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Abstract. Carbohydrates are ubiquitous, water-soluble organic compounds that serve as tracers of atmospheric organic matter
sources, participate in cloud chemical processes, and, once depositedto surface waters, provide readily bioavailable carbon
that can stimulate microbial activityand affect marine biogeochemistry. The Mediterranean Sea, influenced by variable natural
and anthropogenic inputs, is a key region for assessing how emission sources affect atmospheric organic matter composition
and fluxes. Here, we studied the impact of three key sources, pollen episodes, Saharan dust intrusions, and biomass burning,
on atmospheric carbohydrate concentrations, deposition pathways (dry, wet, and total), and their effects on northern
Mediterranean coastal waters. Carbohydrate composition varied seasonally, reflecting shifts in local emissions, long-range
transport, and meteorological conditions, with wet deposition as the dominant removal pathway. Spring pollen episodes were
the dominant source of primary sugars, while summer sugar alcohols indicated minor fungal contributions. Biomass burning,
including residential heating and wildfires, produced the highest anhydrosugars lewvels and significantly increased total
dissolved carbohydrates. In contrast, Saharan dust contributed insignificant organic carbon fractions and had limited impact
on carbohydrate deposition. Event-based analysis showed that pollen and dust episodes increased surface dissolved organic
carbon by 0.2-0.7%, whereas biomass burning induced short-term increases of up to 5%. Although overall atmospheric
contributions to marine dissolved organic carbon pool were modest, the high fraction of labile carbohydrates indicated that
episodic depositionevents delivered important pulses of bioavailable carbon. These findings emphasize the need to resohe
short-term atmosphere-ocean interactions to better understand coastal carbon cycling and its broader environmental
implications.

1 Introduction

The atmosphere is a complex mixture of gases, aerosols, and particulate matter, encompassing a wide range of chemical
constituents, including organic matter. According to the International Energy Agency, global carbon flux into the atmosphere
reached 36,800 Tg C yr-1 in 2022, with organic carbon accounting for 30% of total emissions (Wang et al., 2019). Organic
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carbon is commonly divided into water-soluble organic carbon (WSOC) and water-insoluble fractions, with WSOC typically
representing 10%-80% of total organic carbon (Hegde & Kawamura, 2012; Du et al., 2014). Atmospheric deposition
constitutes a major pathway by which this organic matter is transferred to terrestrial and aquatic ecosystems. Organic
compounds are removed from the atmosphere via dry and wet deposition processes (lavorivska et al., 2016; Xie et al., 2022),
therebyinfluencingregional carbon cycling, and altering terrestrial and marine biogeochemistry (Yan & Kim, 2012; lavorivska
etal., 2017; Decinaet al., 2018). Inthe Mediterranean Sea, organic carbon depositionviawet and dry processes is estimated
at 10-20 x 101 mol C yr! (Copin-Montégut, 1993). As ocean stratification intensifies under global warming, the relative
importance of atmospheric inputs to surface waters is expected to increase (Kanakidou et al., 2012), underscoring the need for
more accurate quantification of atmospheric organic matter deposition.

Among organic constituents, carbohydrates are biologically important, water-soluble compounds ubiquitous across all major
Earth system compartments. They dominate primary production in the biosphere (Fieldetal., 1998) and are key components
of organic matter in the hydrosphere (Benner et al., 1992), lithosphere (Hedges et al., 2000), pedosphere (Oades, 1984), and
atmosphere (Theodosi et al., 2018). In the atmosphere, carbohydrates originate from both natural and anthropogenic sources,
including primary biogenic emissions (e.g., pollen, vegetation, fungal spores, soil resuspension, and mineral dust) (Bauer et
al., 2008; Fu et al., 2012a) and human activities such as industrial processes, agriculture, and biomass burning (Fraser and
Lakshmanan, 2000; Sop¢i¢ et al., 2025a). Due to their abundance and source specificity, carbohydrates serve as effective
moleculartracers for identifying sources and transport pathways of atmospheric organic matter (Medeirosetal., 2006a; Sopci¢
etal., 20253, 2025b).

Atmospheric carbohydrates are typically classified into three main groups: (i) anhydrosugars, formed during pyrolysis of
cellulose and hemicellulose, and widely used as tracers of biomass burning (Theodosi et al., 2018; Milinkovi¢ et al., 2021;
Sopcic¢ et al., 2025a); (ii) sugar alcohols, primarily derived from fungal spores and soil dust, commonly used as tracers of
fungal biomass (Simoneitetal., 2004; Bauer etal., 2008); and (iii) primary saccharides, continuously emitted from biological
particles such as pollen, plant debris, algae, and biologically active soil, serving as tracers of vegetation and soil-derived
material (Fu etal., 2012a; Xiao etal., 2018).

In addition to their role as source-specific tracers, atmospheric carbohydrates influence cloud microphysical processes across
both liquid and ice phases. Their high solubility and abundance in bioaerosols enhance cloud condensation nuclei activity via
hygroscopic growth, while polysaccharide components can also contribute to ice nucleation as both ice-forming and ice-
binding agents in mixed-phase clouds (Dreischmeier etal.,2017; Hartmann etal., 2025). These processes link carbohydrate-
rich organic matter to cloud development, radiative effects, and precipitation pathways, highlighting their importance for
understanding coupled atmospheric chemistry, climate, and biogeochemical cycling.

When deposited into surface waters, carbohydrates represent a readily bioavailable source of carbon and energy that can
stimulate microbial activity and productivity (Seitzinger & Sanders, 1999; lavorivska etal., 2017). In coastal marine systems,
atmospheric inputs of carbohydrates have been shown to significantly influence carbon cycling, with reported enhancements

inwinter primary productivity of up to 15-fold comparedto summer conditions (Chenand Liu, 2024). Globally, wet deposition
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transfers approximately 306-580 Tg C yr-! to the Earth’s surface (Willeyetal., 2000; Kanakidou et al., 2012), corresponding
to nearly half of the annual carbon input delivered to the oceans by rivers (IPCC, 2014).

Atmospheric deposition is particularly important in the Mediterranean Sea, a semi-enclosed and highly oligotrophic basin that
is especially sensitive to climate change and atmosphere-ocean interactions (Durrieude Madron et al., 2011). In this region,
atmospheric inputs of organic carbon can exceed riverine contributions, with estimates suggesting up to 9-fold higher inputs
compared to the Rhéne River (Sempéré et al., 2000). Furthermore, dry deposition alone may contribute nearly twice the
carbohydrate input of major riverine sources (Theodosi etal., 2018). The region is continuously influenced by anthropogenic
emissions from industrialized northern areas (Guerzoni and Chester, 2013) as well as by natural inputs such as Saharan dust,
which episodically delivers nutrients and organic carbon (Vincent et al., 2016). Episodic dust intrusions can trigger bacterial
blooms and enhance carbon mineralization (Pulido-Villena et al., 2008). Additionally, extensive Mediterranean vegetation
represents amajor seasonal source ofairborne pollenrichin carbohydrates, lipids, and proteins. Primarybioaerosols, including
pollenand plant fragments, can contribute 12—-30% to the total organic carbon of atmospheric particulate matter (Womiloju et
al., 2003; Jaenicke, 2005). Biomass burning, especially during hot and dry summers, is another dominant and recurrent source
of atmospheric carbohydrates in the region (Turquety et al., 2013; Bowman et al., 2020). Atmospheric deposition has been
shown to enhance dissolved organic carbon concentrations in surface Mediterranean waters and to support up to 25% of daily
microbial carbon demand (Galletti etal., 2020).

Despite their ecological importance, data on atmospheric deposition of carbohydrates in the Mediterranean, particularly in
coastal regions, remain limited. Most existing studies have focused on dry deposition processes and on episodic inputs
associated with biomass burning or Saharan dust events, while comprehensive assessments across all deposition pathways,
and/or biological emissionsources, are lacking. For example, measurements in the eastern Mediterranean report annual dry
deposition fluxes of carbohydrates of 9.19 mg C m-2 yr-1 (Theodosi et al., 2018). In addition, studies of wildfire events have
shown pronouncedshort-termincreasesinanhydrosugar and WSOC concentrations (Sop¢i¢ etal.,2025a). However, relatively
few studies have quantified carbohydrate depositionin wet or in total (dry + wet) deposition. This limitation is important as
available data suggest that total atmospheric inputs of WSOC in Mediterranean may exceed riverine contributions by up to a
factor of six (Galletti et al., 2020).

Moreover, while atmospheric carbohydrate measurements exist for the easternand western Mediterranean (e.g., Theodosi et
al., 2018; Santos et al., 2021), studies in the northern Mediterranean remain scarce. Importantly, no previous work has
systematically examined the combined influence of key regional emission events, such as high-pollen episodes, Saharan dust
intrusions, and biomass burning, on carbohydrate concentrations and deposition fluxes across all deposition pathways (dry,
wet, and total). To address these gaps, this study presents the first comprehensive investigation of carbohydrates associated
with the specified emissions indry, wet, and total atmospheric deposition in the northern Mediterranean. Specifically, it ai ms
to (i) characterize the seasonal variability of atmospheric carbohydrates acrossdeposition pathways, (ii) identify their dominant
sources and quantify deposition fluxes with particular emphasis on episodic events of high-pollen episodes, Saharan dust

intrusions, and biomass burning events, and (iii) assess their potential biogeochemical impacts on coastal marine ecosystems.
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2 Materials and methods
2.1 Study area

Sampling was conducted at a rural site Martinska located on the eastern central Adriatic coast (43°74’N 15°88” E; Fig. 1).
The Adriatic Sea, representing the northernmost part of the Mediterranean, is generally oligotrophic (Vili¢i¢, 2014) and
therefore particularly sensitive to external inputs and environmental stressors. The sampling stationis situated in a relatively
remote area, surrounded by uninhabited land within a ~5 km radius to the west, northwest and, southwest. The nearest urban
center, the town of Sibenik (~34,000 inhabitants), lies approximately~2 km to the east. The regionis characterizedby intensiwe
tourism and mariculture, with minimal influence from local industrial activities. However, it is periodically affected by long-
range transport of Saharan dust. The surrounding landscape consists of extensive karst fields and Mediterranean vegetation,
which act as a continuous source of atmospheric pollen, while mountainous terrainto the north and northeast further influences
local meteorology. The climate is typically Mediterranean, with mild, wet winters and hot, dry summers, and is strongly
influencedby northeasterly (bora) and southeasterly (sirocco) winds. These conditions contribute to apersistently highwildfire
risk. Over the past 15 years, the Sibenik-Knin County has been among the most fire-affected regions along the Adriatic coast,
particularly during summer (Siljkovi¢ and Mamut, 2016). In 2024, the National Firefighting Operations Centre reported 6,650
fires, including 3,825 vegetationfires, which burned atotal of 26,807 hectares (National Firefighting Operations Centre, 2024).
This represents a 21% increase in wildfire occurrence and a 411% increase in burned area compared to the previous year
(European Forest Fire Information System, 2024; N1 Zagreb Hina N1, 2024).

