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A B S T R A C T   

The aim of this study is to estimate the contribution of the maritime sector on the air quality of major Medi-
terranean ports with the Long Term Ozone Simulation-European Operational Smog (LOTOS-EUROS) chemical 
transport model, using two source apportionment methods: the brute-force emission scenario methodology and the 
labelling approach. With the brute-force method NO2 shipping concentrations are estimated by the ratio of the 
difference between two model runs - with original and reduced emissions - and the equivalent emission reduction 
factor. In the labelling, emitted species are explicitly labelled per sector and tracked through all model processes. 
Simulations are performed for a one-year period, from May 2018 to May 2019 and the two methodologies are 
intercompared. The methods show strong agreement between NO2 shipping contributions (R > 0.95) and dif-
ferences of ~14%. A sensitivity analysis carried out using the brute-force method indicates that a linear regime 
between NOX emissions and NO2 concentrations holds, when adopting a low to moderate emission reduction 
(<50%). We applied the brute-force method with an assumed 20% emission reduction and found that the NO2 
surface concentrations attributed to maritime sector activities in selected ports were between 5% and 70% of the 
total NO2 surface concentrations, with a mean value of 27%. Comparisons between measurements from the 
European Environment Agency (EEA) ground-based monitoring stations and LOTOS-EUROS NO2 surface con-
centrations show a strong correlation (R~0.8) with an underestimation of the model (~-32%) for the whole 
period. The bias is reduced to − 20% when air quality monitoring stations affected by traffic and industrial 
activities are excluded from the analysis. Moreover, observed Sentinel-5 Precursor TroPospheric MOnitoring 
Instrument (S5P/TROPOMI) and modelled NO2 vertical column densities (VCDs) show a significant spatial 
agreement (R~0.86) for both summer and winter with biases of − 25% and − 1%, respectively, over the selected 
ports. These comparisons were carried out as an indirect way of validating the applied methodology and the 
performance of the model in coastal areas. The present study provides a solid background which will enable the 
assimilation of the satellite observations to the CTM to infer NOX shipping emissions in the Mediterranean Basin 
in view of the upcoming designation of the Mediterranean Sea as an Emission Control Area in 2025.   

1. Introduction 

The maritime sector is a vital component of the global economy, 
responsible for the transportation of approximately 80% of global goods 
(UNCTAD, 2022; Schnurr et al., 2019). Future projections show a 40% 
increase of maritime trade by 2050 followed by a 90%–150% increase of 
greenhouse gases (GHG) compared to 2008 levels (Faber et al., 2020). In 

the European Union (EU), 32% of short shipping (i.e., transport of goods 
between ports) and 53% of seaborne passenger traffic are occurring in 
the Mediterranean (https://ec.europa.eu/eurostat/statistics-explained 
/index.php?title=Maritime_transport_statistics_-_short_sea_shipping_ 
of_goods, last accessed on May 24, 2024). Due to its significance as a 
crossroad of three continents, the Mediterranean shipping activity is 
expected to rise in the following years, deteriorating both air quality and 
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human health in coastal regions (Russo et al., 2023). 
The combustion of fuels in ship engines is responsible for emissions 

of various pollutants such as nitrogen oxides (NOX=NO2+NO), sulfur 
oxides (SOX), particulate matter (PM), carbon monoxide (CO) and hy-
drocarbons (Smith et al., 2014). NOX international shipping emissions 
contribute 15%–35% to total anthropogenic NOX emissions (Crippa 
et al., 2018) and shipping emissions are estimated to cause 60,000 
premature deaths annually, mainly affecting coastal regions (Corbett 
et al., 2007). Recent studies reported that particulate matter and nitro-
gen dioxide (NO2) ship-related emissions increased all-cause premature 
deaths by 7.7% in the Iberian Peninsula in 2015 (Nunes et al., 2021) and 
accounted for 430 premature deaths per year in the Mediterranean 
(Viana et al., 2020). 

