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Abstract. Black carbon is a product of incomplete combustion. BC particles re-

main suspended in the atmosphere and BC is considered among the major “cli-

mate active pollutants”, influencing global climate change. In the current study, 

the atmospheric deposition of fine BC particles and their fate in the marine envi-

ronment of Saronikos Gulf was investigated, combining atmospheric modelling 

outcomes with marine modelling tools. The contribution of the shipping industry 

to the atmospheric deposition mass balances of BC was examined, for the year 

2018. For the area of Saronikos Gulf, it was found that the yearly production of 

fine BC by shipping activities was approximately two orders of magnitude lower 

compared to the total deposition mass flux of BC. The fate of this pollutant in the 

marine environment, due to transport processes, was examined by testing various 

configurations (i.e. particle settling velocities). The accumulation rate of fine par-

ticulate black carbon finally settling onto the top sediment layer was quantified 

for each configuration. 

Keywords: Black Carbon Emissions, Marine Environmental Modelling, 

Delft3D, SILAM, Saronikos Gulf. 

1 Introduction 

Black carbon (BC) is a component of fine particulate matter, produced via incom-

plete combustion of fossil fuels, biofuels and biomass [1]. It is considered among the 

major “climate active pollutants”, influencing global climate change [2, 3]. At the same 

time, BC is participating in the global carbon cycle, acting as a carbon sink due to its 

refractory characteristics and persistent nature [2, 4]. Regarding BC mass balances, the 

yearly global atmospheric emissions of BC particles are estimated to reach up to 29 Tg 

[5, 6]. Part of BC emissions are finally deposited to the surface of oceans, via wet and 
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dry deposition [6]. Jurado et al. [7] have estimated that the yearly deposition rates of 

BC to the surface of the oceans reach 2 Tg (dry deposition) and 10 Tg (wet deposition), 

on a global scale. 

The size of emitted BC particles from various sources can vary from less than 10 nm 

[8] to some μm [9] or even one mm in case aggregates are formed [10]. The shipping 

industry contributes to BC fine particles emissions, with the greater part of BC particles 

emitted by ships falling within the range of some nm and up to 1000 nm [8, 11, 12]. 

Moldanová et al. [8] conducted onboard measurement campaigns and observed signif-

icantly greater abundance in the number of small sized particles (diameter up to 0.5 

μm). Similarly, Xiao et al. [11] examined shipping emissions at berth and reported that 

the distribution of particles were ranging between 0.2 to 2.5 μm, presenting a skewed 

distribution with a peak appearing between 0.38 and 0.44 µm. Finaly, Eger et al. [12] 

examined inland ship emissions (Rhine River) and reported that particle size distribu-

tion in ship plumes was very low for particles with a diameter from 2.5 to 10 µm and 

that the majority of emitted particles were ultrafine particles with diameter smaller than 

100 nm. The size of particles emitted by ships depends on the type of engines used 

onboard, the fuel type and the operational conditions [13, 14, 15]. Anderson et al. [13] 

reported that at low engine loads (lower than 35%), higher numbers of particles (rang-

ing from 5.6 to 560 nm) were emitted, highlighting the importance of considering par-

ticle emissions in port areas. Regarding the influence of engine types, Rönkkö et al. 

[14] compared marine engines with maximum rated powers between 187 kW and 72 

MW and reported that higher emissions were produced by two-stroke marine engines 

(manufactured in 1980s). Additionally, considering the influence of fuel type on emis-

sions, low sulfur content in fuels as well as high quality fuels are associated with lower 

emissions of nanoparticles [13, 15]. With the use of open-loop scrubbers onboard, a 

part of the particulate matter produced by ship engines is expected to be discharged to 

the marine environment via the water stream [16], resulting to a proportion of BC being 

discharged directly into the water. Until the year 2019, only a small number of scrub-

bers were installed globally [17], therefore prior to the year 2019 the main pathway for 

BC to the marine environment due to shipping activity was through atmospheric emis-

sions and the subsequent depositions. 