20 50kn s 150 km

Croatia

)
Martinska g K

% %

Mediterranean Sea

Figure 1: Map of the region and location of the sampling site. Map made by using QGIS (http://ggis.osgeo.org).

2.2 Sample collection and processing

Atmospheric sampling was carried out during a field campaign from 21 March to 29 September 2024, covering thus two
seasons, spring and summer, when airborne pollen, Saharan dust intrusions, and wildfires typically reach their peak intensity
and frequency.
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Samples of atmospheric acrosols with aerodynamic diameter < 10 um (PM1o) were collected for 48 h each on quartz fiber
filters (Pallflex Tissuquartz 2500QAT-UP, Pall Life Sciences, USA; diameter 47mm) using the low-volume sampler (PNS
18T-DM-3.1, Comde-Derenda, Germany) mounted on the roof of the measuring station (~5 m a. g. I.; flowrate 2.3 m3 h'?).
Prior to exposure, filters were pre-combusted at 450 °C for 4 h. A total of 94 samples were collected, covering the whole field
campaign period. After sampling, the filter samples were placed in Petri dishes and stored at -20 °C until analysis. For quality
control purpose, alongwith each sample batch, fieldblank filter was taken and processedin the same way as collectedsamples.
Wet deposition samples were collected on an event basis using a custom automatic rainwater sampler installedat ~2 ma. g. I.
at the sampling station. The sampler was activated by a precipitation sensor, which opened the lid only during rainfall to
prevent dry deposition. Rainwater was directed through a pre-cleaned funnel (10% HCI; Merck, Germany; 27 cm diameter)
into a polycarbonate carboy (Nalgene; Thermo Fisher Scientific, USA) housed within the sampler. After each rainfall event,
the collection bottle was replaced, and the sample was filtered within 1 h of collection. Events with volume insufficient for
analysis and/or with a delay of >2 days between rainfall and collectionwere excluded. In total, 8 wet deposition samples were
obtained during the study period. Operational blanks were collected prior to each sampling event.

Total depositionwas collected using a Bergerhoff collector (~5 ma. g. I.) composed of ametal stand, a bottle holder with bird
guard, and an HDPE collecting bottle (89 mm diameter). A total of 30 total deposition samples were collected at ~1 -week
interval.

Wet and total deposition samples were filtered through pre-washed 0.45 pum syringe filters (Sartorius, Germany) to remowe
the insoluble fraction. Total deposition samples collected during dry periods were first dissolved in a known volume of
ultrapure Milli-Q water prior to filtration. The filtrate volume was recorded, and aliquots were separated and preserved for
targeted analyses. The samples aiming for dissolved organic carbon (DOC) analysis were preserved with HgClz (final

concentration 10 mg L-1) and stored inthe dark at 4 °C until analysis.
2.3 Sample analysis

2.3.1 PM;, mass

The PMyo mass was determined gravimetrically using a microbalance (205 Delta Range/A, Mettler Toledo, USA) according
to the EN 12341:2023 standard, by weighing filters before and after sampling. Prior to each weighing, PM 1o filters were
conditioned for 24 h (72 h intotal) at 20.0 £ 0.5 °C and relative humidity of 47.7 £1.0%.

2.3.2 Water-soluble organic carbon

WSOC in PM1o samples was quantified in two aliquots of filter extracts. Filter portions (2.54 cm?) were extracted in 21 mL of
ultrapure Milli-Q water, sonicated for 3 min, and stored for 24 h at 4 °C. The extracts were filtered (0.7 um, Whatman GF/F,
UK; pressure < 5 psi), and WSOC in the aliquots, along with DOC in the filtrates of wet and total deposition samples, was
analyzed accordingto EN 1484:2002 ina laboratoryaccreditedunder EN ISO/IEC 17025:2017. Quantificationwas performed



155

160

165

170

175

180

https://doi.org/10.5194/egusphere-2026-3179
Preprint. Discussion started: 15 July 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

by high-temperature catalytic oxidation at 680 °C using a TOC-Vcen 5000 analyzer (Shimadzu, Japan) equipped with a
platinum-silica catalyst and a non-dispersive infrared CO2 detector. The method detection limit was 0.068 mg C L-*. For
consistency, DOC is hereafter referred to as WSOC (i.e., measured DOC = WSOC).

2.3.3 Dissolved carbohydrates

Total dissolved carbohydrates (DTCHO) were determinedin wet and total deposition samples spectrophotometrically at 635
nm using a UV-1280 UV/VIS spectrophotometer (Shimadzu, Japan), following a slightly modified MBTH method (Johnson
& Sieburth, 1977; Senior & Chewolot, 1991). Briefly, aliquots (5 mL) of filtered samples were acidified with 30% HCI (final
concentration 1.7 mol L) and hydrolyzed at 100 °C for 3.5 h. Hydrolysates were neutralized to pH 10—-12 with NaOH (10
mol L-1), reduced with KBHs, and subsequently treated with HIO4, NaAsOz, and HCI, followed by reaction with MBTH and
FeCls. The resulting colored solutions were incubated at 18 °C for 3.5 h and measured immediately afterwards. For total
dissolved monosaccharides (DMCHO) determination, the hydrolysis step was omitted. The concentration of total dissolved
polysaccharides (DPCHO) was calculated as a difference of DTCHO and DMCHO. Concentrations are expressed as carbon
equivalents using dextran calibration standard (Dextran 5000; Sigma Aldrich, USA). The method detection limit was 30 ug C
L1

2.3.4 Carbohydrate biomarkers

Three different classes of atmospheric biomarker carbohydrate compounds (anhydrosugars, primary sugars, and sugar
alcohols) were analyzed in PM1o, wet, and total deposition samples using high-performance anion-exchange chromatography
with pulsed amperometric detection (HPAEC-PAD). The detailed analytical procedure is described in Sop¢i¢ et al. (2025b).
Briefly, PM1o samples were prepared by extracting a portion of a quartz filter (4.91 cm?) in 2 mL of ultrapure water (18.2 MQ
cm?, Smart2Pure3 UF/UV, Thermo Scientific Barnstead GenPure) inan ultrasonic bath for 45 minat 30 +5 °C. Wet and total
depositionsamples (20-30 mL) were first lyophilized to concentrate the material while preventing carbohydrate loss or thermal
degradation. The dried residues were then redissolvedin 4 mL of ultrapure water, manually mixed, and sonicated under the
same conditions as PM1o samples. All extracts were subsequently centrifuged for 10 min at 3000 rpm, transferred to
polypropylene vials, and analyzed using an ICS-6000 (Thermo Fisher Scientific, USA). The effectiveness of sample
preparation across all three matrices was verified by analyzing model samples with known concentrations of the target
carbohydrates, which underwent identical preparation and analysis procedures. Recoveries determined for atotal of 8 samples
from each matrix ranged from 87% to 106%.

The target carbohydrates (anhydrosugars = levoglucosan, galactosan, mannosan; primary sugars = fructose, galactose, glucose,
mannose, saccharose; sugar alcohols = xylitol, arabitol, erythritol, sorbitol, mannitol) were separated on a Dionex CarboPac
MA1 analytical column (250 x 4 mm) using NaOH as the eluent, with a gold working electrode and a standard quadruple
potential waveform employed for detection. Two separate approaches were used to achieve optimal separation of the analytes.
An isocratic methodwith a mobile phase concentrationof 500 mmol L-* NaOH was used to analyze sugar alcohols and primary
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sugars, including xylitol, arabitol, erythritol, mannitol, galactose, glucose, levoglucosan, fructose, and saccharose. A gradient
method, with the mobile phase concentration increasing from 280 mmol L to 450 mmol Lt NaOH, was applied for the
determination of anhydrosugars and additional monosaccharides, specifically galactosan, mannose, mannosan, and sorbitol.
Limits of detection (LOD) of analytes determined in PM1osampleswere 0.4,2.3,0.1,0.1,0.6,1.1,1.7,4.6,0.9,1.7,1.7, 16.7,
and 25.4 ng m-3and in wet and total depositionsamples 3.7,20.8,1.1,17.3,55.0,10.7,15.4,62.9,8.2,15.4,15.9,153.0, and
232.8 ng mL* for xylitol, arabitol, erythritol, sorbitol, mannitol, mannose, glucose, levoglucosan, mannosan, galactose,
galactosan, fructose, and saccharose, respectively. In PMio, more than 65% of measurements were below LOD for xylitol,
mannosan, galactosan, mannose, galactose, fructose, and saccharose. A similar absence of these carbohydrates in PM 10 was
also reported by Sopcic¢ et al. (2025b) during a year-long study conducted at a rural background station in Plitvice Lakes,
Croatia. In wet deposition, this threshold was exceeded for levoglucosan, xylitol, erythritol, mannosan, galactosan, mannose,
galactose, fructose, and saccharose, whereas in total deposition it was observed for levoglucosan, mannosan, galactosan,
mannose, galactose, fructose, and saccharose. These compounds were therefore excluded from further analysis and discussion.