To reduce the impact of shipping on air quality, the International 
Maritime Organization (IMO) has adopted amendments to designate the 
Mediterranean as an Emission Control Area (ECA) for sulfur oxides and 
particulate matter, entering into force in May 1st of 2024 under the 
International Convention for the Prevention of Pollution from Ships 
(REMPEC, 2019; MARPOL, (https://www.imo.org/en/OurWork 
/Environment/Pages/Index-of-MEPC-Resolutions-and-Guidelines- 
related-to-MARPOL-Annex-VI.aspx#1, last accessed on May 24, 2024). 
This will affect the existing limit for sulfur in fuel oil used on board ships 
from 0.5% m/m (mass by mass) to 0.1% m/m and reduce sulfur dioxide 
(SO2) and PM shipping emissions. On the contrary, nitrogen oxides 
levels originating from shipping activities in the Mediterranean are not 
expected to decrease (Van Roy et al., 2023), negatively impacting the 
environment and human health in coastal regions (Brandt et al., 2013). 
Hence, the importance of identifying and quantifying NOX shipping 
emissions and assessing their impact on air quality and human health in 
the Mediterranean Basin are becoming a pressing need (Khomenko 
et al., 2023). 

The number of studies on shipping emissions has increased signifi-
cantly in the last years, especially in the greater Mediterranean area. 
Modelling approaches have been developed to estimate the contribution 
of shipping emissions to concentrations of air pollutants in the Medi-
terranean (Aksoyoglu et al., 2016; Merico et al., 2021; Fink et al., 2023; 
Russo et al., 2023), and reported significant contribution (>20%) of the 

shipping sector to PM, NO2 and O3 concentrations. Furthermore, satel-
lite observations of NO2 vertical column densities (VCDs) have been 
used to identify and quantify emissions originating from various ship-
ping activities (Georgoulias et al., 2020; Pseftogkas et al., 2021; Riess 
et al., 2022; Kurchaba et al., 2022; Kim et al., 2023; Rodriguez Valido 
et al., 2023). In combination with impact assessments of shipping 
emissions on human health (Merico et al., 2021; Kukkonen et al., 2022), 
these studies could be used in a broader context to inform policy de-
cisions towards mitigation of ship-related air pollution. 

Here, we apply two source apportionment methodologies, namely 
the brute-force and labelling approaches, to estimate the contributions of 
the maritime sector on NO2 surface concentrations in 29 Mediterranean 
ports and its impact on air pollution. To this purpose, the Long Term 
Ozone Simulation-European Operational Smog (LOTOS-EUROS) chem-
ical transport model (CTM) simulations are performed for a one-year 
period, from May 2018 to May 2019. Similarly to the work of Thür-
kow et al. (2023), but only for the shipping sector in the Mediterranean, 
we highlight the similarities and discrepancies between the two source 
apportionment methods and further associate the estimated impacts of 
shipping on NO2 concentrations with vessel statistics obtained from the 
European Statistical Office (EUROSTAT). Finally, we evaluate the model 
skill in coastal areas through comparisons with ground-based mea-
surements obtained from the European Environment Agency (EEA) and 
satellite observations from the Sentinel-5 Precursor TroPospheric 
MOnitoring Instrument (S5P/TROPOMI). 

This work differs from previous studies (Fink et al., 2023; Vinken et al., 
2011), where the impact of shipping on NO2 and O3 was estimated in the 
Mediterranean, the Pacific Ocean, and North Sea with the application of a 
100% emission reduction scenario. Here, we assess the linearity of the NOX 
regime to various emission reduction scenarios and estimate the range in 
which emission perturbations lead to proportional changes in surface 
concentrations, instead of directly zeroing out shipping emissions as pre-
sented by Fink et al. (2023). Our research focuses on estimating the ship 
contributions on heavily polluted ports with complex chemical and 
physical processes without accounting for a ship plume segregation, 
whereas Vinken et al. (2011) focus mainly on open-sea areas and chemi-
cally segregate the ship plume and the adjacent ambient atmosphere. 

Fig. 1. Nested model runs configurations, study domains and NO shipping emissions [kg m− 2 y− 1] in the Mediterranean Basin. Red triangles depict the selected EEA 
air quality monitoring stations used in this work. Fig. S1 shows the locations of the 29 Mediterranean ports. 
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The study is structured as follows. In Section 2, all the involved 
datasets and the implemented methodologies are described in detail. In 
Sections 3.1 and 3.2, the source apportionment results, and the com-
parisons to observations are presented, respectively. Finally, Section 4 
summarizes the main findings of this study. 