Once in the marine environment, BC can be identified either in the dissolved or in 

the particulate phase. Particulate black carbon (PBC) acts as a sorbent for pollutants 

(trace metals, pesticides, PAHs and others) and nutrients, i) influencing their transport 

from the atmosphere to the sea and ii) altering their concentrations in the water column 

due to sorption/desorption processes [6]. Due to slow degradation, BC particles are 

expected to persist over time and are even found in deep-sea sediments [18, 19], while 

the dynamics and distribution of PBC in marine environments are not fully understood 

[20]. Additionally, PBC’s reactivity with dissolved organic matter affects its availabil-

ity in the water column as well as the growth and development of bacteria and phyto-

plankton [1], with the potential to influence the functioning of the ocean’s biological 

carbon pump [6]. At present, there is considerable uncertainty about the behavior of 

PBC in the marine environment and the processes in which it is involved, as only lim-

ited studies have been carried out on PBC in seawater and sediments and for specific 

areas [6, 20, 21, 22]. Yang et al. [20] have investigated the dynamics of PBC 
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(distribution, settling speed, sinking flux) in the coastal Northeastern South China Sea, 

highlighting the slow-sinking characteristics of PBC in coastal waters and its decreas-

ing offshore abundance.  In a similar study, Fang et al. [21] examined the seasonal and 

spatial distribution of PBC in coastal China seas (Bohai Sea and Northern Yellow Sea), 

indicating higher concentrations of PBC during winter, attributing them to physical 

processes related to the East-Asian monsoon (e.g. resuspension of sediments). In the 

coastal area of Halong Bay (Vietnam), Mari et al. [6] studied the impact of wet deposi-

tion on PBC concentration in the water column. They have quantified increased con-

centration of PBC in the sea surface microlayer after rain events and they highlighted 

the potential of PBC to remove dissolved compounds (organic carbon, nitrogen, phos-

phorus and inorganic nitrogen and phosphorus) by sorption, altering thus their availa-

bility [6]. Another field study in the North Pacific Ocean (ALOHA station) pointed out 

the removal of dissolved BC from the water column via processes such as the vertical 

export on sinking particles [22], influencing in the long term the concentrations of BC 

found in the sediments. The study of the fate of PBC in the marine environment requires 

a synthetic approach combining atmospheric measurements and simulations/predic-

tions with in situ measurements in the water column and sediments and marine model-

ling tools. 

In the current study, the deposition and subsequent fate of BC in Saronikos Gulf 

(Eastern Mediterranean) was investigated. Located adjacent to the wider Metropolitan 

Area of Athens (central Greece), Saronikos Gulf receives high environmental pressure 

and at the same time is of high ecological value [23]. Apart from direct discharges and 

point pollution sources located on the coastal area [24], the Gulf receives pollution 

loads occurring from industrial and domestic activities taking place in the Attica region 

via atmospheric deposition [25]. While the water quality of Saronikos Gulf is being 

monitored on a frequent basis [26], only few modelling studies exist [24 and references 

therein]. To the best of our knowledge, so far there are no modelling studies focusing 

on the deposition and subsequent fate of BC in this marine area. 

The implementation of this study as well as the results are presented within this ar-

ticle, structured with the following sections. The methodology section, where the study 

area is described; the atmospheric emission estimations and simulations set-up are de-

scribed; the marine modelling tools used are presented. The results and discussion sec-

tion, where the estimations of BC atmospheric deposition onto the surface marine layer 

is presented and discussed; the transport of BC within the marine environment (water 

column and sediments) is presented and discussed. The conclusion section where major 

conclusions are summarized. 

2 Materials and Methods 

2.1 Study area 

Saronikos Gulf is located in the Aegean Sea (E. Mediterranean), covering an area of 

approximately 2800 km2 (Figure 1). The Gulf can be divided in four sub-basins, i) 

Elefsis Bay, a shallow gulf (max 30 m depth) with intense industrial activities on the 

coast, ii) Inner Saronikos Gulf, receiving pressures from the metropolitan area of 
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Athens, the outfall of a wastewater treatment plant serving 5.6 million persons equiva-

lent and the marine traffic occurring around Piraeus area, iii) Outer Saronikos, includ-

ing the area from Aegina Island up to the “open boundaries” connecting Saronikos Gulf 

with the Aegean Sea, and iv) Western Saronikos, the marine area on the west of 

Salamina and the north of Methana and Aegina Island. 