2.4 Meteorological conditions

Real-time meteorological data, including daily average air temperature, relative humidity, precipitation (Fig. S1), and wind
speed and direction (Fig. S2) were obtained from the nearby Sibenik station of the Croatian Meteorological and Hydrological
Service. Daily mean ambient temperatures ranged from 9.6 °Cto 32.1 °C (22.9 £5.6 °C), showing a distinct seasonal pattern
with a relatively cooler spring (19.0 £4.2 °C) and a warm summer (26.5 + 4.1 °C). Precipitation varied throughout the study
period, alternating between dry and wet periods, and increased notably toward the end of summer. Relative humidity (RH)
ranged from 30 to 88%, while average wind speeds were comparable between the two seasons (3.2 + 1.9 m s-1in spring and
3.1+ 1.7m stin summer). Wind direction patterns reflected the regional regime, dominated by strong bora winds from the

coastal mountains and frequent southerly winds from the open sea.

2.5 Air masses source region classification

The NOAA Hybrid Single-Particle Lagrangian Integrated Trajectory Model (HYSPLIT) (Stein et al., 2015), driven by
meteorological data from the Global Data Assimilation System (GDAS; 1°, global, 2006 —present), was used to reconstruct the
history of air-mass trajectories. Backward trajectories were calculated over 72-hintervals at a 24-hresolution, representing 3
characteristic points within each 48-hsampling period (beginning, middle, and end of sampling for each PM sample). Each
plot represents an ensemble of 3 single backward trajectoriesarriving at the sampling siteat 5ma. g. I.

Based onthe prevailing direction of the trajectories and their relative residence time, two general source sectors were defined:
(a) continental (CONT) - air masses predominantly residing over continental Europe (Fig. S3a), and (b) marine (MAR) - air
masses predominantly residing over the open Adriatic Sea and/or Mediterranean Sea (Fig. S3b). Samples not clearly

attributable to either sector were classified as “undetermined” (mixed) cases, representing 32% of the dataset, and excluded
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from further discussion. This classification approach was applied to ensure an unambiguous assessment of the influence of

contrasting long-range source regions on the composition of atmospheric deposition.

2.6 ldentification of specific atmospheric events

During the sampling campaign, three types of region characteristic atmospheric events were considered: high airborne pollen
events, Saharan dust intrusions, and open-fire biomass burning episodes.

High airborne pollenevents were characterized usingairborne pollenconcentrations determinedwithinthe national monitoring
network and provided for Sibenik area by the Institute of Public Health of Sibenik-Knin County. Pollenwas classified into
three categories: trees, grasses, and weeds (Fig. S4), and total daily concentrations were calculatedas the sum of all categories.
Days with total concentrations exceeding 1000 grains m-3 were classified as high-pollen events.

Saharan dust intrusions were identified using HYSPLIT back-trajectory analysis in combination with satellite observations
and atmospheric transport models. MODIS imagery, NASA Earth Observatory reports, ESA data, Copernicus Atmosphere
Monitoring Service (CAMS) analyses, and EUMETSAT case studies were used to confirm the long-range Saharan dust
transport into Europe, including Croatia, during several episodes in 2024 (NASA Earth Observatory, 2024; NASA MODIS,
2024; EUMETSAT, 2024;ESA, 2024; CAMS, 2024) (Fig. S5aand b).

Biomass burning events in Sibenik-Knin County were identified using combination of official records from the Sibenik Fire
Department (https://www.jvp-sibenik.hr/), the Fire Association of Sibenik-Knin County (https://www.vatrogastvo-sibenik-
knin.hr/), and the Croatian Firefighting Association (https://hvz.gov.hr/) with the MODIS Terra and Aqua satellite imagery
(Fig. S6). For each fire event, information was collected on the type of intervention (e.g., number of vehicles, aerial support),
duration, affectedarea, and vegetation type. During the study period, several intense and/or prolongedwildfires were recorded,
affecting grasslands, Mediterranean shrub, oak forests, pine, cypress, and olive groves, particularly during summer.

Based on these datasets and the PM1o mass measurements, the following event periods were defined: high-pollen episodes
(22-30 March, 1-17 April, 7-9 May, and 11-13 May 2024), Saharan dust intrusions (30 March—1 April, 29 April-3 May, 15—
23 May, 7-13 June, and 19-23 June 2024), and intensive biomass burning events (23—25 June, 29 June—1 July, 7—13 July, 29
July—4 August, 6—8 August, 10 August—9 September, and 17—-23 September2024) (Fig. 2).
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Figure 2: Periods with specific atmospheric events at the coastal central Adriatic site between March and September 2024: high-
pollen episodes (> 1000 grains m-3) marked in green, Saharan dust intrusions in yellow, and intensive BB episodes in red. Temporal
variability of PM10 mass concentrations is shown on the left y-axis (grey boxes).

2.7 Calculation of deposition fluxes

Wet (Fw) and total (Ft) deposition fluxes were calculated as:

C XV
Fop =— (1)

T Axp

where C is the concentration of the parameter in the wet or total deposition sample (g L-1), V is the collected rainwater or
rinse solution volume (L), A is the funnel or vessel area (m?), and P is the sampling duration for each sample (day).

Dry deposition fluxes (Fd) were estimated as:
Fy=CyxV, (2)

Here, Cq is the concentration of water-soluble parametersin PMuo (ug m-3), and V4 is the deposition velocity (ms-1). Itis well
known that there are no widely accepted values for deposition velocities and uncertainty in the used values can be as high as
100%. However, numerous studies have shown that sugar alcohols and primary sugars are predominantly associated with
coarse particles, whereas anhydrosugars are mainly presentinthe fine fraction (Tsai etal., 2015; Bhattarai et al., 2019; Samaké
etal., 2019b). Based on kinetic model calculations, deposition velocities in marine environments are typically assumed to be
2 cm st for coarse and 0.1 cm st for fine particles (Theodosi et al., 2018; H.-Y. Chen & Huang, 2021). These values have
been widely applied in flux estimations (Mariraj Mohan, 2016; Theodosi et al., 2018; Xie et al., 2022) and are supported by
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measurements at the Finokalia station (Crete, Greece), where size-segregated sampling of nutrientsand trace metals confirmed
that 2 cm st (coarse) and 0.1 cm s (fine) provide reliable estimates for this type of region (Kouvarakis et al., 2000; Theodosi
et al., 2010). Furthermore, since WSOC is mainly distributed in the fine fraction, with an approximate fine-to-coarse ratio of
70:30 (Koulouri et al., 2008; Bougiatioti et al., 2013), its Va was estimated as a weighted average:

Vd,WSOC = f}ine X Vd,fine + fcoarse X Vd,coarse (3)

where fiine and feoarse are the WSOC fractions in fine and coarse particles, and Vafine and Va,coarse are the respective deposition
velocities. This calculationyields V4 for WSOC of 0.67 cm s-1, which is comparable with values reported in previous studies
(Theodosietal., 2018; Wu etal., 2018; Xie etal., 2022).

2.8 Data analysis

Data normality was assessed using the Shapiro-Wilk test. As some datasets showed deviations from normality, all data were
log-transformed to improve distributional symmetry and homoscedasticity. For log-transformation and subsequent statistical
analyses, values below LOD were set to 1/2 of the LOD. All statistical analyses were performed on log-transformed data at a
95% confidence level (p < 0.05), unless stated otherwise.

Welch's T-test was applied to compare seasonal datasets as well as background versus deposition events. Pearson correlation
was used to assess relationships among measured parameters, while principal component analysis (PCA) was conducted to
examine parameter associations with respect to seasons. Samples influenced by deposition events were excluded from
background statistics and analyzed separately. Averages are reported as mean * 1 standard deviation.

Wind roses and bivariate polar plots of mean PM1o parameter concentrations under different wind conditions were generated

using the Openair R package (Carslaw & Ropkins, 2012; Carslaw & Beeers, 2013).

3 Results and discussion
3.1 Atmospheric carbohydrates composition and seasonal variability

A summary of overall and seasonal mean concentrations of the measured parameters in atmospheric samples is presented in
Table 1. The carbohydrate results are presented in terms of the following groupings. For PMio: [anhydrosugars] =
[levoglucosan]; [primary sugars] = [glucose]; [sugar alcohols] = [erythritol] + [arabitol] + [mannitol] + [sorbitol]. For wet
deposition: [primary sugars] = [glucose]; [sugar alcohols] = [arabitol] + [mannitol] + [sorbitol]. For total deposition: [primary
sugars] = [glucose]; [sugar alcohols] = [xylitol] + [erythritol] + [arabitol] + [mannitol] + [sorbitol]. Across all matrices, total
monosaccharide biomarkers (Total MB) in the collected samples were calculated as the sum of [primary sugars], [sugar

alcohols], and [anhydrosugars].
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Table 1. Owerall and seasonal mean concentrations + standard deviation (N = number of samples) of relevant parameters

measuredin PMuo, wet, and total depositionat the coastal central Adriatic site between Marchand September 2024. Statistically

significant differences among seasons where N > 3 are marked with * (p < 0.05) and ** (p <0.01).

PM,,

Sampling period

Spring

Summer

Mass (ug m*)

152+9.7(N=94)

14.6+9.8 (N=45)

15.8+9.6 (N=49)

WSOC (pg C m?)