2. Materials and methods 

2.1. Datasets 

2.1.1. LOTOS-EUROS CTM simulations 
The open source v2.02.002 LOTOS-EUROS CTM (Manders et al., 

2017) is used to simulate NO2 vertical column densities and NO2 surface 
concentrations over the Mediterranean. LOTOS-EUROS simulates the 
main tropospheric pollutants like ozone, NOx, SOx, primary and sec-
ondary particulate matter (Schaap et al., 2008). The model solves the 
continuity equation that describes the change in time of the concen-
tration of a component as a result of chemistry, transport and diffusion, 
emissions, entrainment, dry and wet deposition (Schaap et al., 2008). 
Gas phase chemistry is described using the TNO Chemical Bond 
Mechanism-IV (CBM-IV), which is a condensed version of the original 

scheme (Whitten et al., 1980). Cloud chemistry is described following 
Banzhaf et al. (2012). Aerosol chemistry is represented using the Inor-
ganic Species and Organic Reactivity for the Secondary Organic Model II 
(ISORROPIA2) module (Fountoukis and Nenes, 2007). Anthropogenic 
emissions are taken from the Copernicus Atmospheric Monitoring Ser-
vice Regional European (CAMS-REG v5.1 2018) emission inventory 
available at 0.05◦ × 0.10◦ (Kuenen et al., 2022). Emissions from 
different sources are distributed in space and time, in a consistent 
manner, using relevant proxies for source categories. Emissions are 
gridded on a 0.05◦ × 0.1◦ grid and the temporal variation of emissions is 
represented by monthly, daily, and hourly time factors that distribute 
the annual emission totals in time for each source category (Kranenburg 
et al., 2013). In CAMS-REG v5.1, shipping emissions are derived uti-
lizing an alternative novel modelling approach based on the STEAM 
(Ship Traffic Emission Assessment Model) model (Jalkanen et al., 2012; 
Johansson et al., 2017). More specifically, shipping emissions of rele-
vant pollutants (NOX, SO2, PM, CO) are provided globally, on a 0.05◦ ×

0.1◦ grid, based on the generation of shipping routes from the AIS 
(Automatic Identification System) signals and emission factors based on 
the characteristics of each vessel (Kuenen et al., 2022). The share of the 
maritime sector NOX emissions is 97% for NO and 3% for NO2. All model 

Fig. 2. Tropospheric NO2 VCD over the port of Algeciras for the summer period (JJA) from (a) LOTOS-EUROS; (b) TROPOMI; (c) LOTOS-EUROS with updated 
AMFs; (d) TROPOMI with updated AMFs. 
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simulations are driven by the operational meteorological data from the 
European Centre for Medium-Range Weather Forecasts (ECMWF) pro-
vided at a horizontal resolution of 7 km × 7 km and hourly temporal 
resolution. 

Fig. 1 demonstrates the NO shipping emissions of the inventory and 
the location of the European Environment Agency air quality monitoring 
stations later used in the assessment of the CTM simulations, while 
Fig. S1 shows the 29 Mediterranean ports involved in this research. 
Recently, the model has been used for source attribution purposes of 

nitrogen oxides and particulate matter (Fink et al., 2023; Thürkow et al., 
2023, etc.) and for validation purposes with ground-based and satellite 
observations (Pseftogkas et al., 2022; Koukouli et al., 2022; Timmer-
mans et al., 2022; Skoulidou et al., 2021, etc.). 