Fig. 1. Location and bathymetry of the study area, Saronikos Gulf, interpolated onto the curvi-

linear grid used in simulations. Vertical distributions of Black Carbon concentration are plotted 

along the cross section designated by the red line, and observation points S1 and S16 (red dots-

labels) are used to further examine simulation results. This figure is a modification of Figure 1 

from Mazioti et al. [24]. 

2.2 Atmospheric Emissions simulations 

The atmospheric emissions of BC fine particles (nominal diameter 0.5 μm, defining 

a bin with limits 0.1 and 1.0 μm and considering a flat size distribution between these 

limits) from both background pollution and shipping activities were estimated for the 

year 2018 with the SILAM model, within the implementation of the Horizon 2020 

EMERGE project [27]. The atmospheric concentrations and surface deposition fluxes 

of BC have been quantified for the extended region around Attica, Greece (Figure 1), 

as discussed below. 

2.2.1 Model description 

The atmospheric modelling component employed in this study is the System for In-

tegrated modeLling of Atmospheric coMposition SILAM v.5.8 [28]. SILAM is a Eu-

lerian chemical transport model that employes the Carbon Bond Model, version 05 

(CBM05) to describe the chemistry of the troposphere [29]. It includes a set of supple-

mentary tools including a meteorological pre-processor, input-output converters, 
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reprojection and interpolation routines, etc. A system description can be found at 

http://silam.fmi.fi. 

2.2.2 Simulations setup 

Simulations over the study area (shown in Figure 2) were carried out at high resolu-

tion of 0.05 × 0.05 degrees at the European scale at 10 different levels with boundaries 

taken from the CAMS IFS-model. All the runs had a one-hour temporal output resolu-

tion.  SILAM runs were forced by meteorological fields from the IFS (Integrated Fore-

cast system) model by ECMWF (The European Centre for Medium-Range Weather 

Forecasts) [30]. Hourly data from single forecast product at 9 km resolution was used 

for meteorological parameters like wind, temperature, humidity, cloud-fraction, and 

precipitation, plus different surface parameters. Shortest possible forecast length was 

used, making use of the forecasts provided at midnight and at noon. 

Within the framework of the EMERGE Horizon 2020 project, two runs for the year 

2018 were performed to examine the impact of shipping, with the first run incorporating 

both land emissions (anthropogenic and natural emissions) and shipping emissions 

from the STEAM model [31]. As shipping emissions are not included in the second 

run, the shipping contribution can be calculated by comparing the results of the two 

runs. To quantify the annual BC contribution of shipping, i.e. calculate the total mass 

deposition of BC on the sea surface of the study area originating only from shipping in 

2018, the difference between the depositional mass fluxes of the two runs was calcu-

lated (SILAM depositional fluxes with shipping minus SILAM depositional fluxes 

without shipping) with purpose-built numerical tools. SILAM employed the Coperni-

cus Atmospheric Monitoring Services (CAMS) regional emissions inventory (version 

4.2) to estimate anthropogenic and natural emissions. Hourly STEAM emissions com-

plemented CAMS emissions for the maritime industry. This process produced the nec-

essary simulated concentration fields of fine BC in the air for 2018, with and without 

shipping emissions, that were used in each case to calculate deposition fluxes to the sea 

surface. Both the dry and wet deposition rates are included in the deposition statistics. 

Currently SILAM considers BC as passive aerosol that is advected and deposited by 

dry- and wet depositions based on method by Kouznetsov and Sofiev [32]. Additional 

maximum scavenging rate is applied in order to avoid over-scavenging due to rains. 

