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Abstract 11 

 12 

Aerosol (PM10), bulk deposition, sea surface microlayer (SML) and underlying water (ULW) 13 

samples were collected simultaneously during a field campaign at the middle Adriatic coastal 14 

site between February and July 2019, to assess the impact of atmospheric deposition (AD) of 15 

biologically relevant trace metals (TM) (Zn, Cu, Co, Ni, Cd and Pb) on the sea surface responses 16 

in an oligotrophic coastal region. Anthropogenic emissions from continental Europe, alongside 17 

local/regional domestic heating, likely affected the concentrations of Zn, Cd and Pb in aerosols 18 

during winter-early spring, while traffic emissions during the tourist season impacted Ni, Co 19 

and Cu aerosol concentrations. Additionally, open-fire biomass burning (BB) episodes caused 20 

considerable TM concentration increases, while Saharan dust intrusion in spring led to a 10-21 

fold increase in Co concentrations in PM10 samples. These intensive episodes significantly 22 

affected the bulk deposition fluxes of TMs, showing that a small number of such extreme 23 

events, common to Mediterranean coastal areas, could be responsible for most of the AD. 24 

Enrichments and concentrations of total TMs in SML samples collected following BB events 25 
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indicated that such events, along with high precipitation, influenced TM partitioning in surface 26 

water layers. We estimated that AD represents a significant source of TM to the shallow middle 27 

Adriatic coastal area, highlighting the need to further explore the atmosphere-sea surface links, 28 

to expand our understanding of the biogeochemistry of these important micronutrients and 29 

pollutants, including their impact on the aquatic community. 30 

 31 

1. Introduction 32 

 33 

Atmospheric deposition (AD) is recognized as a significant, and in some cases dominant, 34 

pathway by which anthropogenic and natural material is transported from the continent to 35 

coastal and open seas (Guerzoni et al., 1999). Once deposited through dry and wet processing, 36 

atmospheric aerosols provide the aqueous ecosystems with an external source of typical macro 37 

(N and P) and micronutrients (Fe), but also trace metals (TM) such as Zn, Co, Ni, Cd, Cu, Pb 38 

and Mn, whose importance is being acknowledged due to their impact on marine organisms 39 

(Baker et al., 2016; Bonnet and Guieu, 2006; Browning et al., 2017; Desboeufs et al., 2018; 40 

Hassler et al., 2012; Mahowald et al., 2018). TMs are essential to the aquatic microbial 41 

community as they limit or co-limit phytoplankton growth, act as enzymatic co-factors in 42 

various biochemical cycles, and participate in the uptake and metabolism processes of nitrogen, 43 

silicate, carbon, and phosphate (Lee et al., 1995, Morel and Price, 2003).  44 

The AD influx of TMs may be particulary important for oligotrophic environments, which 45 

account for up to 60% of the global ocean (Maranon et al., 2003). The Mediterranean Sea is a 46 

semi-enclosed oligotrophic sea that is under constant influence of anthropogenic and natural 47 

emissions brought by air masses from Europe, Africa and Asia (Kanakidou et al., 2011) and 48 

also receives the highest rate of aeolian material in the global ocean (Guerzoni et al., 1999).  49 
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An important source of crust-dominated aerosols containing macro- and micronutrients such as 50 

P, Fe, Zn, is Saharan dust, which is transported to the Mediterranean basin mainly in spring and 51 

summer in the form of non-continuous dust pulses, (Guieu et al., 2002; Guerzoni et al., 1997; 52 

Ridame et al., 1999). Despite the general paradigm that TMs from anthropogenic material are 53 

more soluble compared to those from lithogenic material, there are large uncertainties 54 

associated with TM solubility in atmospheric deposition and in marine surface waters (Baker 55 

et al., 2016; Chance et al., 2015; Fishwick et al., 2018, Mahowald et al. 2018), implying a 56 

potentially significant impact of dust TMs on the biogeochemistry of Mediterranean surface 57 

waters. 58 

The number of biomass burning (BB) events from wildfires increased drastically in recent 59 

decades throughout the Mediterranean area, causing severe economic and environmental 60 

damage (Pausas et al., 2004). Estimates of future climate change impacts suggest that the 61 

burned area and carbon emissions from BB will increase, particularly in the Mediterranean 62 

basins,  the Balkan regions and Eastern Europe (Migliavacca et al., 2013). Consequently, 63 

external AD inputs should become even more important for oligotrophic Mediterranean regions 64 

with increased aerosol loads, including plumes of Saharan desert dust (Moulin et al., 1997) and 65 

a shallower mixed layer depth, due to increasing temperatures.  66 

The majority of data related to AD impacts generated in the Mediterranean so far have been 67 

conducted in its western and eastern regions (e.g., Desboeufs et al., 2018, Eker-Develi et al., 68 

2006, Guieu et al., 2010, Heimburger et al., 2010), while only a limited number of studies are 69 

related to the Adriatic Sea sub-basin, and are generally restricted to its northern part (Contini et 70 

al., 2012, Rossini et al., 2001, 2005, Čačković et al., 2009). The Adriatic Sea is under the 71 

combined influence of local, regional and long-distance sources of natural and anthropogenic 72 

emissions. North Adriatic is considered one of the most eutrophic parts of the Mediterranean 73 

due to strong riverine inputs (Milliman et al., 2016, Siokou-Frangou et al., 2010). In contrast, 74 
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the middle and southern Adriatic present oligotrophic regions (Milliman et al., 2016, Cukrov et 75 

al., 2008, Ljubešić et al., 2007), where AD is expected to significantly affect primary production 76 

(Richon et al., 2017, Richon et al., 2018). Oligotrophic Adriatic regions are impacted by 77 

Mediterranean arid conditions with frequent transport of Saharan dust, and similar to the rest 78 

of the Mediterranean, exhibit a high to very high risk of wildfires during summer (Bakšić et al., 79 

2015), effects of which remain unexplored.  80 

AD onto the sea surface cannot be completely understood without considering the interfacial 81 

processes within the sea surface microlayer (SML). The SML is the top 1000 µm of the sea 82 

surface, governing all exchange processes between the atmosphere and the sea. It is a unique 83 

environmental niche, described as a gelatinous film that provides a home for complex microbial 84 

community (Cunliffe and Murrell, 2009, Stolle et al., 2020). The accumulation of organic 85 

matter (OM) in the SML facilitates the accumulation of TMs through complexation with 86 

organic ligands and physical interactions with particulate matter (Cunliffe et al., 2010, 2013, 87 

Hunter and Liss, 1981). There are many strategies that microorganisms use to successfully 88 

uptake TMs under TM-limiting conditions as well as mitigate the detrimental effects of 89 

increased TM concentrations. This is particularly demanding within the SML, where the 90 

interconnections between physical, biological and chemical processes such as AD impacts, OM 91 

production, (photo)transformation and degradation become especially relevant and are still 92 

surprisingly poorly characterized (Bakker et al., 2016; Engel et al., 2017; Mahowald et al., 93 

2018; Stolle et al., 2020). A better understanding of the increasingly important processes 94 

affecting the air-water region can only be achieved through studies that consider both 95 

atmospheric and sea surface compartments as an integrated whole (Engel et al., 2017). 96 

Therefore, this study focused on the AD impacts of biologically relevant trace metals (Zn, Cu, 97 

Co, Ni, Cd and Pb) on the complex sea surface responses of an oligotrophic coastal region, 98 

considering the SML at the air-water interface. A comprehensive dataset, comprising TM 99 
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concentrations in ambient aerosol particles, bulk deposition and sea surface, differentiating 100 

between the SML and underlying water, was obtained during a field campaign conducted from 101 

February to July 2019 on the middle Adriatic coastal site. This study aimed to: (i) provide new 102 

insights into the variability of aerosol TM levels in relation to different seasons, air-mass 103 

impacts and special events, such as open-fire BB emissions and Saharan dust inputs typical of 104 

the coastal Mediterranean area, (ii) identify the magnitude and temporal variability of 105 

atmospheric TM deposition fluxes to the coastal region, (iii) better understand the controlling 106 

factors and processes that can impact TM concentrations and enrichments at the air-water 107 

interface in the coastal environments. To the best of our knowledge, this work is the first study 108 

of its kind ever conducted in the Adriatic Sea area and paves the way to a better understanding 109 

of the linkage between the ocean and the atmosphere. Knowledge of the interactions between 110 

different environmental compartments, taking into account the role of environmental interfaces, 111 

represents a fundamental feature for understanding the impacts of various pressures on the 112 

environment in general. 113 

 114 

2. Materials and methods  115 

 116 

2.1. Site description  117 

 118 

Sampling of marine and atmospheric samples was conducted during the field campaign of 119 

BiREADI project, in the period from February 7th to July 10th 2019 at the coastal zone of the 120 

Šibenik archipelago at the middle Adriatic coastal area (Fig. 1). The sampling of the marine 121 

samples was performed along a 2 km long transect offshore of the small settlement of Jadrija 122 

(Fig. 1, red line) while  atmospheric sampling was conducted 2 km inland from the marine 123 

transect area, at a rural site Martinska (43°73′ N, 15°87′ E) (Fig. 1, blue dot). The study area 124 
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presents a coastal oligotrophic zone with low influence of the nearby Krka River runoff, while 125 

the city of Šibenik (population ∼34 000) is the only source of direct anthropogenic 126 

eutrophication (Gržetić et al., 1991; Legović et al., 1994). Lower reach of Krka River estuary 127 

is located about 3 km SE from the sampling transect and the general water circulation carries 128 

the water from the Šibenik Bay area towards the S and SE direction, i.e. away from our study 129 

zone. The region is generally characterized by extensive tourism and mariculture. The climate 130 

is Mediterranean, with mild, wet winters and warm to hot, dry summers, and the middle Adriatic 131 

coastal area is permanently exposed to from high to very high fire risk, with a long history of 132 

extreme forest fires (Šiljković and Mamut, 2016). 133 

 134 

 135 

 136 

Fig. 1. Sampling area on the coastal middle Adriatic area, Croatia. The seawater sampling 137 

transect and the atmospheric sampling site are marked with a red line and a blue dot, 138 

respectively. 139 
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 140 

2.2. Marine sample collection and analysis 141 

 142 

The SML was collected using an in-house constructed rotating drum sampler operated by an 143 

electromotor from on board a rubber auxiliary boat propelled by an electric engine, to prevent 144 

contaminations. The sampling cylinder (40 cm diameter) was made of 145 

poly(methyl)methacrylate (PMMA). Before use the cylinder was cleaned with 10% 146 

hydrochloric acid (p.a., Merck, Darmstadt, Germany) and rinsed with deionized ultrapure Milli-147 