1.34+0.85(N=94)

0.90 £ 0.50** (N=45)

1.75 +0.90%* (N = 49)

Anhydrosugars (ng m3)

174+ 17.5 (N=35)

17.1£9.5(N=19)

17.7+23.8(N=16)

Primary sugars (ng m-3)

1424+ 16.1 (N=85)

17.4+21.1%* (N=36)

11.9+10.6%* (N=49)

Sugar alcohols (ng m3)

17.9+ 18.8 (N=93)

10.9 +8.2%* (N=44)

24.1 £23.0%* (N=49)

Total MB (ng m™3)

37.4+33.6(N=93)

32.6+29.7* (N=44)

41.8+36.2* (N=49)

WET DEPOSITION

Sampling period

Spring

Summer

WSOC (ug CL)

143629+ 1171.52(N=8)

898.48 £275.64(N=3)

1758.98+1368.46 (N=5)

DMCHO (pg C L)

143.4+104.7 (N=8)

112.1+73.3 (N=3)

162.3+115.6 (N=5)

DPCHO (pg C L)

705.4+1013.0(N=8)

171.6+44.7(N=3)

1025.7£1169.2 (N=5)

DTCHO (pg C L)

848.9+1099.8 (N=8)

283.7+116.0 (N=3)

1188.0£1273.0 (N=5)

Primary sugars (pg L")

498 +36.8(N=5)

47.1+40.7(N=4)

Sugar alcohols (ug L)

17.3+17.6 (N=6)

14.0+10.6 (N=2)

19.0+20.0 (N=4)

Total MB (pg L)

58.8+54.9(N=6)

442+408(N=2)

66.1+59.4(N=4)

TOTAL DEPOSITION

Sampling period

Spring

Summer

WSOC (pg C L)

1495.20+1112.40 (N =30)

1590.39+1411.61 (N= 15)

1400.01 £681.25 (N=15)

DMCHO (pg CL)

171.1+147.1 (N=30)

208.0+181.5(N=15)

1343+872(N=15)

DPCHO (pg C L)

373.9+292.2 (N=30)

414.8+374.6 (N=15)

333.0+164.7(N=15)

DTCHO (pg C L)

545.1+£412.5 (N=30)

622.8+531.2(N=15)

4673+214.4(N=15)

Primary sugars (ug L)
Sugar alcohols (ug L)
Total MB (pg L)

472+36.6(N=22)
32.0+37.6 (N=25)
73.5+68.4 (N=25)

51.7+29.0(N=10)
23.0£21.0(N=11)
70.0£483 (N=11)

434+415(N=12)
39.0£45.4 (N=14)
76.2£80.7 (N=14)

The PMzomass concentration measuredover the entire sampling period averaged 15.2 £9.7 ug m-3, with insignificant seasonal
variability, although slightly higher levels were observed in summer compared to spring (Fig. 2; Table 1). A similar trend of
increased PMz1o mass during summer was also observed in a previous study conducted in the same area (Milinkovi¢ et al.,
2022),although, comparedto the same study, the average PM1omass reportedhere is lower. Moreover, the average PM1o mass
measured in this study is lower than values reported for other Mediterranean coastal urban and suburban areas (27.0+13.7 pg
m-3 Galindo etal., 2020;27.9+ 17.0 yg m-3 Clemente etal., 2023;21.9 yg m-3 Chatoutsidou etal., 2025;28.2 + 14.7 ug m-
Tobarra etal., 2025), but comparable to that observed at rural background sites (14.9 pg m-2 Castagna etal., 2021;14 + 10 pg
m3 Sopci¢ et al., 2025a). As a significant PM1o component (9.4 = 3.9%), WSOC exhibited a clear seasonal increase, with
nearly doubling from spring (0.90 £ 0.50 pg C m-3) to summer (1.75+ 0.90 pug C m-3). This could be related to enhanced
biogenic activity during the warmer months (D’Angelo et al., 2025; Garg et al., 2025; Thoma et al., 2025), as well as with

increased emissions during intense summer regional wildfires (Jakovljevi¢ et al., 2021; Sop¢i¢ et al., 2025a), and increased

11



305

310

315

320

325

330

https://doi.org/10.5194/egusphere-2026-3179
Preprint. Discussion started: 15 July 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

maritime and land traffic emissions during the tourist season (Jakovljevi¢ et al., 202 1; Milinkovi¢ et al., 2021; Dufresne et al,,
2025). Among monosaccharide biomarkers, sugar alcohols and primary sugars showed the strongest seasonality, with sugar
alcohols lewvels nearly doubling from spring (10.9 + 8.2 ng m-3) to summer (24.1 + 23.0 ng m-3), a trend consistent with that
observed in other studies (Vermaetal., 2018; Haque etal., 2022; Sopci¢ et al.,2025b). In contrast, anhydrosugars showed no
clearseasonal trend, suggesting comparable contributions from different seasonal sources. Overall, Total MB were moderately
higher during summer (41.8 + 36.2 ng m-3) compared to spring (32.6 £ 29.7 ng m-%), indicating enhanced summer sources of
the total measured biomarkers.

In wet deposition, WSOC concentrations also increased fromspring (898.48+275.64 pg C L) to summer (1758.98 +1368.46
pg C L), although the difference was not statistically significant, likely due to the limited number of samples. This trend is
consistent with that observed for PMio and indicates effective removal of increased atmospheric organic matter via
precipitation (Mullaugh et al., 2014; Santos et al., 2021). DTCHO and its components, DMCHO and DPCHO, similarly
increased insummer, with DPCHO comprising more than 60% of DTCHO in both seasons. The elevated summer WSOC and
DTCHO concentrations correspond to those observed in PM1o. The contribution of DTCHO to WSOC ranged from ~31%in
spring to ~49% in summer, suggesting a stronger influence of carbohydrates on wet deposition composition during summer.
Primary sugars and sugar alcohols showed pronounced seasonal differences, while no anhydrosugars we re detected in any wet
depositionsamples. Total MB lewels, however, remained similar across seasons, implying shifts in dominant sources rather
than changes in overall loading.

Total depositionexhibited a different seasonal pattern. In contrast to its individual components, WSOC, DTCHO, DMCHO,
and DPCHO were all higher in spring than in summer, highlighting the influence of intense spring precipitation events on total
deposition chemistry. Individual monosaccharide biomarker groups again showed substantial seasonal variability, whereas
Total MB showed limited seasonal variation with comparable concentrations in summer (76.2 £80.7 pg L-1) and spring (70.0

+48.3 ug L1). However, the limited number of samples may reduce the robustness of this interpretation.

Although generally significant only in PM1o, these results demonstrate seasonal differences in atmospheric carbohydrates, and
organic matter in general, with wet deposition further amplifying these differencesthrough efficient scavenging. The strong
seasonal variation among individual groups of monosaccharide biomarkers, combined with the absence of a significant
seasonal trend in their total amounts, suggests shifts in the dominant sources between seasons that maintain their atmospheric
levels. The opposite trend observed in total deposition relative to its individual components, with elevated concentrations of
most measured organic matter constituents during spring, suggests astrong influence of individual intense spring precipitation
events, as well as short but strong spring source processes, on total deposition chemistry. These findings underscore the strong
influence of meteorological conditions and dominant seasonal sources on atmospheric organic matter composition, as well as
the importance of wet deposition as a removal mechanism for atmospheric carbohydrates, consistent with studies in Portugal
and North Carolina (Mullaugh etal., 2014; Santos et al., 2021).
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3.2 Atmospheric carbohydrates source identification and contribution

To identify the potential sources of obsenved atmospheric WSOC in the central Adriatic area, WSOC concentrations inPM1g
sampleswere analyzed accordingto the contributionof contrasting CONT and MAR air-mass sectors. Back-trajectory analysis
indicated contributions from both continental and marine aerosols, although with differing magnitudes. In both seasons, air
masses arriving from the CONT sector were associated with significantly higher WSOC concentrations than those from the
MAR sector (Fig. 3a). Consequently, air masses arriving from the CONT sector can be considered a stronger source of
atmospheric organic matter in the coastal central Adriatic area than those from the southern MAR sector, particularly during

summer (Fig. 3b).

4 -
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Figure 3: Contribution of contrasting continental (CONT) and marine (MAR) air-mass sectors to WSOC concentrations measured
at the central Adriatic coastal site over the entire study period (a) and during different seasons (b). The box edges showthe 25 to
75" percentile range, the vertical line shows the 50™ percentile, while the whiskers indicate the 5 to 95 percentile range. The
squares indicate the mean.

Atmospheric synoptic weather parameters significantly influence the transport, dispersion, and concentration of air
constituents across different regions, with various parameters affecting these processes to varying degrees. Wind direction and
speed, turbulence, and atmospheric stability, however, have been shown to exert the strongest impact on PM 1o dispersion
(Demuzere etal., 2009; Lai etal., 2023). Indeed, over the study period, WSOC concentrations in PM1o measured here showed
a statistically significant inverse relationship with increasingwind speed, although the correlation strength was weak (r = -
0.348,p<0.01,N=94; Fig. S7). This indicated enhanced dilutionand reducedaccumulationunder more ventilated conditions.
Seasonal bivariate polar plot analysis further showed that the highest WSOC concentrations occurred under low wind speeds
and stable atmospheric conditions (Fig. 4), highlighting the dominant role of local sources in controlling atmospheric WSOC
levels at the coastal central Adriatic site, particularly during summer. Elevated WSOC concentrations observed at moderate
wind speeds additionally suggest a measurable contribution from more distant continental sources, pointing to the combined
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influence of both local/regional and distant emissions, consistent with earlier findings for black carbon in the same area
(Cvitesi¢ Kusan et al., 2020; Milinkovi¢ et al., 2021).