Hourly shipping emissions from the STEAM model (including BC emissions) contain 

two altitude heights (from 0 to 36 m and from 36 m to 1000 m) where the emissions 

are inputted and then advected. This separation was done to incorporate emissions from 

smaller vessels (small passenger ships, leisure boats) in a lower atmospheric layer and 

emissions from larger vessels (cargo, large passenger ships) in a higher atmospheric 

layer, using layer boundary thresholds (e.g. 36 m) from past simulation efforts employ-

ing other widely used models (e.g. CMAQ, Community Multiscale Air Quality). All 

the standard anthropogenic emissions have sector-wise predefined monthly, weekly, 

and diurnal profiles, together with emissions altitude profiles that are also sector de-

pendent. 

Finally, three-dimensional files were created (one for each numerical experiment), 

containing the time-dependent depositional flux values (g m-2 d-1) for each grid cell in 

http://silam.fmi.fi/
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the case study area (Figure 1) with a 6 hours timestep, to force water quality simula-

tions. 

2.3 Marine Modelling Tools 

The three-dimensional modelling suite Delft3D was implemented. The Delft3D-

FLOW module was used as described in a previous study [24, 33], to reproduce the 

hydrodynamic conditions of the modelling area for the year 2018. The numerical model 

simulates the three-dimensional unsteady flow and transport phenomena resulting from 

meteorological and tidal forcing, including the effect of density differences due to a 

non-uniform temperature and salinity distribution (density-driven flow). It solves a sys-

tem of non-linear equations consisting of the horizontal equations of motion, the conti-

nuity equation, and the transport equations for conservative constituents, derived from 

the three-dimensional Navier-Stokes equations for incompressible, free surface flow 

[34]. An 83×101 curvilinear grid was used, with a varying horizontal resolution from 

1400 m to less than 300 m, able to resolve water mass exchanges between Elefis Bay 

and broader Saronikos. In the vertical direction, 20 σ-layers resolve the water column. 

Data from the ECMWF ERA5 database were used as atmospheric forcing fields, while 

the lateral oceanic boundary conditions were determined from an inhouse implementa-

tion of the Regional Ocean Modelling System (ROMS) covering the Central - North 

Aegean, with model setup as described in [35]. The Delft3D-WAQ module was cou-

pled offline to the FLOW module, and BC fine particles were introduced at the sea 

surface in the form of depositional fluxes. As a first approach, only the physical mech-

anisms (advection and settling) were considered for the investigation of BC’s fate in 

the marine environment. Based on these processes, the overall transport rate of PBC 

mass (g s-1) was computed across each grid cell, taking into consideration the concen-

tration of PBC, the cell surface area, water velocity and the turbulent diffusion coeffi-

cient [36]. The sedimentation of PBC was quantified according to Equation 1 [36, 37] 

and with the adoption of different settling velocities (Table 1). 

𝐷 = 𝑤𝑠 ∙ 𝑐 ∙ (1 −
𝜏𝑏
𝜏𝑐
) [Equation 1] 

where: 

𝐷 deposition flux of black carbon [g m-2 d-1] 

𝑤𝑠 settling velocity of particulate black carbon [m d-1] 

𝑐 concentration of black carbon [g m-3] 

𝜏𝑏 bottom shear stress [Pa] 

𝜏𝑑  critical shear stress for deposition [Pa] 

Table 1. Settling velocities values used for the respective simulation scenarios [38, 39, 40] 

 RUN1 RUN2 RUN3 RUN4 

𝑤𝑠 [m d-1] 0 0.1 1 function 
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To investigate the flocculation effect on the settling velocity, Equation 2 was used 

[41]. 