In this work, the LOTOS-EUROS CTM was used to simulate NO2 
surface concentrations and vertical column densities for selected port 
locations in the Mediterranean Basin. A nested run configuration was 
implemented for the simulations. An outer European run (D1, Fig. 1) 
with coarse resolution (0.5◦ × 0.5◦) was performed from January 2018 
to December 2021. Boundary and initial conditions were obtained from 
the CAMS Global near-real-time (NRT) reanalysis with a spatial reso-
lution of 35 km × 35 km. The output of the coarse run was used as 
boundary conditions for the Mediterranean (D2) run with a less coarse 
resolution (0.25◦ × 0.25◦) in order to ensure the smooth transition of 
dynamics between the two runs. Both D1 and D2 runs are configured 
with 12 vertical coarsened layers reaching up to 10 km, 7 of which are 
typically within the PBL. Moreover, the Mediterranean Basin was 
separated into two smaller domains with a higher horizontal resolution 
(0.05◦ × 0.10◦), namely the western Mediterranean (D3) and the central 
Mediterranean (D4), using as input the D2 domain output (Fig. 1). The 
separation of the Mediterranean region into two domains was done for 
computational efficiency due to the high vertical and horizontal reso-
lution and the target period from May 2018 to May 2019. The two inner 
runs (D3 & D4) were configured with 34 vertical layers, with the same 
vertical structure as the ECMWF profiles. A previous study (Pseftogkas 
et al., 2022) has shown that NO2 surface concentrations are higher and 
comparisons with in-situ measurements over central Europe result in a 
lower bias (by 5%–15%) when 34 vertical levels and no coarsening are 
used in the model, compared to 12 coarsened levels. This is in line with 
the research by Riess et al. (2023), who showed that LOTOS-EUROS 
simulates deep marine boundary layer depths when compared to 
aircraft measurements, over the summertime North Sea, leading to an 
underestimation of NO2 concentrations close to the surface. Hence, the 
incorporation of more vertical layers in the boundary layer of ports leads 
to a more realistic mixing of pollutants and higher surface 
concentrations. 

2.1.2. EEA ground-based monitoring stations 
LOTOS-EUROS modelled NO2 surface concentrations were evaluated 

against EEA [https://www.eea.europa.eu/en, last accessed on May 24, 
2024] in-situ measurements for the studied period (May 2018–May 
2019). 29 stations (Table S1) located in ports (Fig. S1) or in a radius of 
15–20 km from ports, as shown in Fig. 1 [red triangles], were selected. 
The stations are categorized by the EEA as 11 traffic, 3 industrial and 15 
background stations. The most prominent Mediterranean ports were 
selected according to EUROSTAT quarterly and annual statistics [htt 
ps://ec.europa.eu/eurostat/statistics-explained/, last accessed on May 

Fig. 3. (a) Consistency ratio of impacts and (b) consistency ratio of potential impacts for NO [red], NO2 [green] and NOX [purple].  

Fig. 4. (a) Labelled shipping NO2 surface concentrations; (b) NO2 potential 
impacts of the shipping sector with a 20% NOX emission reduction percentage; 
(c) Differences between the labelling and brute-force approaches. 
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2024, 2024]. Comparisons between the LOTOS-EUROS simulations and 
the in-situ measurements are conducted for the model grid cell con-
taining the ground-based station (Section 3.3). 

2.1.3. S5P/TROPOMI observations and the CAMS Satellite Operator 
TROPOMI was launched onboard the Sentinel-5 Precursor (S5P) 

satellite by the European Space Agency (ESA) on October 13, 2017 
(Veefkind et al., 2012). As part of the EU Copernicus Earth Observation 
Program, this mission aims at monitoring atmospheric composition from 
space. The satellite operates on a polar orbit with a spatial resolution at 
nadir of 3.5 × 5.5 km2 since August 2019 (van Geffen et al., 2020; Eskes 
and Eichmann, 2021). The low signal-to-noise ratio combined with the 
high horizontal resolution have resulted in a wealth of information 
regarding the monitoring of nitrogen oxides (NOX) originating from 
various sources in different areas globally. More specifically, these ob-
servations have been employed in monitoring NO2 levels in urban and 
background areas (Lange et al., 2022; Pseftogkas et al., 2022; Koukouli 
et al., 2022; Goldberg et al., 2021; Stavrakou et al., 2020; etc.), in 
estimating NOX emissions (Beirle et al., 2021; Lorente et al., 2019), in 
assessing the effect of the COVID-19 pandemic on NO2 levels (Fioletov 
et al., 2022; Levelt et al., 2022; Koukouli et al., 2021; Bauwens et al., 
2020), and in estimating plumes and emissions from the maritime sector 
(Riess et al., 2023; Rodriguez Valido et al., 2023; Kurchaba et al., 2022; 
Riess et al., 2022; Pseftogkas et al., 2021; Georgoulias et al., 2020). 