Q water (Millipore, Billerica, USA). Prior to each sampling, the sampler was operated for at 148 

least 15 minutes to ensure thorough rinsing with seawater. Samples were collected by a 149 

PTFE/PC wiper directly into plastic bottles (fluoropolymer Nalgene FEP) cleaned with nitric 150 

acid and Milli-Q water for TM analysis and into glass bottles washed with chromic-sulfuric 151 

acid for OM analysis. Both were rinsed two to three times with the sample before collection. 152 

The thickness of the sampled SML (20 ± 3 µm) was calculated using the dimensions of the 153 

rotating cylinder, the number of rotations and the volume of sample collected. The ULW 154 

samples were collected from 1 m depth parallel to the SML along the same transect directly 155 

into acid cleaned FEP/glass sampling bottles.  156 

 157 

2.2.1. Trace metals in marine samples 158 

 159 

Samples for determining dissolved TM concentrations in the SML and ULW were first 160 

filtrated using a syringe 0.45 µm cellulose nitrate membrane filters (Sartorius) into FEP bottles 161 

and then acidified to pH ≤ 2 with nitric acid (Suprapur®, Merck, Darmstadt, Germany). 162 

Unfiltered samples were acidified to pH ≤ 2 with nitric acid. All samples were then UV-163 

irradiated (150 W mercury lamp, Hanau, Germany) for 24 to 48 hours to remove naturally 164 
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present OM (Omanović et al., 2006). The concentration of TMs in the unfiltered acidified 165 

samples represents the acid-leachable, quasi-total concentration of TMs, but will be referred to 166 

as total TM concentrations throughout the text (Cindrić et al., 2015; Cuculić et al., 2009; Cukrov 167 

et al., 2008). TM concentrations were obtained by voltammetry using the ECO Chemie 168 

μAUTOLAB multimode potentiostat (Utrecht, The Netherlands) connected to a three-electrode 169 

Metrohm 663 VA STAND system (Herissau, Switzerland). A hanging mercury drop was used 170 

as a working electrode. Cu, Cd, Pb and Zn concentrations were determined by differential pulse 171 

anodic stripping voltammetry (DPASV) and Ni and Co by adsorptive cathodic stripping 172 

voltammetry (ACSV), with standard additions. Most important experimental parameters are 173 

provided in Table S1. The limits of quantification (LOQ) obtained in acidic Milli-Q water were 174 

1, 2, 5, 10 ng L-1 for Cd, Pb, Cu and Zn, respectively, and 1 and 10 ng L-1 for Co and Ni, 175 

respectively. The accuracy of the voltammetric methods used was tested using a seawater 176 

reference material for trace metals (NASS-6), and all measured metal concentrations were 177 

within the reported certified values (Table S2). 178 

 179 

2.2.2. Organic matter in marine samples 180 

 181 

Seawater samples were analysed for dissolved (DOC) and particulate organic carbon (POC) 182 

according to the methods EN 1484:2002 in a laboratory accredited according to the HRN EN 183 

ISO/IEC 17025:2017 standard. Seawater aliquots were filtrated using glass fibre filters (GF/F 184 

0.7 µm Whatman, Maidestone, UK) precombusted for 4 h at 450 °C, in an all-glass filtering 185 

system (Millipore, Billerica, USA). For POC analysis, GF/F filters containing samples were 186 

stored at -80 °C until analysed. Filtrates for DOC analysis were collected in duplicates into 22 187 

mL glass vials which were previously washed with chromic-sulfuric acid, rinsed with Milli-Q 188 

water and precombusted at 450 °C for 4 h. Samples were preserved with HgCl2 (final 189 
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concentration 10 mg L-1) and stored in the dark at 4 °C until analysis. For DOC measurements, 190 

a TOC-VCPH analyser (Shimadzu) with platinum silica catalyst and non-dispersive infrared 191 

(NDIR) detector for CO2 measurements was used. Concentration was calculated as the average 192 

of 3 – 5 replicates. The average instrument and Milli-Q blank correspond to 0.03 mg L–1 (n = 193 

33) with high reproducibility (1.6%). POC was analysed with a solid sample module SSM-194 

5000A associated to the Shimadzu TOC-VCPH analyser calibrated with glucose. After 195 

acidification with hydrochloric acid (2 M) to remove the inorganic carbonate fraction, the filters 196 

were dried for 12 h at 50 °C. The samples were combusted in a flow of oxygen at 900 °C, and 197 

the produced CO2 was detected by an NDIR detector. POC concentrations were corrected based 198 

on the blank filter measurements. The average instrument and Milli-Q blanks correspond to 199 

0.005 mg L–1. The reproducibility determined using a glucose standard was 3%. 200 

 201 

2.3. Atmospheric sample collection and analysis 202 

 203 

PM10 samples were collected continuously as 48-h samples on Pallflex membrane quartz 204 

fibre filters (Pall Life Sciences, Port Washington, New York) using a low-volume automatic 205 

sampler PNS 18T-DM-3.1 (Comde-Derenda, Stahnsdorf, Germany) mounted on top of the 206 

sampling station (~10 m above ground level (a.g.l)), at a flow rate of 2.3 m3 h-1. After sampling, 207 

one half of each filter was used for TM analysis. Operational blank filters were processed in the 208 

same way as the collected samples, but without air exposure. Bulk deposition samples were 209 

collected with a Bergerhoff collector into HDPE bottles cleaned with nitric acid according to 210 

EN 15841:2009 Standard. Samples containing total wet and dry deposition were collected at 2-211 

week intervals.  212 

 213 

2.3.1. Trace metals in atmospheric samples 214 
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 215 

The PM10 samples and bulk deposition samples were analysed for Cd, Pb and Ni according 216 

to the methods EN 14902:2005 and EN 15841:2009 in a laboratory accredited for these methods 217 

according to the HRN EN ISO/IEC 17025:2017 Standard. The same protocols and quality 218 

control assurance were applied for sample preparation and analysis of Cu, Zn and Co. PM10 219 

samples were digested with nitric acid (65% p.a. Merck) in an UltraCLAVE digestion system 220 

(Milestone Srl, Italy) using an application note for paper filter digestion (maximum temperature 221 

240 °C, maximum pressure 130 bar and maximum microwave power 1000 W). Bulk deposition 222 

samples were quantitatively transferred to an evaporating dish, passing through a plastic screen 223 

(mesh size ~1 mm). Samples were evaporated to dryness, mixed with nitric acid and transferred 224 

into the digestion vessel for UltraCLAVE. The samples were further digested in the same way 225 

as PM10 samples. All solutions of the atmospheric samples were analysed by inductively 226 

coupled plasma mass spectrometry (ICP-MS 7500cx, Agilent Technologies, Waldbroon, 227 

Germany). Collision mode with helium gas was used to remove the interferences. A solution 228 

containing Sc, Ge, Rh, Lu and Bi was added to all samples as an internal standard. Several 229 

certified reference materials (ERM CZ-120, NIST 1648a) were analysed each time along with 230 

samples as part of a quality control protocol. Recovery rates ranged within ± 10% of the 231 

certified values(Table S2). 232 

 233 

2.4. Meteorology and air-mass backward trajectories analysis 234 

 235 

Air temperature, air pressure, wind speed and direction were recorded at the Martinska 236 

station during the sampling campaign. The daily average temperature, wind speed and measured 237 

daily precipitation are presented in Fig. 2. Following a distinct seasonal pattern, the coldest 238 

sampling month was February (8.7 ± 1.8 °C), while the maximum temperature was reached in 239 
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June – July period (27.4 ± 2.9 °C). Precipitation was highly variable during the investigated 240 

period with a mean value of 16.6 ± 11.0 mm. February was characterized by a minimum total 241 

rainfall of 2.5 mm, while the observed monthly mean precipitation maximum during the April 242 

– May period (21.4 ± 8.8 mm) was typical for the area. According to the Croatian 243 

Meteorological and Hydrological Service, in 2019 the Šibenik area was characterized by above-244 

average annual precipitation, and above average annual air temperature compared to a multi-245 

year average (1981 – 2010)  246 

(https://meteo.hr/klima_e.php?section=klima_pracenje&param=ocjena&MjesecSezona=godin247 

a&Godina=2019, accessed January 10th, 2021). The average wind speed during the study period 248 

was 6.0 ± 4.5 m s-1, with strong N to N/NE Bora winds (over 15 m s-1) blowing from the 249 

mountainous region to the sea prevailing during the winter and early spring months. Southerly 250 

winds (up to 10 m s-1 on average) blowing from the sea were also generally frequent, especially 251 

from March to July. Generally, a decrease in wind speed was observed from February towards 252 

summer (Fig. 2).  253 

 254 
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Fig. 2. Temporal variations of daily average meteorological parameters during the sampling 256 

campaign at the costal middle Adriatic site. The coloured vertical lines indicate the periods of 257 

open-fire BB (light yellow) and Saharan dust (light grey) events recorded during the sampling 258 

period.  259 

 260 

Analysis of air-mass backward trajectory (AMBT) was performed using NOAA Hybrid Single 261 

Particle Lagrangian Integrated Trajectory Model (HYSPLIT), with Global Data Assimilation 262 