𝑤𝑠 = 𝑓𝑡𝑒𝑚𝑝 ∙ 𝑓𝑠𝑎𝑙 ∙ 𝑓𝑐𝑜𝑛 ∙ 𝑤0𝑠 [Equation 2] 

where: 

𝑓𝑡𝑒𝑚𝑝 = 𝑘𝑡(𝑇−20) [Equation 2a] 

𝑓𝑠𝑎𝑙 = (
𝑎𝑖 + 1

2
) − (

𝑎𝑖 − 1

2
) × 𝑐𝑜𝑠 (

𝜋 × 𝑆

𝑆𝑚𝑎𝑥
) [Equation 2b] 

𝑓𝑐𝑜𝑛 = (
𝐶𝑆
𝐶𝑆𝐶

)
𝑛𝑖

 [Equation 2c] 

where: 

𝑎 coefficient for the enhancement of flocculation [-] 

𝐶𝑆 concentration of total suspended solids [gDM m-3] 

𝐶𝑆𝐶 critical concentration of total suspended solids above which flocculation 

occurs [gDM m-3] 

𝑓𝑐𝑜𝑛 function for the concentration dependency of flocculation [-] 

𝑓𝑠𝑎𝑙 function for the salinity function dependency of flocculation range [-] 

𝑓𝑡𝑒𝑚𝑝 function for the salinity function dependency of flocculation range [-] 

𝑘𝑡 temperature coefficient for settling (water density correction) [-] 

𝑛𝑖 constant for concentration effect on flocculation [-] 

𝑆 salinity [psu, g kg-1] 

𝑆𝑚𝑎𝑥 salinity at which the salinity function is at its maximum [g kg-1] 

𝑇 water temperature [°C] 

𝑖 index for substance (i) 

The user-supplied settling velocity (𝑤0𝑠) was set to 1 m d-1 and coefficients related 

to the flocculation effect in relation to salinity, total suspended solid (TSS) concentra-

tion and water temperature (density effect) were set to be relevant with the modelling 

area and according to WAQ manual recommendations [41]. For this simulation 

(RUN4), a time series file representing the variable TSS concentrations was used, as 

developed in a previous study [24]. 

3 Results and Discussion 

3.1 Atmospheric deposition of BC 

The atmospheric deposition fluxes expressed as yearly rates (g m-2 y-1) are presented 

in Figure 2. BC fine particles (0.5 μm) annual deposition from all sources, including 

coastal activities and shipping activities, reached the order of tens of mg per m2 (Figure 

2a). On the other hand, the contribution of shipping emissions to this mass balance was 

low (approximately 2 orders of magnitude lower), reaching the maximum rate of 0.5 

mg per m2 y-1 in some areas, e.g. in the northern parts of the domain. It is worth 



8 Technical Annals Vol 1 No.8 (2024) 

mentioning that in the current study, only fine particles of BC (0.5 μm) were investi-

gated, while larger particles, emitted from various sources other than shipping were not 

considered. As a result, BC mass balances computed in the current study are expected 

to be lower compared to other studies, where depositional fluxes are calculated through 

field measurements that include all particle fractions of BC [20]. 

 

Fig. 2. Annual mass deposition (g m-2 y-1) of Black Carbon fine particles as quantified by the 

SILAM atmospheric chemistry transformation model occurring a) from all sources (back-

ground and shipping), and b) from shipping activities. Note the different scales in the 

subfigures 
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3.2 Transport of BC in the marine environment 

The atmospheric BC deposition fluxes to the marine surface layer were the sole 

source of BC pollution for this modelling set-up. To investigate the sensitivity of the 

model results to the settling velocity parameterization, different settling velocities of 

the particles were tested (Table 1). Initially, the assumption that the particle is not set-

tling and is only subject to passive transport was tested (RUN1). Another approach 

examined the fate of PBC subject to settling processes with a settling velocity of 1 m 

d-1 (RUN3). Results from these two simulations can be seen in Figure 3, where the 

concentration of PBC in the water column in a section across the modelled area is il-

lustrated (the section is indicated in Figure 1). It is evident that the lack of settling leads 

to higher concentration of PBC in the water column (Figure 3a) as the particles remain 

suspended and never settle, particularly in the enclosed Elefsis Bay where higher water 

renewal times prevail due to lower horizontal dispersion dynamics. On the contrary, 

when fast settling is considered, concentrations of PBC in the water column are lower 

(Figure 3b), as particles slowly sink and finally settle to the top sediment layer. The 

influence of open boundaries can also be observed in Figure 3, as in the current study 

it was assumed that the concentration of BC at the open boundaries is equal to zero, an 

assumption that is not realistic but is inevitable, due to lack of PBC field data measure-

ments. 
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Fig. 3. Concentration of fine Black Carbon in the water column (g m-3) along the cross section 

designated with red in Figure 1 on the last day of 2018 (annual simulation), a) assuming zero 

settling (𝑤𝑠 = 0 m d-1, RUN1) and b) settling velocity of the particle 𝑤𝑠= 1 m d-1 (RUN3). 

