OC at
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Payerne and ANDRA-OPE were 19.7 and 18.3% respectively, which are consistent with other
background sites results found in the literature. These significant episodic contributions show

that cellulose and plant debris can play a significant role in the atmospheric composition.

The interannual variations of the cellulose concentrations at the same locations within the
Grenoble metropole were then assessed. Interestingly, the cellulose concentrations and the
contribution (%) of cellulose-C to OC showed significant fluctuations across the two periods
considered. The correlations of cellulose with other chemical tracers also vary significantly.
Reasons behind these dramatic fluctuations are not fully understood and this highlights our
limited knowledge of these atmospheric processes. Reduced human activities due to the
COVID-19 pandemic may be a factor. Further interannual studies must be undertaken to see if

these variations are a common occurrence, or unique to this dataset.

Given the local-scale source of atmospheric plant debris, more monitoring campaigns similar
to the one in the Grenoble metropole should be performed. An increase in sampling site
numbers, with varying micro-climatic and PM emission source characteristics, within a given
area should lead to a more concrete understanding of the spatial variability of plant debris. It
would open the road for the inclusion of cellulose into chemical transport models, in order to
better represent this component of the organic matter in PM, particularly important in rural

areas.

Data availability: All relevant data for this paper are archived at the IGE (Institut des
Géosciences de I’Environnement), and availability can be discussed with the corresponding
authors (Jean-Luc Jaffrezo).
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