Spring Summer ngm-

180
160
140
120
100
&0

60

TotalMB

Figure 4: Seasonal bivariate polar plots of mean WSOC concentrations in PM o at the central Adriatic coastal site in spring and
summer. The colorscale indicates the mean concentration levels. The wind speed (ws) intervals are inm s

A more detailed, monthly analysis of the Total MB composition of atmospheric WSOC, accounting for wind directionand
speed (Fig. 5) provides further insight into seasonal source characteristics. The highest Total MB concentrations occurred
under low wind speeds and stable atmospheric conditions, particularly in March and August. These findings indicate that
spring local/regional continental sources exert the strongest influence on atmospheric carbohydrates in March, while summer
sources dominate in August. A stronginfluence of local emissionsources onatmospheric carbohydrate concentrations has also
been observed in other studies (Mullaughet al., 2014; Santos et al., 2021).
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Figure 5: Monthly bivariate polar plots of total monosaccharide biomarker (Total MB) concentrations in PM, at the central
Adriatic coastal site. Color scale indicates mean concentration levels. Wind speed (ws) intervals are inm s,

To gain further insight into seasonal variability and potential dominant sources, PCAwas performedonthe PMio dataset, as
substantially fewer samples were available for wet and total deposition. Principal components (PCs) with eigenvalues greater
than 1 were calculated, and their contributions to total variance were evaluated. The firsttwo PCs explained 54.40% of the
total variance (Fig. 6), indicating that these two PCs capture the main structure of the dataset, with PC1 accounting for 35.82%
and PC2 for 18.58%. PCL1 clearly separated spring and summer samples along the horizontal axis, indicating that seasonality
was the dominant source of variability in the dataset. Primary sugars, sugar alcohols, and Total MB during spring clustered on
the positive side of PC1, indicating strong correlations and tightly grouped and similar behavior among these compounds. In
contrast, summer variables were positioned on the negative side of PCL1, reflecting a distinct seasonal shift in PM 1o chemical
composition. PC2 further resolved variability by differentiating key chemical fractions within the summer period. PM 10 mass,
WSOC, and anhydrosugars in summer showed relatively strong positive loadings on PC2, indicating a common source or
atmospheric process. The association between WSOC and PM 1o mass further indicated that variations in organic carbon content
were closely linked to overall particulate load during summer. The PCA results highlight a pronounced seasonal contrast in

PM:1o chemical composition at the coastal central Adriatic site.
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Figure 6: Principal component analysis (PCA) loading plots for the first two principal components derived from the PM o dataset
collected during spring (SPR) and summer (SUM) 2024 sampling campaign at the coastal central Adriatic. The variables included
were: PMjy mass (PM10), water soluble organic carbon (WSOC), primary sugars (Primary), sugar alcohols (Alcohols),
anhydrosugars (Anhydro), and total monosaccharide biomarkers (TotalMB).

We further investigated seasonal and matrix-dependent variations of atmospheric carbohydrates inthe coastal central Adriatic
by assessingthe influence of identified specific local and regional sources, including high airborne pollenepisodes and bio mass
burning events, together with long-range Saharan dust intrusions, on their concentrations and composition (Table 2). To this
end, parameters measured across all three matrices during these events (Sect. 2.6.) were analyzed by event type and compared
with background conditions. Background conditions were defined by excluding all measurements obtained during deposition
events fromthe overall dataset. In addition, PM1o Samples collected onrainy days were excluded fromthe background analysis,

as precipitation scavenges atmospheric particles and therefore such samples do not represent tr ue background conditions.

Table 2. Mean concentrations + standard deviation (N = number of samples) of parameters measured in PM 1o, wet, and total
deposition at the coastal central Adriatic site during specific atmospheric events between March and September 2024. No wet
depositionsamples were collected during the pollen episodes. Statistically significant differences between background and
each specific event where N > 3 are marked with * (p <0.05) and ** (p < 0.01).
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PM

Background

Pollen

Saharan dust

Biomass burning

Mass (pg m3)

9.7+ 4.4 (N =36)

17.7 £ 7.1%* (N = 14)

274 +17.2% (N = 11)

19.3 + 5.2%% (N =22)

WSOC (ug C m?)

0.96 + 0.59 (N = 36)

1.28 £ 0.49% (N = 14)

1.02£0.58 (N = 11)

2.47 £0.65% (N =22)

Anhydrosugars (ng m?3)

126 £42 (N =7)

20.5 + 10.8%* (N = 11)

20.0 + 25.8%* (N = 13)

Primary sugars (ng m?)

8.9+6.0 (N=32)

30.8 + 28.4%* (N = 14)

7.6+5.1 (N=6)

9.5+ 6.5% (N =22)

Sugar alcohols (ng m?3)

13.3 £9.5 (N =36)

11.8+43 (N= 14)

9.1+6.1 (N=10)

212 + 14.6** (N =22)

Total MB (ng m3)

23.6 + 14.9 (N = 36)

58.8 + 36.1%* (N = 14)

148 + 11.4 (N = 10)

425 £29.1%*% (N = 22)

WET DEPOSITION

Background

Pollen

Saharan dust

Biomass burning

WSOC (ug C L)

738.45 + 189.27 (N =
3)

910.00 + 337.00 (N =2)

2485.00 + 1333.01 (N =
3)

DMCHO (pg C L)

88.3 £49.5 (N = 3)

132.5 + 82.5 (N =2)

205.9 +£123.4 (N =3)

DPCHO (pg C L)

88.7 + 60.2 (N = 3)

1725 + 547 (N =2)

1677.5 £ 1102.8* (N = 3)

DTCHO (pg C L)

177.0 £ 54.3 (N = 3)

305.0 + 137.2 (N =2)

1833.3 +£1221.1 N=3)

Primary sugars (pg L)

60.0 +39.4 (N =3)

Sugar alcohols (ug L)

89+55(N=2)

20.6 +£22.9 (N =3)

Total MB (pug L)

132+9.8(N=2)

80.5 =623 (N=3)

TOTAL
DEPOSITION

Background

Pollen

Saharan dust

Biomass burning

WSOC (mg C L)

903.88 +408.83 (N =
7)

1567.41 +1050.68 (N =
5)

1331.50 +430.07 (N =
4)

1592.95 + 725.20% (N =
11)

DMCHO (pg C L)

83.8+48.1 (N=7)

231.9£200.2 (N =5)

215.9 + 57.3% (N =4)

1492 + 74.4 (N = 11)

DPCHO (pg C L)

2052 £82.6 (N=7)

482.8 +327.2 (N =5)

228.1 +67.8 (N =4)

4483 +271.5% (N = 11)

DTCHO (pg C L)

289.0 + 89.4 (N =7)

714.7 + 526.3 (N =5)

444.0 +100.3 (N =4)

597.5 +307.1* (N = 11)

Primary sugars (pg L)

211 8.8 (N=4)

66.3 £ 27.0% (N = 3)

33.04 £ 14.47 (N =3)

51.1+450 (N=9)

Sugar alcohols (ug L)

33.0 £44.0 (N =5)

342 +21.5 (N =3)

8.09 +2.07 (N = 3)

39.3£42.9 (N=11)

Total MB (pg L-1)

49.9 +46.6 (N = 5)

100.5 +47.4 (N = 3)

41.13 + 15.90 (N =3)

81.1+86.2 (N=11)

3.2.1 High-pollen episodes

During the spring period (March—May) 2024, intense pollen episodes were recorded in the study area, with total daily airborne
pollen concentrations exceeding 4000 grains m-3, particularly in March (Fig. S4). The occurrence of elevated pollen
concentrations under low wind speed conditions (Fig. S8) indicates that local Mediterranean vegetation was the dominant
source of airborne pollenand, consequently, a potential major contributor to local atmospheric carbohydrates. According to
Mullaugh et al. (2014), carbohydrates can contribute with 10—-35% to the dissolved organic carbon in rain during periods of
high pollen.

Therefore, beyond the increase in PM1o mass, such high airborne pollen loads statistically significantly increased WSOC and
Total MB concentrations in both PMzo and total deposition samples relative to background conditions, primarily driven by an
increase in primary sugars (Table 2). Compared to background lewels, primary sugars and Total MB increased by 247% and
149% in PMuo, respectively, and by 214% and 101% in total deposition. In addition, elevated airborne pollen concentrations
also enhanced DMCHO and DPCHO lewels in total depositionsamples, resultingin a 147% increase in DTCHO relative to
background conditions, although these changes were not statistically significant. Pearson correlation analysis of PMuo

parameters revealedstrongpositive relationships betweentotal airborne pollenand carbohydrate components (r > 0.881; Table
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3), with the strongest correlationobservedfor glucose (r=0.912,p <0.01,N = 14; Table 3),a commonmonosaccharide found
in pollen (Pacini etal., 2006; de Weger et al., 2024). Although glucose is mainly emitted from terrestrial plant fruits, pollen,
and deweloping leaves, and typically exhibits elevated concentrations inspring (Fu et al., 2012a; Santos etal., 2021; Haque et
al., 2022), it has also been proposed, together with trehalose, as a molecular tracer of surface soil resuspension due to its
presence insoil biota (Nirmalkar etal., 2015; Muetal., 2021; Z. Wang et al., 2021). However, primary sugars such as glucose
are associated with coarse particles and are predominantly released into atmospheric aerosols through direct emissions from
primary biogenic sources, such as plant material, pollen grains, and microorganisms, whereas primary sugars in fine particles
are mainly linked to soil resuspension, dust, and biomass burning (Khan et al., 2021; Wang et al., 2021). Given that
monosaccharides, such as glucose, are predominantly found in the coarse fraction of particulate matter (Tsai et al., 2015;
Samake etal., 2019b; Clemente et al., 2024), that agricultural activities are neither characteristic nor frequent in the vicinity
of the sampling site, and the strong correlations observed between total pollen and glucose or primary sugars (r=0.912,p <
0.01, N = 14; Table 3), as well as Total MB concentrations (r = 0.881,p < 0.01, N = 14; Table 3), these results confirmed
pollenas the dominant source of the measuredatmospheric carbohydrates during the observed events. This is further supported
by Fu et al. (2012a), who reported that springtime atmospheric aerosol carbohydrates, including glucose, are commonly
associated with emissions from blooming pollen.

Table 3. Pearson correlation matrix for parameters measured in PM1o during pollen episodes in 2024 at the central Adriatic
coastal site. Values represent r-values (N = 14). Statistically significant regressions are marked with ** (p < 0.01).