The concentration of PBC in the water column of Elefsis Bay (Figure 3) varied from 

0.1 μg L-1 to 0.4 μg L-1. Unfortunately, there are no available PBC concentrations for 

the study area based on water column sampling. Although it is quite dicey to compare 

with in situ data from other regions of the world ocean, where the whole size continuum 

of the bulk PBC has been determined (and not only the 0.5 μm size fraction), surpris-

ingly the modelled PBC concentrations in Elefsis Bay fall within the same order of 

magnitude as those reported for the western Arctic and Subarctic Oceans, areas less 

affected by anthropogenic activities where PBC larger than 1 μm was determined [42]. 

To investigate spatial differences as well as differences due to parameterization, sim-

ulated time-series from two observation points were compared (S1 and S16). In both 

cases, the particle accumulation in the sediment layer (mass in g as a function of time) 

and the annual variability of deposition fluxes (g m-2 d-1) were calculated for all the 

tested settling velocities. In the first case, an observation point in the shallow, semi-

enclosed and environmentally vulnerable Elefsis Bay (S1, max depth 23 m) was inves-

tigated. As a second observation point, S16 was chosen, a location between Inner and 

Outer Saronikos Gulf (max depth 85 m), receiving lower pressure than S1 and influ-

enced by the open boundaries water circulation, where PBC concentration was assumed 

to be equal to zero (Figure 4). As expected, in all cases, the assumption that the particles 

are not settling (RUN1) results in zero mass deposition in the sediment layer. Similarly, 
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when the settling velocity was calculated according to Equation 2 (computed 𝑤𝑠 vary-

ing from 0.5 ×10-3 m d-1 to 16 ×10-3 m d-1) and the above-mentioned parameterization 

(section 2.3), the deposition mass and fluxes are very low. In Figure 4a, referring to 

Elefsis Bay where bottom depth is 23 m, we can observe that for both simulations with 

close to zero settling velocities (𝑤𝑠=0 and 𝑤𝑠=function) the particle is not accumulated 

in sediments and remains suspended in the water column. On the other hand, settling 

velocities of 0.1 m d-1 and 1 m d-1 led to annual accumulation of up to 5 and 25 mg m-

2 of BC at station S1 respectively. Lower annual mass load deposition of PBC to the 

sediment was calculated at S16, with the higher being 5 mg m-2. In Figure 4b, we can 

observe a similar trend when low settling velocities were implemented (𝑤𝑠=0, 𝑤𝑠=0.1 

and 𝑤𝑠=function) resulting to very low PBC mass deposition to the sediment layer. This 

can be explained taking into account the greater bottom depth of this part of Saronikos 

Gulf (S16, depth greater than 85 m), the different hydrodynamic circulation and the 

hydrodynamic exchanges with the open-sea (open boundaries) leading to PBC loss 

from the modelling area. 

Regarding depositional fluxes over different time periods, seasonal variability can 

be observed (Figure 4 b, d). As an example, at S1 for 𝑤𝑠 = 1 m d-1 (RUN3, Figure 4b), 

the flux varies from 0.02 mg m-2 d-1 (7.3 mg m-2 y-1) during summer months to 0.16 mg 

m-2 d-1 (58.4 mg m-2 y-1) during winter months. This variation may be related to the 

seasonality of atmospheric deposition fluxes of BC. An alternative cause of the ob-

served variability could be summer stratification, which isolates to some extent the 

near-bed layers from the sea-surface conditions and the exchanges with the atmosphere. 
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Fig. 4. Fine Black Carbon (0.5μm) settling mass (g) a) at S1 and b) at S16, and sedimentation 

flux (g m-2 d-1) c) at S1 and d) at S16, to the top sediment layer over simulation time and differ-

ent settling velocities. Quarters correspond to months as follows: Q1 is JFM, Q2 is AMJ, Q3 is 