System (GDAS; 1 degree, global, 2006 – present) to differentiate between the main air-mass 263 

origins and long-range transport (Fig S1). Back-trajectories were calculated for 72-h time 264 

intervals with a 24-h frequency, which corresponds to three representative time points during 265 

the 48-h sampling period (beginning, middle, and  end of the sampling time for each PM 266 

sample). The plots represent a trajectory ensemble of 3 single backward trajectories, ending at 267 

the sampling site at 5 m a.g.l.. Two source sectors were selected according to the dominant 268 

direction of the air-mass trajectory and its relative retention in the respective sectors: (a) marine 269 

sector - corresponding to marine air masses that spent most of their time over the open Adriatic 270 

Sea and/or Mediterranean Sea and (b) continental sector - corresponding to air masses that spent 271 

most of their time over the continental Europe (Figs. S1a and S1b). Samples not belonging to 272 

these groups were characterized as “undetermined” (mixed) cases (33% of the dataset) and were 273 

excluded from further discussion to provide unambiguous insight into the effects of contrasting 274 

long-distance source regions. The air masses reaching the middle Adriatic site during winter 275 

and early spring period (February – April) were predominantly from the continental sector, 276 

while the marine inflow significantly affected the area during late spring and summer period 277 

(May – July) (Fig. S2).  278 

 279 

2.5. Specific events 280 
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 281 

Three intense open-fire BB events in winter (February 16th – 21st), spring (March 31st – April 282 

2th) and summer (June 6th – 15th) were identified in the area according to AMBT analysis and 283 

Šibenik county fire department archive data (http://www.vatrogastvo-sibenik-knin.hr/, 284 

accessed January 20th, 2020), where compiled information on the intervention type (e.g., air-285 

force intervention), fire duration, surface area attacked, and type of vegetation affected is 286 

registered. During the selected periods, intensive simultaneous and/or continuous open fires of 287 

grass, low plants, pine and olive tree forests were reported in the Šibenik county area within a 288 

radius of up to 20 km from the sampling location. The Saharan dust intrusion period was 289 

identified between April 21st – 25th according to AMBT analysis (Fig. S3). 290 

 291 

2.6. Statistical analysis 292 

 293 

The Shapiro-Wilk test was used to test the aerosol data for normality (n = 72, a = 0.05). 294 

Since the data were not normally distributed, Spearman's correlation coefficients were used to 295 

determine the correlations between aerosol data. Origin 7 (Origin Lab) and CorrData 296 

(https://sites.google.com/site/daromasoft/) softwares were used for statistical analysis. Kruskal-297 

Wallis One-way analysis of variance (KW-ANOVA) was carried out to determine if there were 298 

significant differences between the variables. 299 

 300 

3. Results and discussion  301 

 302 

3.1. Variabilities of TM concentrations in atmospheric aerosols  303 

 304 

http://www.vatrogastvo-sibenik-knin.hr/
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The temporal distribution of TM concentrations in the PM10 samples collected at the middle 305 

Adriatic site in the period from February to July 2019 is presented in Fig. 3 while a statistical 306 

summary is shown in Table 1. The concentrations of investigated TMs in PM10 were of the 307 

order of magnitude found over remote western Mediterranean areas (Calzolai et al., 2015; 308 

Tovar-Sánchez et al., 2019b), but significantly lower compared to urban/industrial regions in 309 

the SE part of Italy (Contini et al., 2014), Greece (Manalis et al., 2005) as well as those 310 

measured in the northern Adriatic area (Contini et al., 2012, Toscano et al., 2011).  311 

 312 

 313 

 314 

Fig. 3. Total concentrations of Cd, Cu, Pb, Ni, Zn, Co in PM10, sea surface microlayer (SML), 315 

underlying water (ULW) and bulk deposition (BD) samples collected at the middle Adriatic 316 

site. The coloured vertical lines indicate periods of open-fire BB (light yellow) and Saharan 317 

dust (light grey) events recorded during the sampling period.  318 
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The concentrations of Zn, Cd and Pb were higher in the period between February and May and 320 

showed a strong mutual positive correlation (Table 2) which pointed to their common, 321 

anthropogenic origin (Birmili et al., 2006; Contini et al., 2012; Grgić et al., 2009; Manoli et al., 322 

2002; Thurston et al., 2011). Indeed, considering the air-mass origins, concentrations of Zn, Cd 323 

and Pb in samples affected by the continental sector were significantly higher (p < 0.05) than 324 

those affected primarily by the marine inflow (Table 1), indicating more polluted continental 325 

impact in comparison to the southern marine inflows. The variable monthly contributions of 326 

continental and marine inflows (Fig. S2) showed that during the February – April period, when 327 

northern air-mass inputs dominated, anthropogenic emissions from industrial/urban activities 328 

in continental Europe can be treated as important factors affecting the concentrations of Zn, Cd 329 

and Pb at the middle Adriatic coastal area. It is worth noting that the world demand for Zn, Cu, 330 

Ni and Pb almost doubled between 2000 and 2020, indicating industrial activities as 331 

increasingly important sources of these elements (Watari et al., 2021). 332 

 333 

Table 1 Average trace metal concentrations (ng m-3) and standard deviation in PM10 samples 334 

and their distribution by dominant air-mass sectors and specific events (biomass burning BB; 335 

Saharan dust: SD) in comparison to the seasonal background levels at the middle Adriatic 336 

coastal site.  337 

 338 

Overall February–July 

Co 0.08±0.09 

Ni 1.09±0.77 

Cu 1.99±1.72 

Zn 10.08±5.34 

Cd 0.06±0.06 

Pb 2.35±1.72 

Air-mass sector Continental (N, NW)   Marine (S, SE) 

Co 0.07±0.05 0.10±0.14 

Ni 1.21±1.02 1.26±0.72 

Cu 2.68±2.4 2.14±1.63 
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 339 

The seasonal background distribution of Zn, Cd and Pb concentrations showed a decrease from 340 

winter towards spring and summer (Table 1), and a negative correlation with temperature (Table 341 

S3), indicating the impact of local/regional domestic heating activities on Zn, Cd and Pb levels 342 

during the cold period in this mostly rural area. A significant decrease in the concentrations of 343 

Zn, Cd and Pb was observed from end of April, when temperatures increased sharply and the 344 

dominance of marine air-mass inflow in the area occurred (Fig. S2),. The concentrations of Ni, 345 

Co and Cu showed a mutual, statistically significant positive correlation, but unlike Zn, Cd and 346 

Pb, were positively correlated with temperature, although statistically significant only for Co 347 

(Table S3). Moreover, their concentrations were slightly higher in summer than in winter, which 348 

was more pronounced in the case of Ni and Co. Ni, as one of the main impurities in heavy fuel 349 

oils, is considered a proxy for marine traffic emissions (Becagli et al., 2017), while the sources 350 

of Co include wind-blown dust, seawater spray, volcanoes, forest fires, fossil fuels, continental 351 

and marine biogenic emissions, industrial emissions, and Ni production (Barceloux, 1999; 352 

Crundwell et al., 2011; Kim et al., 2006). The potential source of atmospheric Cu, whose 353 

concentrations increased from spring towards summer, may have been brake abrasion from road 354 

traffic (Querol et al., 2007; Reizer et al., 2016), which is expected to increase during the summer 355 

Zn 14.16±5.84 8.67±4.39 

Cd 0.11±0.07 0.04±0.04 

Pb 3.72±1.92 1.93±1.48 

Seasonal background  Winter (Feb-Mar) Spring (Apr-May) Summer (Jun-Jul) 

Co 0.05±0.03 0.03±0.02 0.09±0.04 

Ni 0.88±0.52 0.72±0.38 1.38±1.08 

Cu 2.03±2.2 1.32±1.13 2.09±1.08 

Zn 11.06±3.57 8.46±3.84 6.68±2.07 

Cd 0.08±0.04 0.04±0.04 0.04±0.01 

Pb 2.71±1.43 1.49±1.11 1.67±0.39 

Events BB Winter BB Spring SD Spring BB Summer 

Co 0.13±0.08 0.13±0.09 0.35±0.21 0.21±0.11 

Ni 2.15±0.27 1.55±0.68 2.00±0.54 2.00±0.61 

Cu 5.28±1.36 3.67±0.92 1.50±0.23 2.85±0.28 

Zn 27.14±1.39 21.2±3.67 11.2±1.45 10.14±0.61 

Cd 0.19±0.01 0.25±0.03 0.07±0.02 0.05±0.01 

Pb 7.26 ± 0.49 6.41 ± 0.28 3.39 ± 0.99 2.55 ± 0.42 
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tourist season at the coastal Adriatic area. No significant difference in Ni, Co and Cu 356 

concentrations was observed between the continental and marine air-mass sectors (Table 1), 357 

implying that both long-range transport and/or local sources could influence their levels in PM10 358 

samples. Since the air masses from the marine sector dominated during the May – July period, 359 

emissions from maritime transport could particularly affect Ni levels in the middle Adriatic 360 

during the warmer tourist season. Indeed, a high influence of ship emissions originating from 361 

both local harbours and maritime traffic across the Adriatic has been previously confirmed 362 

(Bencardino et al., 2014).  363 

To evaluate the impact of Saharan dust inputs and open-fire BB emissions in the area, average 364 

TM concentrations in samples affected by these events were compared to the average 365 

concentrations of corresponding seasonal background levels, considering only samples without 366 

the special event inputs (Table 1). The intensive BB periods in winter, spring, and summer 367 

caused considerable concentration increases of all TMs studied, especially during the winter 368 

episode when all TMs showed a 2.5-fold increase, and during the spring episode when the TM 369 

levels were from 2.2 times (Ni) to 6.3 times (Cd) higher compared to their average seasonal 370 

background values. During the BB event in summer, Co showed the most significant increase, 371 

approximately 2.4-fold above its summer seasonal background value. Numerous studies have 372 

examined the effects of BB on ambient aerosol mass and ambient chemical composition (e.g., 373 

Chuang et al., 2013; Engling et al., 2009; Jaffe et al., 2008). Distinct regional characteristics of 374 