Parameter PM;, WSOC Glucose Total MB Total Pollen
PM;, 1.000
WSOC 0.169 1.000
Glucose 0.488 0.381 1.000
Total MB  0.386 0.408 0.949** 1.000
Total pollen 0.418 0.529 0.912** (0.881*%* 1.000

Atmospheric glucose may also, under certainconditions, be influenced by marine emissions, particularlyincoastal and marine
environments. Seaspray aerosol productionisarecognized pathway for the transfer of organic matter, including carbohydrates,
from the oceanto the atmosphere (Haseneczetal., 2020; Rocchi et al., 2024). However, this marine-derived organic fraction
is generally dominated by complex polysaccharides and other high-molecular-weight compounds, rather than free low-
molecular-weight monosaccharides such as glucose. This distinctionis supported by Zeppenfeld et al. (2021), who reported
substantial differences between monosaccharide compositions in atmospheric aerosols and those in seawater over the Western
Antarctic Peninsula. Consequently, even in coastal environments influenced by marine emissions, atmospheric glucoseis more
plausibly attributed to terrestrial biogenic sources thanto direct oceanic emission (e.g., Santos etal., 2021). Although marine
contributions may increase under conditions of enhanced sea spray generation, such as high wind speeds and wave activity

(Zeppenfeld et al., 2021), no such influence was evident in the present study. PM1o glucose concentrations showed no
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statisticallysignificant relationshipwith wind speed (r=0.050, p > 0.05, N = 94), indicating that wind-driven marine emissions
did not control its variability. The predominantly terrestrial origin of glucose observed in the present study is further supported
by the dominance of continental air masses over marine ones during the sampling period (CONT 40% vs. MAR 28%)).
Additional evidence is provided by Clemente et al. (2024), who report that nearly 70% of glucose in particulate matter is
associated with particles larger than 1 um, consistent with primary contributions from plant debrisand soil material. In parallel,
the enrichment of mannitol in the coarse fraction (Clemente et al., 2024), supports primary biogenic emissions as its origin, as
mannitol is commonly attributed to fungal spores (Carvalho et al., 2003). Weak but statistically significant positive correlation
observed between mannitol and glucose in this study (r = 0.373,p < 0.01, N = 94) therefore suggests their shared terrestrial
origin, reflecting enhanced emissions from continental biogenic sources. Very strong and significant positive correlation

between total pollencountsand PM1oglucose concentrations (r=0.912,p< 0.01, N = 94) further reinforces this interpretation.

3.2.2 Saharan dust intrusions

Relative to background conditions, in PMz1o samples only particulate mass increased by 183% during the 2024 Saharan dust
intrusions (Table 2), while WSOC did not statistically significantly increase inany of the matrices. DTCHO and their fractions,
DMCHO and DPCHO, in both wet and total deposition were moderately higher than under background conditions, although
the limited number of collected samples may affect the robustness of this interpretation, especially as only DMCHO lewels in
total deposition were statistically significantly different than in background samples. Conwersely, in both PM1o and total
deposition, concentrations of all monosaccharide groups and Total MB were not significantly different comparing dust
intrusion periods and background (Table 2). In wet deposition, monosaccharide biomarkerswere detected in only one of the
two samples collected during dust intrusions. These results, in addition to further supporting the efficient scavenging of
carbohydrates by wet deposition processes, indicate that Saharan dust intrusions over the central Adriatic coastal region led to
elevated PM1o concentrations, with no significant contribution to atmospheric organic matter, including carbohydrate, levels
(Appendix S1). The absence of monosaccharide biomarkers, despite the presence of dissolved carbohydrates, suggests inputs
of other carbohydrate compounds not covered by the biomarker analysis and/or not characteristic of the known sources
investigated in this study.

This interpretation is consistent with findings from Lampedusa, where Saharan dust-associated organic matter was shown to
be predominantly derived from local/regional natural sources, particularly sea spray, while Saharan dust acted primarily as a
carrier phase rather than a dominant source of organic matter (Galletti etal., 2020). This study further demonstrated that the
organic load associated with dust is highly variable. Similarly, our results suggest that, although Saharan dust events
substantially enhance particulate load, they do not necessarily translate into increased concentrations of atmospheric
carbohydrate biomarkers, reinforcing the idea that observed organic matter is likely dominated by natural background sources
and that dust primarily modulates particulate transport rather than directly contributing substantial carbohydrate-derived

organic loads.
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3.2.3 Biomass burning

During 2024 biomass burning events (Fig. 2), all measured parameters across the three matrices increasedsignificantlyrelative
to background levels (Table 2). The most pronounced increases were observed inwet deposition, where WSOC rose by 236%,
Total MB by 510%, and DTCHO by 936%, representing the largest increases observed across all matrices. However, these
differences were not statistically significant, likely due to the limited number of samples. In PM1o during biomass burning
events, anhydrosugar concentrations increased by 59% compared to background levels, whereas in wet and total deposition
samples, these compounds were undetectable. Such elevated atmospheric carbohydrate levels, particularly anhydrosugars,
indicate biomass burning as their significant source in the central Adriatic region.

Monthly bivariate polar plot analysis of anhydrosugar concentrations in PM1o revealed two periods of elevated concentrations
(Fig. 7), with slightly higher values in the warmer months (July—August) than in cooler months (March—April). Both spring
and summer relationship with wind speed and direction suggest adominant influence of regional and more distant, continental

sources of atmospheric anhydrosugars.
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Figure 7: Monthly bivariate polar plots of anhydrosugars concentrations in PM g at the central Adriatic coastal site. Color scale
indicates mean concentration levels. Wind speed (ws) intervals are inm s,

Spring anhydrosugar concentrations were significantly negatively correlated with air temperature (r = -0.632,p < 0.01, N =
45; Fig. 8), indicating that anhydrosugar concentrations increased as air temperature decreased, confirming residential wood
burning as a dominant source during colder months, such as March and April. This is consistent with previous observations of
negative temperature dependence inthe biomass burning fraction of black carbon in the same area (r = -0.33), which peaks in
the cold season due to increased local, regional, and long-range continental emissions from residential wood heating
(Milinkovi¢ et al., 2021). This also explains elevated anhydrosugar concentrations observed during pollen episodes in cooler

spring months (Table 2; Appendix S1).
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In contrast, summer concentrations showed statistically insignificant correlation with temperature (r = 0.084,p > 0.05; N =
49; Fig. 8), suggesting sources other than domestic heating. Using MODIS Terra and Aqua satellite imagery together with
archival records fromfirefightingservices, elevated anhydrosugar concentrations inPMiowere associated with forest wildfires
occurring during summer 2024 (Fig. 2.; Fig. S6). The highest anhydrosugar concentrations (> 80 ng m-3; Figs. 7 and 8)
coincided with the 29 July—4 August wildfire (Fig. S6), also observed in other regional studies (Sop¢i¢ et al., 2025a). High
temperatures, lowrelative humidity, and strongwinds, typical summer conditions inthe central coastal Adriatic (Segota and
Filipéi¢, 2003), pravailed during the 29 July—4 August wildfire episode, creating conditions favorable for wildfire occurrence.
These conditions are often associated with air stagnation, which limits pollutant dispersion and degrades air quality
(Barriopedro et al., 2023; Zhang et al., 2024; Sopci¢ et al., 2025a), further amplifying the impact of forest wildfires on
atmospheric chemical composition. Consequently, higher anhydrosugar concentrations observed during warmer months

indicate that summer wildfires inthe central Adriatic governed atmospheric carbohydrates levels.
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Figure 8: Correlation analysis of spring and summer time anhydrosugars concentrations in PM jpand air temperature during the
2024 sampling campaign at the coastal central Adriatic site. Pearson correlation results are embedded within the figure.

Owerall, atmospheric anhydrosugar levels and carbohydrate composition inthe central coastal Adriatic are influenced not only
by pollen episodes, but also by residential wood burning during the colder months and forest wildfires in the warmer months
(Appendix S1), highlighting both the continuous impact of biomass burning and the diversity of episodic emission sources in

the study area.
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3.2.4 Other (biogenic) sources

In additionto the previously identified sources, monosaccharide biomarker analysis revealed an additional dominant source of
atmospheric carbohydrates at the coastal central Adriatic site. Sugar alcohols exhibited strong seasonal variability in PM 1o,
with statistically significantly higher concentrations in summer than in spring (by 121%; Table 1, Fig. 9). Similar summertime
enhancements of sugar alcohols in aerosols and rainwater samples have been reported in previous studies (Vermaetal., 2018;
Haque etal., 2022;Sopéi¢ etal., 2025b). Analysis of PM1o sugar alcohol concentrations inrelationto wind parameters strongly

indicated that summer sugar alcohols predominantly originated from local sources (Fig. 9).
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Figure 9: Seasonal bivariate polar plots of mean sugar alcohols concentrations in PM 1o at the central Adriatic coastal site inspring
and summer 2024. Color scale indicates mean concentration levels. Wind speed (ws) intervals are inm s

Sugar alcohols are reduced saccharides primarily formed through plant biological activity and microbial metabolismand are
predominantly associated with biogenic organic aerosol sources (Pietrogrande et al., 2014; Theodosi et al., 2018). Among
them, arabitol and mannitol are widely used as biomarkers of fungal biomass, as they are produced by fungi and bacteriaduring
the degradation of natural organic matter (Amato et al., 2024; Samaké et al., 2019a). In addition, these compounds are
recognized as primary photosynthetic products in mature leaves and have been associated with increased inputs of vegetation
detritus during spring bloomewents (Pashynska etal., 2002; Burshteinetal., 2011). However, elevated concentrations of sugar
alcohols in PM1o observed during the summer months indicate that vegetation was not their dominant source. Mannitol and
trehalose function as stress-induced fungal metabolites, with production enhanced under low soil moisture conditions typical
of summer (Medeiros et al., 2006b). Consistently, substantially higher summer concentrations of trehalose, mannitol, and
arabitol compared to winter and spring are attributed to intensified fungal activity under heat and drought stress (Jiaet al.,
2010; Vermaet al., 2018). Furthermore, the positive correlation between enhanced summer sugar alcohol concentrations and
air temperature indicates that fungal spore activity is strongly regulated by air temperature (Zhu et al., 2015). Therefore, the

sugar alcohols observed during summer at the investigated site point to fungal activity as their dominant source.
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Moreover, mannitol and arabitol have occasionallybeendetectedinaerosols influenced by biomass burning plumes, especially
on synoptic scales (Medeiros & Simoneit, 2008; Fu et al., 2012b; Yang et al., 2012). Howeer, the absence of positive,
statistically significant correlation between sugar alcohols and anhydrosugars during wildfire events at the coastal central
Adriatic site (r =-0.091, p > 0.05, N = 22) suggests that biomass burning was not a significant source of sugar alcohols in this
region.