In this study, the reprocessed, open source, v02.04.00 version of the 
TROPOMI NO2 vertical column densities (van Geffen et al., 2022a, https 
://dataspace.copernicus.eu/, last accessed on May 24, 2024) is used for 
two periods, the summer of 2018 (June, July, August) and the winter of 
2018–2019 (December, January, February). The operational TROPOMI 
NO2 data product is thoroughly described in van Geffen et al. (2022b), 
Eskes et al. (2021), and Eskes and Eichmann (2021). Here, we only use 
satellite pixels with a quality assurance value higher than 0.75, corre-
sponding to cloud radiance fractions below 0.5 (van Geffen et al., 2022a). 

TROPOMI observations are used in this work to evaluate the per-
formance of the LOTOS-EUROS CTM in the selected Mediterranean ports 
(Section 3.4). To minimize the discrepancies between the assumptions in 
the TROPOMI retrieval and the validation process, the application of the 
TM5-MP (Williams et al., 2017) averaging kernels on model simulations 
is important as shown in previous studies (Douros et al., 2023; Psef-
togkas et al., 2022). In this work, this has been performed using the 
CAMS Satellite Operator (CSO, https://ci.tno.nl/gitlab/cams/cso, last 
accessed May 24, 2024), fully described in Pseftogkas et al. (2022). We 
further replace the a priori TM5-MP profile, at a resolution of 1◦ × 1◦, 
used in the retrieval by the a priori profile from the LOTOS-EUROS 
model at a resolution of 0.05◦ × 0.1◦. The application of the 
LOTOS-EUROS a priori profiles on TROPOMI satellite retrievals has 
resulted in a significant reduction in the mismatch between the data and 
model (~25%) in traffic, background and industrial locations (Pseftog-
kas et al., 2022). 

An illustration of the importance of this process for Mediterranean 
ports can be seen in Fig. 2 for the port of Algeciras, Spain, in summer. 
The initial simulations (Fig. 2a) show high NO2 levels in the Gibraltar 
Strait and the gulf of Algeciras compared to the satellite observations 
(Fig. 2b). After the application of the updated profiles to both the 
modelled and retrieved NO2 columns, the NO2 levels become compa-
rable and show a very similar spatial distribution and a more pro-
nounced depiction of the shipping lane crossing the Strait (Fig. 2c and 
d). Thus, this methodology provides a more detailed representation of 
the strong gradients near high emitting sources and shipping lanes 
which cannot be captured by the TM5-MP a priori profiles due to their 
coarse horizontal resolution. 

2.1.4. Source apportionment with LOTOS-EUROS 
Source apportionment methodologies are implemented in order to 

determine the origin of pollution, identifying and quantifying the 
sources that contribute to air pollution concentrations and inform on the 

Fig. 5. Scatter plots between the mean daily labelled shipping concentrations of the selected ports and the potential impacts [in ppb] for two NOX shipping emission 
reduction percentages (a) 25%; (b) 75%. 

Table 1 
Labelled and brute-force NO2 mean shipping concentration estimates in all ports [first row] and the root mean square errors between the two techniques [second row].  

Shipping sector Labelled PI5 PI10 PI20 PI25 PI35 PI50 PI75 PI100 

Mean valuea 1.38 ± 1.24 1.195 ± 1.07 1.194 ± 1.07 1.194 ± 1.08 1.194 ± 1.08 1.195 ± 1.09 1.195 ± 1.1 1.199 ± 1.11 1.208 ± 1.13 
RMSEb  5.00 4.97 4.92 4.89 4.83 4.76 4.65 4.58  

a in ppb. 
b in 10− 3 ppb. 
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effectiveness of mitigation strategies (Clappier et al., 2017). In this 
work, two source apportionment techniques are implemented to deter-
mine the contribution of the maritime sector on NO2 levels, namely the 
Emission Reduction Impact (ERI) method, also known as brute-force 
methods and the Mass Transfer Method (MT), also known as labelling 
technique (Thunis et al., 2018). To be consistent with recent studies on 
source apportionment, we apply similar notations with previous studies 
(Thunis et al., 2020; Thürkow et al., 2023). 