BB smoke have been observed, suggesting that local BB emissions dominate aerosol chemistry, 375 

while  transport and mixing of BB aerosols from upwind sources are also common (e.g., Zhang 376 

et al., 2012). Therefore, the TM levels in PM10 affected by emissions from open fires in different 377 

seasons could be influenced by the combined effects of several factors such as fire intensity, 378 

distance from the sampling site, the attacked surface area, type of burning material, and the 379 

chemical and physical aging of the BB plumes (Hodshire et al., 2019).  380 
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Saharan dust intrusion in spring caused a considerable, 10-fold increase in Co concentration in  381 

PM10 compared to respective background levels, confirming that dust intrusions are an 382 

important Co source in addition to BB emissions (Almeida-Silva et al., 2013, 2014; Heimburger 383 

et al., 2012).  384 

 385 

3.2. Bulk deposition fluxes of TMs 386 

 387 

Temporal variations of bulk TM deposition fluxes investigated at the middle Adriatic site 406 

are shown in Fig. 3 while the data overview and comparison with other Mediterranean regions 407 

are given in Table 2. Overall, 83% of the bulk deposition samples sustained at least one event 408 

with more than 1 mm of precipitation, while only 2 dry periods were observed: February 20th – 409 

March 5th and June 12th – 26th, 2019. 410 

Zn exhibited the highest bulk deposition fluxes, followed by Cu and Ni. The determined values 411 

were lower compared to north Adriatic Venice area, impacted by strong local and long-range 412 

transport of anthropogenic emissions (Table 2) (Rossini et al., 2005). Compared to other 413 

Mediterranean regions, bulk deposition fluxes of Cu and Zn at the middle Adriatic area were 414 

similar, adding to the hypothesis of a uniformly polluted atmospheric background above the 415 

Mediterranean (Guieu et al., 2010).  416 

 417 

Table 2 Bulk deposition flux ranges and averages (in parentheses) (µg m-2 d-1) of analysed TMs 418 

at the middle Adriatic coastal site, alongside those reported for other Mediterranean regions. 419 

 420 

  Cd Pb Cu Zn Ni Co 

Middle Adriatic 

(2019)* 

0.01–0.09 

(0.03±0.02) 

0.4–2.9 

(1.4±0.8) 

1.2–10.8 

(4.2±3.1) 

5.0–47.2 

(13.5±12.1) 

0.5–12.9 

(3.5±3.8) 

0.03–0.64 

(0.20±0.18) 

Middle Adriatic 

(1999-2004)1 

0.08–0.6 

(0.45±0.18) 

7.9–14.9 

(10.2±2.3) 
     

Middle Adriatic 

(1999-2004)1 

0.10–0.63 

(0.44±0.18) 

2.5–6.2 

(4.0±1.3) 
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Corsica  

(2008-2011)2 
  (2.9±2.9) (15.6±5.2) (0.57±0.03)   

N Adriatic  

(1995-1996)3 
(0.7±2.2) (31.5±13.9) (18.5±6.3)  (6.4±2.5)  

Venice  

(1993-1997)3 
(0.60±0.30) (57.5±23.3) (30.9±5.7)  (9.5±1.1)   

Venice  

(1998-1999)4 
(0.40±0.20)  (11.8±2.2) (79.4±21.2)    

NE Greece 

(2001-2002)5 
0.09 3.8  30.7    

S Greece  

(2001-2002)5 
0.08 2.7  23.8    

S France (1991)6 (0.80–3.50) 8.8 7.4 5.4 2.5 0.10–1.10 

*This study; 1Čačković et al., 2009; 2Desboueufs et al., 2018; 3Rossini et al., 2001; 4Rossini et al., 2005; 5Guieu 421 

et al., 2010; 6Guieu et al., 1997. 422 

 423 

Bulk deposition fluxes of Cd (average 0.03 ± 0.02 µg m-2 d-1) and Pb (average 1.41 ± 0.79 µg 424 

m-2 d-1) were significantly lower compared to north Adriatic region. Comparison of the obtained 425 

TM deposition fluxes with a 6-year study performed in the period between 1999 and 2004 at 426 

the middle Adriatic coastal region (Čačković et al., 2009) indicated a substantial decrease in Pb 427 

and Cd, potentially due to the increased use of lead-free fuel and a reduction of industrial 428 

activities in the area.  429 

Bulk TM deposition fluxes obtained at the coastal Adriatic area showed a high degree of 430 

variability, with specific periods contributing significantly to the overall bulk deposition fluxes 431 

of certain metals (Fig. 3). The Saharan dust event contributed between 8% of the total Zn and 432 

29% of the total Co bulk deposition flux, while for other TMs (Cd, Pb, Cu and Ni) this event 433 

accounted on an average for 12% of the total bulk deposition flux. A single BB event in spring, 434 

coupled with several heavy rain events, also contributed strongly and caused a deposition 435 

maximum identified for all TMs except for Co; accounting for between 7% and 33% of the total 436 

Co and Ni bulk deposition fluxes respectively, and 25% of the total bulk deposition fluxes of 437 

Cd, Pb, Zn and Cu, respectively. The significance of wet deposition compared to dry deposition 438 

may change based on the removal efficiency of the two mechanisms and the local availability 439 
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of precipitation (Muezzinoglu and Cizmecioglu, 2006). For example, episodic wet deposition 440 

is considered the predominant removal mechanism for ecotoxicologically relevant metals in 441 

Germany at high latitudes (Gromping et al., 1997), whereas in semi-arid, Mediterranean regions 442 

with low precipitation, continuous dry deposition is most important on an annual basis (Grantz 443 

et al., 2003; Muezzinoglu and Cizmecioglu, 2006). Middle Adriatic is a watershed influenced 444 

by both Mediterranean and continental climate, with very little rain occurrences during the 445 

summer months. However, monthly averages can often be exceeded (Branković et al. 2013) 446 

and the analysis of annual precipitation in 2019 categorized the middle Adriatic area as wet to 447 

very wet 448 

(https://meteo.hr/klima_e.php?section=klima_pracenje&param=ocjena&MjesecSezona=godin449 

a&Godina=2019), indicating that precipitation may be an important pathway for the removal 450 

of atmospheric TMs at the coastal middle Adriatic area, as observed for other regions 451 

worldwide (Duce and Tindale, 1991; Spokes and Jickells, 2002). Indeed, statistically significant 452 

negative correlation between precipitation and aerosol concentrations of all TMs (Table S3) as 453 

well as the observed relationship between high bulk TM deposition fluxes and the highest 454 

precipitation amounts, indicated efficient TM removal from the atmosphere by wet deposition 455 

at the middle Adriatic area. However, our theoretical estimations of dry TM fluxes (Appendix 456 

S1) showed that dry TM deposition is also important for the investigated area, additionally 457 

confirming a high degree of uncertainty when a single fixed value for the dry deposition 458 

velocity (Vd) is used for the calculation. Therefore, future studies are necessary to more clearly 459 

distinguish between the specific contributions of wet and dry deposition in the area and their 460 

impact on the further cycling of TMs within the aquatic environment.  461 

Compared to riverine inputs, the atmosphere is still a major source of TMs in the Mediterranean 462 

region, providing essential micronutrients for marine biochemical cycles (Guieu et al., 2010). 463 

This is especially relevant for the oligotrophic middle Adriatic where the pristine Krka River, 464 

https://meteo.hr/klima_e.php?section=klima_pracenje&param=ocjena&MjesecSezona=godina&Godina=2019
https://meteo.hr/klima_e.php?section=klima_pracenje&param=ocjena&MjesecSezona=godina&Godina=2019
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along with the karstic Zrmanja and Cetina Rivers present the only riverine inputs in this area. 465 

For comparison, one of the main sources of TMs in the north Adriatic is the Po River, 466 

accounting for approximately 40% of the total discharge of Adriatic rivers (Milliman et al., 467 

2016). The ratio of atmospheric TM deposition (Table 2, North Adriatic, as reported by Rossini 468 

et al., 2001) and riverine TM input for the north Adriatic area of 25000 km2 was calculated as 469 

0.7 for Cd and Cu, and 2 for Pb (Rossini et al., 2001). Considering the TM input data of the 470 

Krka River (Cukrov et al., 2008), which were coupled with the atmospheric bulk TM deposition 471 

data in this work, the ratios of atmospheric TM deposition to Krka River TM input for the same 472 

surface were: 103, 339 and 604 for Cd, Cu and Pb, respectively. Although this is a rough 473 

estimate, it highlights the importance of atmospheric TM deposition and the necessity of 474 

investigating its biological impacts in the oligotrophic Adriatic region. In addition, occasional 475 

intense open-fire BB episodes and Saharan dust intrusions significantly affected bulk TM 476 

deposition, showing that even a small number of such extreme atmospheric events could 477 

provide a significant source of TMs and be responsible for most of the atmospheric deposition 478 

to the coastal water zones of the area. 479 

 480 

3.3. Variabilities of TMs in the sea surface layers  481 

 482 

The concentration ranges along with average values of the measured total and dissolved TMs 483 

in the SML and ULW are presented in Table 3, while the temporal distributions of the total 484 

TMs in the SML and ULW are given in Fig. 3. The concentrations of all measured dissolved 485 

and total TMs in SML and ULW are listed in Table S4. The highest concentrations in both total 486 

and dissolved fractions of the ULW were determined for Zn, followed by Ni, Cu, Pb, Co and 487 

Cd. 488 

 489 
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Table 3 Total (T) and dissolved (D) TM concentrations and average values (in parentheses) (ng L-1) in the SML and ULW at the middle Adriatic 491 

coastal site, compared to values reported for other coastal regions.  492 

Location   Cd Pb Cu Zn Ni Co 

    SML 

Middle Adriatic* T 
6.0–28.3 

(10.3±6.4) 

42.8–348.1 

(126.2±112.3) 

251.3–2858.5 

(904.5±868.7) 

306.6–4274.9 

(1287.7±1180.8) 

339.4–744.2 

(491.5±150.8) 

15.9–89.1 

(32.8±22.2) 

Middle Adriatic* D 
5.2–9.6 

(7.3±1.6) 

21.9–38.8 

(30.1±6.1) 

151.1–1429.9 

(517.2±392.3) 

347.8–1261.7 

(569.4±268.6) 

237.9–402.7 

(335.7±54.0) 