3.3 Deposition fluxes

To assess the influence of specific atmospheric events, i.e., sources, on deposition fluxes, concentrations of the measured
parameters in PMuo, wet, and total deposition samples were converted into dry, wet, and total deposition fluxes, respectively,
and compared with background conditions (Table 4).
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Table 4. Mean values + standard deviation (number of samples in brackets) of calculated deposition fluxes for parameters
measuredin dry, wet, and total depositionat the coastal central Adriatic site during specific atmospheric events between March
555 and September 2024. No wet depositionsampleswere collected during the pollenepisodes. Statistically significant differences

between background and each specific event where N > 3 are marked with * (p < 0.05) and ** (p <0.01).

DRY
DEPOSITION

Background

Pollen

Saharan dust

Biomass burning

WSOC (ug C m2d')

558 £339 (N = 36)

743 £283* (N=
14)

588 £338 (N = 11)

1428 +378%* (N=22)

Anhydrosugars (ug m2d-

) 1£0(N=7) 24 1%%(N=11) - 24 2% (N=13)
: ——
P“marysugf‘)rs (hem™d 5, |0(N=32)  S3L49%*(N=14) 1349 (N=6) 16+ 11* (N=22)
23
Sugar alc"hf;ls(“gm ¢ i 16(N=36) 20+7 (N=14) 16+ 10 (N=10) 37+£25%% (N=22)
Total MB (pg m2 d*) 37£26(N=36) 75+47**(N=14) 25+18(N=10) 54+£36% (N=22)
WET . .
DEPOSITION Background Pollen Saharan dust Biomass burning
4 =
WSOC (ugCm2d1y 1437 37)376(N - - 49627429486 (N=3)
DMCHO (ngCm2d") 16624958 (N=3) - - 3771+ 1640 (N=3)
+ k =
DPCHO (ugCm2d')  1881+1822(N=3) - - 32990 232)809 (N
DICHO (ngCm?2d')  3543+2132(N=3) - - 3676024438 (N=3)
. -
Primary S“gf‘)rs (hgm=d - - - 1015+280%* (N=3)
23
Sugar alCOhf;IS (hgm=d™ 00 g1 (N=2) - - 290+225 (N=3)
Total MB (pg m2 d) 246+157 (N=2) ; - 1305 +£493% (N=3)
TOTAL . .
DEPOSITION Background Pollen Saharan dust Biomass burning

WSOC (pg C m2d")

4376 +2305 (N=5)

4977+1951 (N=
3)

6397 £2841 (N=4)

6916+3511 (N=11)

DMCHO (pg C m2 d')

3594227 (N=5)

643 £376 (N = 3)

1014 +346%* (N=
4)

639+337(N=11)

DPCHO (ug C m2d")

929 +£429 (N=5)

1553 £743 (N=3)

1000+ 180 (N=4)

1974+ 1321 (N=11)

DTCHO (ug C m2d")

1288 +454 (N=5)

2196 +1117(N=
3)

20144384 (N=4)

2614+1516 (N=11)

Primary sugars (ug m2d-

D)

85+30 (N=4)

2524139 (N=3)

144 +£49 (N =3)

202+180 (N=9)

Sugar alcohols (pgm2d-
D)

1524216 (N=5)

127497 (N =3)

3742 (N=3)

157+167 (N=11)

Total MB (ug m2d!)

2204231 (N=5)

379+231 (N=3)

18048 (N=3)

3234340 (N= 11)
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The average background dry deposition flux of WSOC in this study (558 = 339 ug C m2 d1; Table 4) was comparable to
measurements froma remote coastal eastern Mediterranean site (480 pg C m-2 d%; Theodosi et al., 2018). Howe\er, it was
lower than the annual average reported for coastal waters near Yangma Island (790 + 470 ug C m2 d1; Xie etal., 2022) and
substantially lower than values observed in the Yellow Sea (1500+ 1180 pg C m2 d1) and East China Sea (3570 +1540 pug C
m-2 d1) during dust stormseasons (Bao et al., 2017). Background dry deposition fluxes of individual carbohydrate groups
(primary sugars: 15+ 10 ug C m2 d1, sugar alcohols: 23 = 16 ug C m2 d, anhydrosugars: 1 + 0 pg C m2 d1; Table 4)
somewhat differed from those reported at the remote coastal eastern Mediterranean site (primary sugars: 21 ug C m-2 d-1, sugar
alcohols: 4 ug C m2 d, anhydrosugars: 1 pg C m2d-1; Theodosi etal., 2018). Wet deposition fluxes exceeded dry deposition
by one to two orders of magnitude, indicating that precipitation was the dominant removal pathway for atmospheric organic
matter. As aresult, total depositionfluxes reflected the combined influence of emissionstrengthand wet scavenging efficie ncy.
The average background total deposition flux of WSOC measured here (4376 £2305 ug C m2 d-1; Table 4) was comparable
to values reported for Lampedusa, a remote central Mediterranean site (~3970 ug C m-2 d-1; Galletti etal., 2020), and for the
Cap Ferrat peninsula in southern France (~4240 pg C m2 d-%; Pulido-Villenaet al., 2008). It was higher than fluxes reported
for the northwestern Mediterranean (~1940 ug C m2 d*; Djaoudi et al., 2018) but lower than those measured in three western
Mediterranean lakes (~5040 ug C m2 d1 in 2005; de Vicente et al., 2012). Against this background, episodic events,
particularly biomass burning and pollen episodes, produced, in some cases intense, increases in deposition fluxes of
atmospheric organic matter and its components.

Pollenepisodesprimarily enhancedthe depositionof biogenic material, especially through dry deposition. During these events,
dry deposition fluxes of primary sugars statistically significantly increased three- to four-fold relative to background values,
while Total MB fluxes more than doubled. Although not statistically significant, total depositionfluxes of DTCHO and its
components, DMCHO and DPCHO, increased by nearly twofold compared with background conditions. In contrast, both dry
and total deposition fluxes of sugar alcohols decreased. This pattern indicates that high-pollen episodes predominantly
enhanced the dry deposition of primary sugars. No wet deposition samples were collected during pollen episodes, leaving the
role of precipitation inthe removal of pollen derived organic matter to be addressed in future research.

Biomass burning events produced the largest overall increases in organic matter deposition, particularly via wet deposition.
Wet deposition fluxes of WSOC were three- to four- fold higher than background values, while DTCHO fluxes increased by
more than an order of magnitude, indicating highly efficient precipitation-mediated scavenging. However, these differences
were not statistically significant, likely due to the limited number of samples available. Total deposition fluxes during these
events reflected bothenhanced emissions and effective wet removal. Biomass burning episodes are also known to increase wet
deposition of nutrients, especially nitrate, underscoring their potential biogeochemical impact (Milinkovi¢ et al., 2022).
Saharan dust intrusions exhibiteda distinct pattern. Total depositionfluxes of WSOC and DTCHO were insignificantlyslightly
elevated, whereas primary sugars, sugar alcohols, and Total MB fluxes were generally comparable to or lower than background
levels. This indicates a limited contribution of biogenic carbohydrates during dust intrusions, with deposition dominated by

mineral dust and other, unspecified carbohydrate components. Similarly, Djaoudi et al. (2018) observed that the minimum

25



595

600

605

610

615

620

https://doi.org/10.5194/egusphere-2026-3179
Preprint. Discussion started: 15 July 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

atmospheric fluxes of soluble organic carbon, nitrogen, and phosphorus coincided with the Saharan event in April 2016,
indicating that atmospheric fluxes with a desert signature are typically depleted in soluble organic matter. Although no wet
deposition samples were collected during the Saharan dust intrusion in this study, which typically drives dust deposition to the
Mediterranean Sea, previous work has shown that dry deposition can also represent a substantial, or even the main pathway,
for the input of DOC and other chemical species to the Mediterranean (Morales-Baqueroet al., 2013; Galletti et al., 2020).

Biomass burning episodes generated the largest increases in both dry and wet deposition fluxes, particularly for WSOC and
DTCHO (including DMCHO and DPCHO), highlighting their role as major sources of atmospheric carbohydrates and organic
matter in general. Pollen episodes predominantly enhanced the deposition of primary sugars, whereas Saharan dust intrusions
had limited impact on carbohydrate fluxes. These findings underscore the importance of considering event-specific
atmospheric transport pathways and emission sourceswhen assessing organic matter and carbohydrate depositionin coastal
Mediterranean environments and indicate that episodic events can represent a significant fraction of the seasonal input of
organic carbon and carbohydrates to the surface environment, with potential implications for nutrient supply and coastal

biogeochemical processes.

3.4 Biogeochemical significance

Atmospheric deposition of dissolved organic matter provides episodic inputs of bioavailable carbon to surface waters in
receiving marine environments. To evaluate the potential impact of organic matter and carbohydrates introduced during high-
pollen episodes, Saharan dust intrusions, and biomass burning events on the adjacent Adriatic Sea, we estimated event-based
increases in surface layer DOC concentrations resulting from total deposition of WSOC and DTCHO. Given the high wet
deposition fluxes observed during biomass burning events and generally important role of precipitation in scavenging
atmospheric organic matter (e.g., Djaoudi etal., 2018), we quantified the specific contribution of wet depositionto bioavailable
DOC. During high-pollen and Saharan dust episodes, no wet deposition samples were collected, therefore, the potential
contribution of wet deposition during these events could not be assessed. All calculations were made assuming instantaneous
mixing within the upper 1 m of the water columnand are expressed relative to the average ambient DOC concentration (1.007
+0.099 mg L%; Furdek Turk et al., 2024).