JAS and Q4 is OND. 
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The spatial differences of sediment deposition of PBC are clearly shown on the rel-

ative maps that were created (Figure 5). The higher fluxes are recorded in Elefsis Bay, 

where a small volume of water (Elefsis Bay), receives relatively high BC loads through 

atmospheric deposition. Conversely, in other parts of Saronikos Gulf, lower fluxes are 

observed, for example Outer Saronikos, where the circulation of water from the open 

boundaries (with zero PBC concentration) decreases the PBC concentration, thus de-

creasing PBC availability for deposition to the sediment layer. Semi-enclosed bays, like 

Elefsis Bay, are considered to be effective traps for PBC (and associated contaminants 

as well) that is deposited in the local sediments [2]. 

Fig. 5. Spatial distribution of PBC mass settled on the top sediment layer (g m-2 y-1) after one 

year of simulation for each settling velocity a) 𝑤𝑠 = 0 m d-1 (RUN1), b) 𝑤𝑠 = function (RUN4), 

c) 𝑤𝑠 = 0.1 m d-1 (RUN2), and d) 𝑤𝑠 = 1 m d-1 (RUN3). Note the different scales in the subfig-

ures in the upper (a, b) and lower (c, d) panel. 

A factor that controls the PBC mass settled on the top sediment layer is the settling 

velocity of PBC. The only published attempt to quantify the PBC settling velocity in 

seawater revealed that settling velocity ranged from meters to tens of meters per day, 

illustrating the slow-sinking characteristics of PBC [20]. Using the literature available 

PBC datasets and a settling speed of 5.6 m d-1, Yang and his coworkers [20] estimated 

the sinking flux of PBC at several shelves around the globe covering regions with low 

human activity (like the Arctic shelves) and hotspots of BC emissions (like the coasts 

of China). The estimated PBC sinking flux varied from 0.88 to 66.4 g m-2 y-1, spanning 

1-2 orders of magnitude. In the present study, the settling velocities employed were 

much lower than the speed used by [20], thus leading to lower deposition fluxes (up to 
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0.025 g m-2 y-1). Particle diameter has been identified as one of the primary determi-

nants, the other being density, of the settling velocity of particles, as elucidated by the 

principles of Stokes’ Law. In our case, numerical data were produced only for one size 

class of BC (0.5 μm) while the mass of BC in other size classes of the atmospheric 

particles that are deposited at the sea surface, was not considered. It is therefore ex-

pected that our simulations should lead to both lower concentrations and fluxes. 

4 Conclusions 

The deposition of BC fine particles from the atmosphere to the marine area of Sa-

ronikos Gulf was investigated numerically for 2018. The contribution of the shipping 

industry to the overall BC 0.5 μm mass balance was estimated and found to be of low 

importance for the case study area, already receiving high anthropogenic pressure. The 

transport mechanism of the particles in the marine environment is highly influenced by 

the settling velocity, leading to various depositional fluxes on the seabed. Mass depo-

sition to the seabed was higher (up to 0.025 g m-2 y-1) when high settling velocity was 

selected (1 m d-1). In Elefsis Bay, the concentration of PBC in the water column, as 

well as the mass deposited to the seabed were higher compared to open sea (station 

S16). The depositional fluxes and concentrations of PBC calculated within this study 

were lower, compared to other field studies, indicating that more sources of BC need 

to be included in the modelling set-up (e.g. river discharges). To further develop and 

validate this study, field measurements of PBC concentration in water and sediment are 

necessary. Deployment of sediment traps would provide a valuable source of field data 

information for sediment fluxes of PBC. Furthermore, biochemical interactions need to 

be modelled to provide a holistic approach to the fate of PBC. 
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