7.4–23.2 

(16.4±4.8) 

Mediterranean area1 T (24.0±6.0) (1153.0±329.0) (787.0±133.0)  (546.0±76.0) (33.0±12.0) 

NE Atlantic1 T 36.0±13.0 2333.0±811.0 7753.0±1843.0  276.0±59.0 16.0±9.0 

Singapore2 T 20.0–80.0 110.0–510.0 1250.0–5720.0 5420.0–15370.0 460.0–2100.0   

S France3 D 8.5 94 1068 1000 199 13 

Singapore2 D 20.0–50.0 20.0–120.0 270.0–720.0 1790.0–3310.0 310.0–500.0   

    ULW 

Middle Adriatic* T 
5.5–10.0  

(7.5±1.5) 

29.4–82.7  

(45.5±14.0) 

180.8–517.2 

(304.0±106.4) 

273.7–4284.3 

(1173.8±1332.2) 

307.0–367.3  

(336.7±20.2) 

13.7–23.4 

(19.2±3.2) 

Middle Adriatic* D 
5.4–10.5  

(7.4±2.0) 

8.2–31.6  

(23.6±6.9) 

136.4–417.3 

(232.3±79.3) 

310.6–1294.1 

(622.9±296.7) 

231.6–336.8  

(298.4±29.1) 

15.7–19.9 

(18.2±1.3) 

Middle Adriatic4 T 7.8 20.9 228.7 340 437.2 21.2 

NE Adriatic5 T 8.9–29.2 41–290 190.0–1270.0     

W Mediterranean6 T (8.0±1.0)  (123.0±20.0)   (7.0±1.0) 

E Mediterranean6 T (10.0±1.0)  (133.0±11.0)   (9.0±3.0) 

Middle Adriatic4 D 7.5 14.4 203.3 294.2 410.8 21.2 

NE Adriatic5 D 7.6–28.1 18.0–82.0 127.0–699.0     

S Adriatic7 D 6.3–7.8 14.0–32.0 120.0–220.0 300.0–680.0 290.0–510.0 12.8–38.4 

S France8 D 5.6–9.0 29.0–75.0 100.0–260.0 910.0–2020.0 330.0–580.0 13.0–59.0 

W Med9 D 9.6 26 100 170 190   
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*This study; 1Tovar-Sánchez et al., 2019a; 2Cuong et al., 2008 3Ebling and Landing 2015, 4Cindrić et al., 2015; 5Illuminati et al., 2019; 6Tovar - Sanchez et al., 2014; 7Cuculić 493 

et al., 2018; 8Oursel et al., 2013; 9Yoon et al., 1999. 494 
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The concentrations in the ULW were within expected ranges compared to surface layers in 495 

other Mediterranean areas, similar to those reported for the south Adriatic, but lower than those 496 

measured in the north Adriatic under the strong influence of Po River (Illuminati et al., 2019; 497 

Rossini et al., 2001). Total and dissolved Co, Pb and Cd concentrations in the ULW exhibited 498 

no clear temporal trends, while dissolved Cu and Zn concentrations showed a decrease from 499 

February/March to May, after which an increase was observed. Dissolved and total Ni showed 500 

a slight increase from late winter towards summer. 501 

Concentrations of TMs in the SML showed much higher variability compared to the ULW, 502 

especially in the total fraction (Table 3, Fig. 3), indicating a higher variability of particulate 503 

matter associated TMs in the SML. The highest concentrations of both total and dissolved TMs 504 

in the SML were determined for Zn, followed by Cu, Ni, Pb, Co and Cd. Compared to other 505 

Mediterranean regions, the determined concentrations of dissolved and total TMs in the SML 506 

at the middle Adriatic coastal site were within the same orders of magnitude. Despite the high 507 

variability of total and dissolved TM concentrations in the SML, a general decrease in TM 508 

concentrations was observed from late winter towards summer, with an isolated increase on 509 

June 27th. However, dissolved Ni and Zn concentrations in the SML generally showed a slight 510 

increase for the same period. Statistically significant correlations between the SML and ULW 511 

total and dissolved TM concentrations were not found. It is expected that multiple physical, 512 

chemical and biological processes taking place in the SML could affect the partitioning and 513 

diffusion of TMs between sea surface compartments, which was observed by analysing the 514 

contributions of dissolved to total TM concentrations in the SML and ULW (Fig. 4). TMs in 515 

the ULW were mostly present in the dissolved fraction; on average, dissolved Cd, Ni and Co 516 

accounted for 89 ± 8%, Cu 79 ± 18%, Zn 69 ± 30% and Pb 54 ± 18% of the total fraction. 517 

Compared to the ULW, the average contributions of dissolved to total TM fraction were lower 518 

in the SML: 74 ± 23% for Cd and Ni, 66 ± 18% for Cu, 62 ± 32% for Zn, 58 ± 28% for Co and 519 
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43 ± 29% for Pb, stressing the importance of TM interaction with the particulate matter present 520 

in the SML at the middle Adriatic coastal area, as recognized for other marine regions (Ebling 521 

and Landing, 2015; Cuong et al., 2008, and references therein). With the exception of samples 522 

impacted by BB events (see text below), the contributions of dissolved to the total TM fraction 523 

in the SML were relatively high, especially in samples closely preceded by rain (e.g., late May 524 

and early July), which were characterised by an overall decrease in aerosol TM concentrations 525 

(Fig. 3), indicating efficient atmospheric TM partitioning and removal by wet deposition in the 526 

coastal Adriatic area.  527 

 528 

 529 

 530 

Fig. 4. Contribution of the TM dissolved fraction to the total TM concentrations determined in 531 

the SML and ULW samples throughout the sampling campaign, capped at 100%. The coloured 532 

vertical lines indicate periods of open-fire BB (light yellow) and Saharan dust (light grey) 533 

events recorded during the sampling period. The horizontal lines present the average 534 

contribution of each TM in the dissolved fraction of the SML (full grey line) and ULW (dashed 535 

grey line), respectively.  536 
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 537 

Upon entering the aquatic environment, the dissolution of aerosol TMs is influenced by their 538 

origin and prior atmospheric processing, which affects their solubility and residence time (tr) in 539 

the SML (Ebling and Landing, 2017; Mackey et al., 2015; Thuroczy et al., 2010). The tr of the 540 

analysed TMs was determined using Eq. (1) (Chance et al., 2015; Ebling and Landing, 2017; 541 

Mohan, 2015)  542 

 543 

 tr = [TM]SML x d / fd (1) 544 

 545 

where [TM]SML is the total concentrations of TMs in the SML, d is the thickness of the SML, 546 

and fd is the deposition flux of the aerosol TM, determined from the aerosol TM concentrations 547 

and the dry deposition velocity (Vd). However, instead of using a single fixed value of Vd to 548 

determine the residence time of TMs, Eq. (1) allowed the use of experimentally determined 549 

bulk deposition fluxes fd (Appendix S1, Section 3.2.). Although dry deposition fluxes are 550 

commonly used, due to the fact that we only had two completely dry depositions, we believe 551 

that using bulk deposition fluxes that include both wet and dry deposition could provide a more 552 

realistic estimate of TMs residence times in the SML, despite the limitation of our ability to 553 

distinguish between the two deposition mechanisms. The tr of the TMs showed high variability 554 

and ranged on average from 0.06 ± 0.05 h for Zn to 0.19 ± 0.08 h for Cd (Table 4). The values 555 

obtained were approximately an order of magnitude lower compared to values obtained for the 556 

open Mediterranean area (Tovar-Sánchez et al., 2019b) and fall between reported values for 557 

particulate and dissolved TM fractions (Ebling and Landing, 2017), indicating a combined 558 

influence of dissolved and particulate fractions on tr.  559 

 560 

Table 4 Calculated residence times (h) of analysed TMs and values reported in literature. 561 
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 562 

  Cd Pb Cu Zn Ni Co 

Total TM* 0.19±0.08 0.07±0.10 0.13±0.13 0.06±0.05 0.18±0.18 0.17±0.16 

Total TM 

(Mediterranean)1 
 1.8±3.4 5.8±6.2 1.5±1.2 0.8±0.3 1.2±0.7 

Particulate TM 

(Florida Keys)2 
 0.04–0.06 0.01–0.03 0.02–0.03 0.01–0.04   

Dissolved TM 

(Florida Keys)2 
 0.23–1.60 3.0–3.30 0.17–0.23 0.82–0.83   

Total TM (rural 

coastal areas)3 
  2.0 8.5 1.5 2.4   

*This study; 1Tovar-Sanchez et al., 2019b, 2Ebling and Landing, 2017, 3Hardy et al., 1985a 563 

 564 

Additionally, negative linear correlations determined among tr of the analysed TMs, wind 565 

speed, and precipitation (Table S5), even though not statistically significant, suggested a 566 

potentially important role of meteorological conditions in considering the tr of TMs in the SML, 567 

as shown previously (Hardy et al. 1985a).   568 

Physical, chemical and biological characteristics of the receiving water system, such as the pre-569 

existing concentrations of TMs and interactions with the particulate and dissolved OM, also 570 

influence their solubility, as well as bioavailability (Bruland et al., 1991; Sunda and Guilliard, 571 

1976; Zhao et al., 2016). In the SML, POC and DOC concentrations ranged from 0.24 to 28.69 572 

mg L-1 (average 3.53 ± 8.08 mg L-1) and from 0.21 to 6.76 mg L-1 (average 1.47 ± 1.68 mg L-1) 573 

respectively, with maximum values detected on April 2nd (Table S6). The percentage of all 574 

dissolved TMs in the SML lowered with increasing POC concentrations in the SML, which 575 

indicated an interaction between particulate OM and TMs, either by uptake/adsorption of TMs 576 

by microorganisms, or interaction with non-living particulate material. Concentrations of POC 577 

and DOC were significantly lower in the ULW, ranging from 0.09 to 0.31 mg L-1 (average 0.18 578 