Table 5. Mean + standard deviation of daily event based increases in surface layer bioavailable carbon concentrations (AC) in
the Adriatic Sea during pollen (POLL), Saharan dust (SD), and biomass burning (BB) episodes, derived fromwet and total
atmospheric deposition of WSOC and DTCHO, expressed as absolute values (ug Lt d-1) and relative changes (% d-1) with
respect to the average ambient DOC concentration (1.007 +0.099 mg L1), assuming instantaneous mixing within the upper 1
m of the water column.

Wet deposition AC (ug L'1d1l) DOC (% d?)
WSOCgB 50 £ 29 5+30
DTCHOsgB 37+ 24 4+£25
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Total deposition AC (ug L1d1) DOC (% d?)

WSOCpoLL 5+£2 <1
WSOCsp 6+£3 1+£3
WSOCgp 7+4 1+4

DTCHOproLL 2+1 <1

DTCHOsp 240 <1

DTCHOgB 3+£2 <1

Event based calculations showthat daily total deposition of WSOC and DTCHO during all events generally increased surface
layer DOC concentrations by 2—7 pg L-1d%, corresponding to 0.2—0.7% of the average ambient DOC pool (Table 5). Among
total deposition, biomass burning and Saharan dust events increased DOC slightly more than high-pollen episodes, reflecting
their generally higher WSOC inputs. DTCHO constituted a substantial fraction of the deposited WSOC in both wet and total
deposition. During total deposition, DTCHO accounted for approximately 30—40% of the WSOC derived carbon input, with
somewhat higher proportions during pollenepisodes (44%), and lower fractions duringbiomass burning (38%) and dust events
(31%). Although absolute DOC increases fromtotal deposition inputs are smaller relative to the ambient pool, the consistently
high DTCHO fraction indicates that a significant share of the deposited carbon is in carbohydrate, chemically labile form and
may therefore be readily bioavailable. In contrast, daily wet deposition during biomass burning events generated substantially
larger pulses, reaching up to 50 pg L1 d1, or 5% of the ambient DOC. In wet deposition during biomass burning events,
DTCHO contributed 74% of the WSOC derived increase, indicating that most of the wet deposited organic carbon is present
in carbohydrate form.

While total deposition representsa smaller but more continuous contribution across emission sources, wet deposition during
biomass burning events can deliver short but comparatively large pulses of such labile carbon, that may stimulate microbial
activity and induce transient biogeochemical responses in the surface layer. Overall, atmospheric deposition delivers episodic
inputs of bioavailable carbon to the surface waters of the Adriatic Sea, with effects that depend strongly on event intensity and
deposition mode. While the long-term contribution to the Adriatic carbon pool is modest, these episodic inputs may still exert

localized and short-term biogeochemical effects.

4 Conclusions

This study provides the first integrated characterization of atmospheric carbohydrates across dry, wet and total deposition
pathways at a coastal northern Mediterranean (central Adriatic) site, including the assessment of key regional atmospheric
sources, including high-pollen episodes, Saharan dust intrusions, and biomass burning events. By combining source-specific
molecular biomarkers, deposition flux calculations, and event-based analyses, the study identified the major sources
influencing atmospheric carbohydrates, quantified their transfer to the coastal environment, and evaluated their potential

significance for atmosphere—ocean carbon cycling in the Adriatic Sea.
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Atmospheric carbohydrate concentrations displayed pronounced variability driven by clear seasonal shifts indominant sources.
Mean PMzo concentrationwas 15.2 £9.7 ug m-3, with WSOC representing 9.4 + 3.9% of particulate mass and increasing from
0.90+£0.50 uig C m2inspringto 1.75+0.90 pg C m-2 in summer. Total MB showed a moderate seasonal increase from 32.6
+29.7ng m=2in springto 41.8 + 36.2 ng m-3 in summer, while individual biomarker groups revealed distinct seasonal source
signatures. Wet depositionwas the dominant removal pathway, with background WSOC and Total MB deposition fluxes of
14357 £7376 and 246 + 157 pug C m2 d1, respectively, exceeding dry deposition fluxes (558 £ 339 and 37 £ 26 pg C m2d-t,
respectively) by one to two orders of magnitude. The average background total WSOC deposition flux of 4376 + 2305 pg C
m-2d-1 was comparable to values reportedfor other Mediterranean coastal environments, indicating that atmospheric deposition
represents a continuous pathway for the transfer of organic carbon to surface waters.

Spring high-pollen episodes represented a major previously underestimated source of atmospheric carbohydrates. During
periods with airborne pollen concentrations exceeding 4000 grains m-3, primary sugars and Total MB increased by 247% and
149% in PMuo, respectively, and by 214% and 101% in total deposition relative to background conditions. The strong
correlations between airborne pollenand PMzo glucose (r=0.912,p < 0.01,N = 14) and Total MB (r =0.881,p < 0.01,N =
14) supported airborne pollen as a major contributor during these events. Biomass burning represented the strongest episodic
source of atmospheric carbohydrate enrichment and deposition. Residential wood burning during colder months and regional
wildfires during summer substantially increased atmospheric organic carbon and carbohydrate concentrations across all
atmospheric matrices. The largest impact was observed in wet deposition, where biomass burning events increased WSOC by
236%, Total MB by 510%, and DTCHO by 936% compared with background conditions. Enhanced anhydrosugar
concentrations inPMzo (+59%) further supported biomass burning as a major source of atmospheric carbohydrates. In contrast,
Saharan dust intrusions primarily increased particulate mass (+183%) without significantly increasing atmospheric
carbohydrate concentrations or deposition fluxes, indicating that Saharan dust, although important for mineral aerosol
transport, had limited direct influence on carbohydrate deposition. Increased summer sugar alcohols concentrations (+121%
in PMauo) further indicate an additional, although comparatively smaller, contribution from fungal emissions under warm
Mediterranean conditions.

During episodic emissions events, total daily atmospheric deposition of DTCHO and WSOC increased Adriatic Sea surface-
layer DOC concentrations by approximately 2—7 pg L1 d-1, correspondingto 0.2—0.7% of the ambient DOC pool. Importantly,
DTCHO accounted for approximately 30—40% of deposited WSOC, demonstrating that a substantial fraction of atmospheric
organic carbon reaches surface waters in potentially bioavailable carbohydrate forms. During biomass burning events, wet
deposition of WSOC produced substantially larger short-term inputs, increasing surface DOC concentrations by up to 50 g
L1 d! (approximately 5% of the ambient DOC pool), with DTCHO accounting for 74% of this contribution. Although
atmospheric depositionrepresents arelatively small contribution of the long-term coastal DOC reservoir, these episodic inputs
may trigger transient increases in microbial carbon availability and influence short-term coastal biogeochemical processes.
Owerall, this study demonstrates that atmospheric carbohydrate deposition in the coastal Mediterranean is shaped by the

combined influence of background emission sources, intense episodic local and regional events, atmospheric transport, and
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prevailing meteorological conditions. Background atmospheric carbohydrate composition reflects contributions from multiple
sources, including biogenic emissions such as vegetation- and fungal-derived inputs, as well as diffuse anthropogenic
contributions. In contrast, episodic events, particularly high-pollen emissions and wildfire episodes, produce short-term
increases inatmospheric carbohydrate concentrations and deposition, disproportionately enhancing inputs of chemically labile
organic carbon to coastal waters. These episodic events therefore represent important mechanisms linking terrestrial
ecosystems, atmospheric organic matter cycling, and marine biogeochemistry. The contrasting impacts of Saharan dust
intrusions further emphasize that emission sources characteristics, transport pathways and atmospheric organic matter
composition are important factors influencing atmosphere-ocean carbon transfer.

Compared with previous studies from Mediterranean and other coastal environments, this work advances current
understanding by quantifying the relative importance of different atmospheric sources contributing to carbohydrate deposition
rather than only characterizing atmospheric concentrations. Although pollen, biomass burning, fungal emissions, and desert
dust have previously been recognizedas important contributors to atmospheric organic matter, their respective contributions
to carbohydrate deposition remain largely unresolved, with the contribution of airborne pollen being particularly poorly
constrained in Mediterranean coastal environments. The present study provides the first quantitative assessment of the
contribution of pollen events to atmospheric carbohydrate deposition in a Mediterranean coastal environment, demonstrating
that high-pollen episodes can represent a major source of atmospheric carbohydrates. By integrating dry, wet, and total
deposition pathways with event-based assessment of multiple characteristic Mediterranean contributors, including pollen,
biomass burning, fungal emissions,and Saharan dust, this study provides new insight into the processes governing organic
carbon transfer between terrestrial ecosystems, the atmosphere, and coastal marine environments.

Despite limitations related to the single-site seasonal sampling period, limited wet deposition observations during individual
events, and the inability of biomarker-based source apportionment to fully resolve owverlapping emission sources, the
integrationof source-specific characteristics, event-based observations of organic matter and biomarker concentration patterns,
and deposition fluxes provides strong support for the identified dominant source influences. Future studies expanding
observations across multiple seasons, years, and Mediterranean regions, while integrating complementary source
apportionment approaches, could further refine atmospheric carbohydrate budgets and improve understanding of their response
to climate-driven changes.

Under future climate scenarios characterized by increasing temperatures, more frequent droughts, enhanced pollen production
(Ziska & Caulfield, 2000; Ziska et al., 2019), altered precipitation regimes, and more frequent and intense wildfires, both the
magnitude and chemical composition of atmospheric organic matter deposition are likely to change. This is particularly
relevant for Mediterranean ecosystems, where shifts in wildfire activity and terrestrial biological cycles may alter the timing,
intensity, and biogeochemical significance of atmospheric organic carbon inputs to coastal waters. Incorporating these event-
driven atmospheric processes into regional atmosphere-ocean carbon budgets will therefore improve assessments of coastal
ecosystem functioning, organic carbon cycling, and climate-biosphere feedbacks in the Mediterranean, and other coastal

marine environments.
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