Brute-force method. In this work, the brute-force method is applied 
(Section 3.1.1) to calculate the Potential Impact (PIs, Eq. (1)) of a spe-
cific source (s) at the receptor (r) by subtracting the concentration (Cbase) 
of a model base case simulation (full emissions) and a simulation in 
which the source emissions (Cred) are reduced by a factor (as), divided by 
this factor. Hence, the potential impact corresponds to the NO2 mass 
obtained by differentiating two model runs, one with the full emissions 
and one with sector reduced emissions, scaled by the emissions reduc-
tion factor. 

PIs =
Cbase − Cred

as
(1)  

In cases of species involved in atmospheric chemistry, perturbing the 
emissions may cause non-linear effects and can lead to a negative impact 
on source apportionment (Kranenburg et al., 2013), meaning that ex-
periments cannot be extended to other emission reduction scenarios and 
brute-force cannot be directly used to determine contributions. To 
ensure that linearity is maintained throughout the process, a propor-
tionality analysis similar to Thürkow et al., 2023 was conducted. More 
specifically, this sensitivity analysis includes a base run with full emis-
sions and eight runs with reduced NOX emissions for the shipping sector 
by applying various emissions reduction scenarios (5%, 10%, 20%, 25%, 
35%, 50%, 75%, 100%). To assess if the regime is linear or non-linear, 
the ratio between the impact (difference between the base case and an 
emission reduction scenario) of the shipping sector (S) of a reduction 
scenario (X) and the impact of the 20% NOX shipping emission scenario 
was examined. The 20% reference emission reduction factor was 
selected to be in-line with previous approaches that used the same factor 
as reference criterion (Thunis et al., 2018; Thürkow et al., 2023.) This 
metric is called Consistency Ratio of Impacts (CRI, Eq. (2)) and the same 
can be implemented for the potential impacts, also known as Consis-
tency Ratio of Potential Impacts (CRPI, Eq. (3)) presented by Thürkow 
et al., 2023). A linear regime can be presumed for both consistency ra-
tios when the response to the emission reduction percentages is pro-
portional. For example, an emission source sector reduction of 100% 
would yield a CRI equal to 5, a 50% emission reduction to a CRI of 2.5 

and so on. Similarly, the consistency ratio of the potential impact on a 
linear regime should be equal to 1 for any reduction factor. 

CRI=
ΔCS,X

ΔCS,20
(2)  

CRPI=
PIS,X

PIS,20
(3) 

Labelling technique. With the labelling technique, the contribution 
of specified sources for all model grid cells and time steps is estimated 
(Kranenburg et al., 2013) by assigning predefined labels to specific 
emission sectors or regions. These labelled sectors or regions are then 
traced during the simulation. The model tracks the contributions of 
separate sources for chemically active tracers using the preserved atoms, 
including C, S, reduced and oxidized N. The contributions per label are 
calculated as fractions of the total tracer concentration. Note that for 
each model process (e.g., emissions, transport, removal processes, gas 
phase chemistry, aerosol chemistry) the calculations to track the source 
contributions differ. As the fractions must add up to one for mass con-
servation, all source and sink processes must be accounted for in the 
source apportionment module, including initial and boundary condi-
tions. The specification of the labels to track throughout the model 
simulations is done in the emission routine. In principle, the definition of 
the labels is very flexible (Thunis et al., 2019, 2020) and any kind of 
allocation is possible when the required detail is present in the input 
data. 

In this work, LOTOS-EUROS labelled simulations are compared with 
our calculated brute-force technique estimates (Section 3.1.2). Detailed 
information about the model labelled run can be found in the CONCAWE 
scientific report (Tokaya et al., 2023). This report examines the influ-
ence of shipping emissions on the air quality of 19 European port-cities, 
including seven Mediterranean ports. Shipping contributions on NO2, 
SO2, PM2.5 and PM10 are predicted to be 18%, 11%, 5% and 3% for 2018, 
respectively, signifying that maritime activities are a strong contributor 
to air pollution in Europe. 