± 0.07 mg L-1) and from 0.79 to 0.97 mg L-1 (average 0.89 ± 0.07 mg L-1), respectively. The 579 

observed relationship between dissolved Zn and POC concentrations in the SML and ULW 580 

illustrates the stark differences between the biogeochemical processes within these two 581 
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compartments. The decrease in the dissolved Zn concentrations in the ULW from February to 582 

late April, followed by an increase towards June, suggested an uptake of Zn during late 583 

winter/spring and subsequent release towards summer, reinforced by a negative linear 584 

correlation, although not statistically significant, between dissolved Zn and POC concentrations 585 

in the ULW (r = -0.553, n = 11; p = 0.07). Contrastingly, the correlation between dissolved Zn 586 

and POC in the SML was highly positive and statistically significant (r = 0.810, n = 10, p < 587 

0.05, extremely high POC value from April 2nd excluded from the analysis), indicating that 588 

besides biological parameters, physico-chemical interactions strongly influence the distribution 589 

of Zn at the air-water interface.  590 

Accumulation of OM in the SML plays an important role in the enrichment of pollutants and 591 

TMs within the SML, especially those that have a strong affinity for organic ligands (such as 592 

Cu, Co, Cd, Fe) (Bruland and Lohan, 2006; Cunliffe and Murrell, 2009; Robinson et al., 2019; 593 

Wurl and Obbard, 2004). The enrichment factor (EF), defined as the ratio of the respective 594 

concentrations in the SML and ULW, shows that POC was enriched in all collected SML 595 

samples, with the maximum EF determined on March 6th and April 2nd, when POC 596 

concentrations in the SML were 63 and 263 times higher than in the ULW, respectively (Table 597 

S6). Not considering these two sampling dates, the enrichment of total Pb, Zn, Cd, Co, Ni and 598 

Cu (Fig. 5) showed significant positive linear correlations with the enrichment of POC (r ≥ 599 

0.87, n = 9, p < 0.05). The observed relationships could also have implications for TM 600 

bioavailability, as TM interactions with OM, especially with the non-living organic particulates 601 

within the SML, could mitigate the potentially toxic effects of elevated TM concentrations on 602 

the microorganisms inhabiting the SML (Falkowska 1999, 2001; Hardy et al., 1985b; Lion and 603 

Leckie, 1981).  604 

The highest EF, determined for the total TM fraction, corresponded to the highest 605 

concentrations of total TMs in the SML (Fig. 3), and followed a decreasing order: Pb > Cu > 606 
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Zn > Co > Ni > Cd, as predicted by Hardy et al. (1985a) for coastal environments. Average 607 

enrichments of total TMs ranged from 1.4 for Cd to 3.2 for Pb and were highest in samples 608 

collected after BB events.  609 

 610 

 611 

Fig. 5. Enrichment factors of total TMs in the SML: Pb, Cu, Zn, Cd, Ni and Co. The coloured 612 

vertical lines indicate periods of biomass burning (light yellow) and Saharan dust events (light 613 

grey) recorded during the sampling period. The arrows point to samples taken within two weeks 614 

following a BB event. 615 

 616 

The enrichment observed for the dissolved TM fraction was lower (Fig. S4) and ranged from 617 

1.2 for Ni and Cd, to 2.5 for Cu, following the order: Cu > Pb ≈ Zn > Co ≈ Ni ≈ Cd. A 618 

statistically significant positive linear correlation was found between dissolved Cu and DOC 619 

enrichment factors (r = 0.823, n = 10, p < 0.05, extremely high DOC value from April 2nd 620 

excluded from  analysis). The observed correlation indicates the complexation of dissolved Cu 621 
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by dissolved OM (Coale and Bruland, 1990; Donat and van den Berg, 1992; Plavšić et al., 622 

2009), with significant enrichment of dissolved Cu reported previously (Ebling and Landing, 623 

2015).  624 

 625 

3.4. Atmospheric deposition: impact of specific events on the TM levels in the SML 626 

 627 

The middle Adriatic area is permanently exposed to from high to very high fire risk and has 628 

a long history of extreme forest fires. BB, including open vegetation fires and domestic heating 629 

is one of the largest sources of trace gases and aerosols to the global atmosphere (e.g. Andreae 630 

and Rosenfeld, 2008; Andreae, 2009; Crutzen and Andreae, 1990; Kaiser et al., 2012; van der 631 

Werf et al., 2017). The calculated average contribution of total Cu, Cd and Co in the SML to 632 

the uppermost meter of the surface waters, indicates how much TMs within the top meter of 633 

seawater was contained in the SML itself, and the average value of 0.004% obtained at the 634 

middle Adriatic coastal site is comparable to the study conducted along a west-east 635 

Mediterranean transect (Tovar-Sanchez et al., 2014). However, this average contribution 636 

increased 2-fold, to 0.009% following BB events in winter and spring, indicating the strong 637 

impact that BB could have on the biogeochemistry and the mass balance of the surface layers 638 

in the Mediterranean coastal areas. Intensive open-fire BB events in this study caused 639 

immediate significant increases in the concentrations of all TMs in aerosol samples, high bulk 640 

TM deposition fluxes (Fig. 3), and significant increases in total TM concentrations and 641 

enrichments of SML samples collected up to two weeks after BB events in winter, spring and 642 

summer (Fig. 5), implying a relationship between the intensive BB emission events and the TM 643 

concentrations in the SML. Since TMs are mostly associated with fine atmospheric particles 644 

that have the longest residence time in the atmosphere (up to several weeks), the observed 645 

increase in TM concentrations in SML samples collected up to two weeks after BB events could 646 
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be due to settling of atmospheric material. As the collected bulk deposition samples were 647 

collected continuously, unlike marine samples, over 12 – 16 days, and included both wet and 648 

dry deposition, we cannot discuss the exact contributions of the two different deposition 649 

mechanisms. However, wet removal dominates the atmospheric lifetime of pyrogenic particles, 650 

which is therefore largely controlled by meteorology (Garstang et al., 1997), and the highest 651 

TM deposition fluxes were generally related to high precipitation levels. The spring BB event 652 

was particularly interesting; a heavy rain period that followed caused the wash-out of aerosol 653 

TMs from the atmosphere, as indicated by the significant decrease of all TMs in the aerosols, 654 

the highest bulk deposition was observed for all TMs except Co (Fig. 2, Fig. 3), and the SML 655 

sample collected 2 weeks later had maximum enrichments of almost all TMs (Fig. 4). Compared 656 

to the solubility reported for different aerosol TMs (e.g. anthoropogenic, mineral dust) 657 

(Fishwick et al., 2018; López-Garcia et al., 2017; Mackey et al., 2015), the relative solubility 658 

of ash TM components from BB events can be up to two orders of magnitude lower: Ni 3.8%, 659 

Cu 0.5 – 13%, Zn 0.08%, Cd 0.2 – 2.8%, Pb 0.01 – 0.06% (Harper et al., 2019), which may in 660 

part explain the lower contribution of the dissolved fraction to total TM concentrations, 661 

especially in the case of Pb, even weeks after a fire event (Fig. 4). Contrarily, marine samples 662 

collected following rainy periods and without specific events showed a much higher 663 

contribution of the dissolved to the total TM fraction (Fig. 2, Fig. 4).    664 

The interplay of various physical and chemical factors governs the fate of TMs in surface layers 665 

as well as their effects on the microbial community. The uptake and toxicity of TMs cannot be 666 

directly predicted by considering only the concentration of the free metal ion, as metal 667 

complexes have also been shown to contribute to metal bioavailability under certain conditions 668 

(Zhao et al., 2016). This is especially relevant to the SML, where TM accumulation of both the 669 

dissolved and particulate fraction has been observed, and physico-chemical reactions may have 670 

a greater impact on their speciation than in the ULW. For example, strong photooxidation of 671 
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OM to which the SML is exposed has been shown to reduce the complexing capacity of OM 672 

(Sunda and Hanson, 1979), potentially leading to higher concentrations of the free ion or 673 

smaller, labile organic complexes, which might facilitate higher TM bioavailability (Bruland et 674 

al., 1991). Negative effects of TMs on marine organisms could also be enhanced in the SML 675 

due to the synergistic effects of accumulated TMs (Thomas et al., 1980). Following BB events, 676 

the SML contained on average 3.5 times more total TMs than the ULW while the enrichment 677 

of TMs in the dissolved fraction was 1.6, with almost 5 times more dissolved Cu present in the 678 

SML than in the ULW. Additionally, the average tr of all total TMs determined in this study 679 

doubled, increasing from 0.13 h to 0.25 h in samples following BB events. Thus, potentially 680 

high negative impacts of TMs on the microbial community within the SML should be 681 

considered, especially after intensive BB episodes, although the determined SML dissolved TM 682 

concentrations were below the acute/chronic concentrations proposed for different TMs by 683 

environmental protection agencies such as EPA (https://www.epa.gov/wqc/national-684 

recommended-water-quality-criteria-aquatic-life-criteria-table#a, accessed February 10th, 685 

2021). 686 

The Saharan dust intrusion was most evident in the significant increase in Co concentrations in 687 

aerosols and subsequent bulk deposition samples. A number of studies have recognized the 688 

importance and influence of Co as a limiting or co-limiting micronutrient for phytoplankton 689 

dynamics in the open ocean (e.g., Bertrand et al., 2007; Panzeca et al., 2008; Saito et al., 2002, 690 

2004, 2005; Saito and Goepfert, 2008). Saharan dust, almost continuously present in the 691 

atmosphere above the Mediterranean Sea, but especially its strong plumes, may present an 692 

important external TM source for the planktonic community of the Mediterranean Sea and can 693 

impact primary production, especially in spring (Gallisai et al., 2014). The increase of Co in the 694 

atmospheric samples was not followed by an increase of TM levels in the surface layers at the 695 

coastal middle Adriatic site. There are several possible reasons for this: i) the intrusion itself 696 
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might not have been intense enough compared to other air-mass contributions that are 697 

continuously present in this coastal region, ii) the dust intrusion was not accompanied by strong 698 

precipitation that could have facilitated its deposition on the sea surface, iii) the material that 699 

deposited on the sea surface was removed by physical processes, while the dissolved Saharan 700 

dust Co, showing a wide range of solubility in seawater (Fishwich et al., 2018; Nimmo et al., 701 

1998), might have been promptly processed by a microbial community prior to the next 702 

sampling. In addition to the nature and/or sources of aerosol material, the impact of atmospheric 703 

Co deposition on the dissolved Co budget is likely to be highly dependent on Co loading, as Co 704 

solubility could be inversely related to total Co loading (Chance et al., 2015) and finally iv) in 705 

contrast to BB material, the impact of specific mineral dust material on marine surface waters 706 

could be potentially underestimated due to the analysis protocol used for determination of the 707 

total TM concentrations in seawater samples, as it provides the acid-leachable TM or quasi-708 

total TM concentration (see Section 2.2.1). 709 

Our results confirmed that TM enrichment in the SML can be assigned as a first sentinel to 710 

increasing anthropogenic and natural impacts from the atmosphere on the ocean due to the rapid 711 

response in its physico-chemical features. Occasional environmental events such as intensive 712 

open-fire BB, dust influx or strong precipitation highly impacted the deposition of TMs to the 713 

sea surface as well as their biogeochemical cycling within the aquatic environment. Further 714 

research focused on better understanding the processes governing the biogeochemistry of TMs 715 

within the sea surface is needed, with a special emphasis on their impact on the aquatic biota, 716 

considering factors affecting their speciation and synergistic effects.  717 

 718 

4. Conclusions 719 

 720 
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This study presents an integrated effort to assess the atmospheric deposition impacts of 721 

biologically relevant TMs (Zn, Cu, Co, Ni, Cd and Pb) on the sea surface of an oligotrophic 722 

coastal Mediterranean region, considering the SML at the air-water interface. The temporal 723 

distribution of TM concentrations in PM10 revealed that anthropogenic emissions from 724 

industrial/urban activities of continental Europe, along with local/regional domestic heating 725 

activities, can be treated as important factors affecting the concentrations of Zn, Cd and Pb, 726 

especially during winter – early spring. Intensive open-fire BB episodes in winter, spring and 727 

summer caused considerable concentration increase of all investigated TMs in the PM10 728 

samples, while Saharan dust intrusion in spring caused a 10-fold increase in Co concentration 729 

compared to the respective background levels. Intensive BB events and Saharan dust intrusion 730 

also significantly affected the total bulk depositions of TMs. Compared to local riverine inputs, 731 

atmospheric deposition should be considered as a significant source of TMs in the shallow 732 

middle Adriatic coastal region, especially during periods of intensive emissions due to BB 733 

events and dust impacts. BB events, along with high precipitation, have been shown to 734 

significantly increase TM concentrations in the SML and impact TM partitioning in the surface 735 

waters. The significant enrichment of total TMs, as well as their longer residence time in the 736 

SML, observed in samples following BB episodes, could have implications for the 737 

bioavailability and toxicity of TMs to the microbial community inhabiting the SML. 738 

Additionally, the high variabilities of TM concentrations observed within the SML sampled 739 

intensively over a six-month period indicated that special caution is required when designing 740 

field experiments, since the SML sampling on a one-time basis, e.g., during cruises, or 741 

occasional samplings within a particular season could result in capturing an unrepresentative 742 

snapshot of the situation and consequently lead to inaccurate conclusions with wide 743 

implications. Therefore, to better assess the cycling of TMs, but also of other biologically 744 

relevant compounds, through different environmental compartments, as well as to reconsider 745 
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the atmospheric impacts on the microbial community in oligotrophic marine environments, 746 

intensive long-term studies employing the integrated approach are needed. 747 
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  1197 

Fig. S1. Typical NOAA HYSPLIT air-mass backward trajectories of two dominant types of air 1198 

masses ending up at the sampling site at the eastern middle Adriatic at 5 m a.g.l.: a) marine and 1199 

b) continental. 1200 
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 1202 

Fig. S2. Monthly variations in contribution of air-mass transport from contrasting northern 1203 

continental (green bars) and southern marine (blue bars) sectors to the coastal middle Adriatic 1204 

site, capped at 100%. 1205 

 1206 

  1207 

Fig. S3. NOAA HYSPLIT air-mass backward trajectories ending up at the sampling site at 1208 

the eastern middle Adriatic at 5 m a.g.l in the period from April 21st to April 25th  2019. 1209 
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Table S1 Experimental parameters for determination of TM concentration by differential 1210 

pulse anodic stripping voltammetry (DPASV) and adsorptive cathodic stripping voltammetry 1211 

(ACSV). 1212 

  DPASV ACSV 

Parameter Cd Pb Cu Zn Ni Co 

Deposition potential (V) -0.85 -0.85 -0.85 -1.1 -0.7 -0.7 

Modulation amplitude (V) 0.02 0.02 0.02 0.02 0.02 0.02 

Step potential (V) 0.002 0.002 0.002 0.002 0.002 0.002 

Deposition time (s) 600 600 600 120 120 120 

Modulation time (s) 0.04 0.04 0.04 0.04 0.04 0.04 

Interval time (s) 0.1 0.1 0.1 0.1 0.1 0.1 

 1213 

Table S2 Concentrations of TM determined for reference materials ERM CZ-120 (mg kg-1), 1214 

NIST 1648a (mg kg-1), NASS6 (ng L-1) (± present 95% confidence intervals for certified values 1215 

and ± standard deviation for measured values). 1216 

 Method    Cd  Pb   Cu   Zn   Ni   Co   

ICP-MS 

ERM 

CZ-120 

certified 0.9 ± 0.2 113 ± 17 462 1240 58 ± 7 14.3 

measured 0.85 ± 0.04 109 ± 6 423 ± 18 1225 ± 39 57 ± 1 13.4 ± 0.5 

NIST 

1648a 

certified 73.7 ± 2.3 
0.655 ± 

0.033 % 
610 ± 70 4800 ± 270 81.1 ± 6.8 17.9 ± 0.7 

measured 67.0 ± 1.1 
0.668 ± 

0.004 % 
571 ± 4 4571 ± 59 75.7 ± 0.4 15.9 ± 0.1 

DPASV 

ACSV 
NASS-6 

certified 31.1 ± 1.2 6 ± 2 248 ± 25 257 ± 20 301 ± 25 15 

measured 27.9 ± 3.8 8.3 ± 2.0 231 ± 18.3 258.2 ± 21.4 299.4 ± 36.8 15.5 ± 3.2 

 1217 

Table S3 Spearman's correlation matrix between the temperature (t), precipitation (prec) and 1218 

trace metal concentrations in PM10 samples (n = 72) collected at the middle Adriatic sampling 1219 

site. Statistically significant coefficients (p < 0.05) are marked bold. 1220 

 t prec Co Ni Cu Zn Cd Pb 

t 1 0.019  0.387  0.222  0.207 -0.388 -0.285 -0.164 

prec  1 -0.419 -0.323 -0.374 -0.303 -0.369 -0.375 

Co   1  0.695  0.608  0.286  0.357  0.484 

Ni    1  0.622  0.314  0.246  0.399 

Cu     1  0.584  0.552  0.685 

Zn      1  0.837  0.874 

Cd       1  0.924 

Pb        1 
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Table S4 Concentrations of total and dissolved TM (ng L-1) determined with a 95% confidence interval in SML and ULW. 1222 

 1223 

  SML total 

date Cd ± Pb ± Cu ± Zn ± Ni ± Co ± 

20.2.2019 6.35 0.72 53.69 3.32 264.20 24.70 973.24 43.80 494.89 37.80 29.66 1.44 

6.3.2019 13.66 1.03 348.09 10.99 2858.47 132.84 1542.88 194.58 744.16 34.60 53.36 4.46 

21.3.2019 8.93 1.03 43.17 2.59 330.81 14.45 306.61 23.70 377.70 23.93 21.33 1.19 

2.4.2019 11.71 0.76 299.85 22.19 1185.59 70.96 2284.45 209.39 698.87 43.86 47.38 2.14 

17.4.2019 28.31 2.86 221.11 12.07 2127.72 116.15 4274.88 183.50 688.55 40.52 89.14 12.85 

30.4.2019 8.79 1.04 62.94 4.73 359.01 32.46 365.49 24.65 434.93 57.83 20.63 3.75 

16.5.2019 6.01 1.04 58.15 3.42 419.63 27.12 431.41 23.37 442.98 26.41 19.47 0.99 

29.5.2019 7.61 0.65 42.82 3.81 251.30 20.12 577.85 25.24 350.75 12.15 15.88 0.80 

13.6.2019 6.98 0.99 64.76 6.01 440.94 39.78 659.37 18.98 348.69 15.52 21.57 2.41 

27.6.2019 8.78 0.80 144.51 14.55 1199.29 45.93 1822.70 189.69 485.45 34.94 21.50 1.76 

9.7.2019 6.64 0.72 49.65 3.39 512.83 28.44 925.80 38.66 339.38 13.59 21.24 2.34 

  SML dissolved 

date Cd ± Pb ± Cu ± Zn ± Ni ± Co ± 

20.2.2019 6.75 0.80 34.01 6.68 189.53 8.65 374.85 22.50 237.91 22.45 17.21 1.44 

6.3.2019 9.62 1.03 38.80 3.17 1429.98 49.64 1261.67 71.39 387.51 42.79 23.23 3.00 

21.3.2019 8.77 1.14 38.46 3.92 326.10 19.04 365.07 32.29 313.11 23.19 23.25 1.50 

2.4.2019 8.88 0.64 25.11 1.81 731.95 31.31 559.21 47.81 352.97 19.74 12.19 1.36 

17.4.2019 6.30 0.90 23.09 4.42 838.31 75.30 573.17 31.22 249.55 51.67 7.36 1.77 

30.4.2019 8.27 0.86 26.80 3.31 242.72 13.96 347.78 12.99 402.74 24.16 20.04 1.67 

16.5.2019 5.22 1.22 21.88 2.74 207.70 21.93 349.18 31.15 396.52 16.33 13.14 1.70 

29.5.2019 6.59 0.80 35.18 3.31 151.08 26.96 525.08 15.93 320.87 23.12 16.98 1.16 

13.6.2019 5.27 0.58 27.78 2.63 307.15 10.95 529.56 42.77 346.34 10.69 14.81 0.93 

27.6.2019 5.62 0.43 26.24 1.59 767.96 71.02 560.70 16.27 350.10 19.03 13.83 0.98 

9.7.2019 8.97 0.39 33.82 2.91 497.10 56.14 817.17 47.70 335.14 16.18 18.88 1.03 
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  ULW total 

date Cd ± Pb ± Cu ± Zn ± Ni ± Co ± 

20.2.2019 5.50 1.07 29.41 2.53 180.78 13.69 624.15 50.25 333.74 36.41 23.07 2.95 

6.3.2019 8.25 1.02 82.72 5.67 517.17 36.22 4284.34 179.20 351.53 16.13 13.66 2.37 

21.3.2019 8.72 0.82 47.79 4.78 311.14 13.66 273.66 20.40 307.00 12.69 17.49 3.06 

2.4.2019 8.87 2.62 37.30 5.90 373.66 27.22 3315.20 190.01 311.21 35.63 15.91 2.75 

17.4.2019 10.01 0.98 45.66 1.91 273.39 8.78 456.67 35.68 318.11 17.37 23.40 2.88 

30.4.2019 8.20 0.62 48.87 7.88 204.19 15.15 427.06 37.12 354.37 15.21 23.09 2.08 

16.5.2019 5.99 1.30 45.90 3.24 182.73 10.62 409.83 18.46 345.12 33.69 18.72 1.56 

29.5.2019 7.26 0.73 48.37 5.02 239.04 17.87 907.66 77.99 333.55 14.92 18.06 1.22 

13.6.2019 6.53 0.69 34.78 2.75 353.58 10.11 643.67 27.65 323.08 19.78 18.52 3.61 

27.6.2019 5.52 1.09 34.98 5.17 282.66 18.34 605.44 33.29 358.47 12.47 17.82 1.55 

9.7.2019 8.05 0.61 44.64 3.20 425.90 47.28 964.34 33.26 367.28 29.21 21.23 2.32 

  ULW dissolved 

date Cd ± Pb ± Cu ± Zn ± Ni ± Co ± 

20.2.2019 6.35 1.06 25.28 3.32 181.22 20.04 741.95 41.32 307.45 12.49 19.93 1.12 

6.3.2019 10.51 2.18 31.59 3.46 182.80 13.30 586.31 20.29 231.60 34.49 17.58 1.66 

21.3.2019 8.30 0.84 31.52 2.52 301.58 9.20 310.57 16.55 267.68 11.10 15.73 1.98 

2.4.2019 7.04 1.81 8.19 1.95 260.31 9.79 1294.06 89.06 286.24 22.04 19.40 2.08 

17.4.2019 9.61 1.22 28.78 4.82 252.22 18.01 409.47 19.34 301.93 17.22 17.07 2.05 

30.4.2019 10.48 0.87 22.58 3.22 166.23 11.48 313.32 23.51 305.17 16.57 18.54 1.12 

16.5.2019 5.36 0.96 16.49 1.05 136.38 11.88 332.36 14.04 336.78 16.58 19.34 1.19 

29.5.2019 5.97 0.38 23.88 1.40 173.51 6.44 580.53 35.63 290.88 9.49 17.10 1.41 

13.6.2019 5.86 0.47 20.12 1.55 257.54 13.13 646.12 39.52 314.51 12.82 17.81 2.32 

27.6.2019 5.53 1.04 22.83 2.18 226.56 14.88 739.28 37.08 314.50 12.30 18.57 1.80 

9.7.2019 6.40 0.80 28.02 1.65 417.33 29.97 897.44 36.02 325.35 14.97 19.56 2.05 

   1224 

 1225 
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Table S5 Pearson’s correlation matrix between the wind speed (WS), precipitation (prec) and 1226 

residence time of trace metals (n=11) collected at the middle Adriatic sampling site. Statistically 1227 

significant coefficients, at a 95% confidence interval, are marked bold. 1228 

 1229 

 WS prec Cd Pb Cu Zn Ni Co 

WS 1 0.417 -0.585 -0.645 -0.642 -0.517 -0.332 -0.437 

prec  1 -0.482 -0.495 -0.568 -0.72 -0.707 -0.326 

Cd   1 0.757 0.795 0.679 0.658 0.485 

Pb    1 0.931 0.565 0.737 0.645 

Cu     1 0.774 0.867 0.534 

Zn      1 0.800 0.398 

Ni       1 0.497 

Co        1 

 1230 

Table S6 Concentrations of dissolved (DOC) and particulate (POC) organic carbon (mg L-1) 1231 

determined in SML and ULW, and their enrichment factors (EF). 1232 

 1233 

 POC DOC 

date SML ULW EF SML ULW EF 

20.2.2019 0.25 0.10 2.5 0.79 0.81 1.0 

6.3.2019 5.66 0.09 62.9 1.52 0.79 1.9 

21.3.2019 0.24 0.16 1.5 0.88 0.85 1.0 

2.4.2019 28.69 0.11 263.2 6.76 0.97 7.0 

17.4.2019 2.88 0.21 13.8 1.16 0.97 1.2 

30.4.2019 0.69 0.31 2.2 1.03 0.97 1.1 

16.5.2019 0.29 0.23 1.3 1.00 0.97 1.0 

29.5.2019 0.49 0.21 2.3 0.42 0.90 0.5 

13.6.2019 0.50 0.28 1.8 0.67 0.94 0.7 

27.6.2019 1.55 0.19 8.0 0.92 0.84 1.1 

9.7.2019 0.26 0.14 1.9 0.21 0.90 0.2 

 1234 

 1235 

 1236 

 1237 

 1238 
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 1239 

Fig. S4. Enrichment factors of dissolved TM: Pb (white striped bar), Cu (blue striped bar), Zn 1240 

(red striped bar), Cd (white bar), Ni (blue bar) and Co (red bar). The coloured vertical lines 1241 

indicate biomass burning (light yellow) and Saharan dust (gray) events recorded during the 1242 

sampling period. The arrows point to samples taken within two weeks following a BB event. 1243 

 1244 

Appendix S1  1245 

Dry vs. wet deposition  1246 

To assess to which extent the dry deposition flux contributed to the total deposition flux, the 1247 

dry deposition fluxes (fd) of particular TM (µg m-2 d-1) were calculated by using the following 1248 

equation (Chance et al., 2015; Mohan et al., 2016): 1249 

fd = C x Vd (1) 1250 

Here, C is the biweekly average aerosol TM concentration (µg m-3) and Vd is dry deposition 1251 

velocity (cm s-1). Processes that control Vd include gravitational settling, impaction, and 1252 

diffusion. These processes act simultaneously and are affected by many variables including 1253 
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particle size, wind speed, relative humidity, and sea surface roughness. Owing to the absence 1254 

of experimentally determined deposition rates and aerosol size distribution, the estimation of fd 1255 

by using a single species-specific Vd value reported in the literature is still standard. Thus, the 1256 

literature value of 0.3 cm s-1 was used in this work for the estimation of dry deposition fluxes 1257 

of TM studied, reflecting their association with fine aerosol particles (Baker et al., 2016; Duce 1258 

et al., 1991; Herut et al., 2001). On average, dry deposition fluxes calculated following the 1259 

above approach contributed to total bulk deposition by 17±14% for Co, 20±16% for Cu, 1260 

29±21% for Zn, 42±68% for Ni, 69±80% for Pb and 71±57% for Cd.  1261 

The comparison of calculated dry deposition and actually measured bulk deposition in the case 1262 

of two bulk deposition samples which did not include any precipitation events – that is, the 1263 

contribution of the calculated dry to the measured dry deposition flux is expected to be around 1264 

100%, pointed to a large underestimation of the calculated dry deposition fluxes of TM at the 1265 

coastal middle Adriatic. For the two dry samples, the calculated dry deposition fluxes 1266 

contributed to the measured deposition flux by respectively: 15% and 19% for Co, 6% and 32% 1267 

for Cu, 31% and 33% for Zn, 11% and 68% for Ni, 48% and 52% for Pb and 99% and 58% for 1268 

Cd. Such underestimation and variability stem from several factors. Firstly, both dry periods 1269 

demonstrate potentially important variability driven by the occurrence of biomass burning 1270 

events which in turn could influence their coarse-to-fine aerosol ratio and consequently cause 1271 

their variable deposition velocities (Sakata and Marumoto, 2004). Secondly, atmospheric 1272 

deposition collection efficiency during dry periods could be largely affected by the collector 1273 

geometry and the surface characteristics (Dasch, 1985; Shannigrahi et al., 2005). Additionally, 1274 

the dry flux calculated by using Eq. 1 does not include TM originating from the total 1275 

atmospheric material, but only particles with a diameter of 10 µm and less. Considering another 1276 

approach, Eq. 1 also enabled us to determine the Vd for the 6 analysed TMs by using the 1277 
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measured dry deposition flux in the case of the two dry samples collected, and the concentration 1278 

of TMs in PM10 samples: 1279 

 Vd = fd /C (2) 1280 

The obtained values were comparable to those obtained by Sakata et al. (Sakata and Marumoto, 1281 

2004, Sakata et al., 2008) (Table S1.1) and are mainly above 0.3 cm s-1, with an average value 1282 

of 1.4 cm s-1. 1283 

Table S1.1 Deposition velocities (cm s-1) calculated for bulk deposition samples collected 1284 

during two dry periods at the middle Adriatic coastal area. 1285 

Deposition velocity Cd Pb Cu Zn Ni Co 

February/March 2019, PM10 0.3 0.6 5.4 1.0 2.7 2.1 

July 2019, PM10 0.5 0.6 0.9 0.9 0.4 1.6 

 1286 

These calculations highlight the underestimation/uncertainty in the dry deposition flux 1287 

calculation of TM if one single fixed value of Vd is used. 1288 

 1289 

 1290 

 1291 

 1292 
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