Overall, most studies suggest that source attribution with the brute- 
force technique for a single sector should be avoided due to difficulties 
in verifying consistency and quantifying the error of the sector and the 
total contribution. Thus, the labelling approach is being suggested due 
to the consistency in the chemical and physical processes regarding ni-
trogen oxides, whereas explicit use of emission scenarios is preferred for 
evaluating the effect of emission mitigation strategies. In the following 
section, we demonstrate that both approaches yield similar results for 
the shipping sector in the Mediterranean ports for NO2. 

Fig. 6. (a) NO2 surface concentration time series for the total labelled NO2 levels [blue solid line], the brute-force baseline run [green solid line], the 20% NOX 
reduced NO2 levels [purple dashed line], the labelling [dashed blue] and brute-force [dashed green] shipping NO2 estimates; (b) Relative differences between the 
labelled and the baseline run [purple] and the shipping labelled, and brute-force scenario run [blue]. 
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3. Results 

The results section is structured as follows: in Section 3.1.1, the 
linearity and applicability of the brute-force methodology is assessed. In 
Section 3.1.2 the potential impacts of the shipping sector estimated with 

the brute-force technique are compared with the labelling approach 
absolute contributions and the relative contribution of shipping to the 
total NO2 surface concentrations is presented in Section 3.2. Finally, in 
Sections 3.3 and 3.4 the model is compared with EEA ground-based 
measurements and S5P/TROPOMI observations, respectively, as an 

Fig. 7. (a) Relative contribution of the maritime sector to the total NO2 concentrations; (b) NO2 shipping concentrations by the brute-force method; (c) Total number 
of vessels in the selected Mediterranean ports for the period 05.2018–05.2019. 
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indirect way of validating the source attribution process and evaluating 
the performance of the model in coastal areas. 

3.1. Maritime sector contributions on NO2 surface concentrations 

3.1.1. Brute-force technique linearity investigation 
Here, we investigate the linearity of the chemical regime to ensure 

the validity of the brute-force methodology. To do so, the Consistency 
Ratio of Impacts (CRI, Eq (2)) and the Consistency Ratio of Potential 
Impacts (CRPI, Eq. (3)) were examined for each port separately and as 
the accumulated daily average of all ports over the period between May 
and December 2018 to coincide with the labelling approach simulations. 
Fig. 3 illustrates the mean CRI and the mean CRPI for NO, NO2 and NOX. 
As mentioned earlier, if the CRI shows a proportional behavior, the 
impacts are scalable and the potential impacts should be equal to 1 for 
each NOx shipping emission reduction scenario. Hence, in this case 
linearity can be presumed. In the case that CRI shows a non-proportional 
reduction then the CRPI differs from 1 and linearity is not maintained. 

The CRI for NO2 [green dashed line] and NOX [purple dashed line] 
indicates, overall, a proportional behavior to emission perturbations, 
hereafter defined as Xred, with higher uncertainties for high emission 
reduction scenarios (>75%), as shown by the amplitude of the error bar 
(shaded area in the plots of Fig. 3a). Moreover, low to moderate NOX 
shipping emission reduction scenarios (<50%) lead to a proportional 
reduction of the NO [red dashed line] concentrations. As shown in 
Fig. 3a, any emission reduction higher than 50% leads to a slightly lower 
NO response (by 12%), which is verified from the offset of the Xred/20 
ratio. For emission reduction factors lower than 50%, NO concentrations 

show a proportional behavior to emission perturbations (points equal to 
the Xred/20 ratio). This indicates that for smaller NOX emission re-
ductions the likelihood of ozone titration by NO is smaller compared to 
large NOX emission reductions, minimizing deviations caused by ozone 
limiting conditions and leading to a linear chemical regime. The same 
conclusion is deduced when examining the CRPI (Fig. 3b). For NO, 
proportionality increases with lower NOX shipping emission reduction 
factors and becomes equal to 1 in the range of 50%–5%. For both NO2 
and NOX the CRPI is almost equal to 1 for all emission reduction sce-
narios. Hence, a linear regime for the shipping sector can be presumed 
for low to moderate NOX emission reduction scenarios (− 50% to − 5%), 
with higher uncertainties and disproportionate responses to higher 
reduction scenarios. 

Overall, these results are consistent with Thürkow et al. (2023), who 
reported that linearity could be assumed for NO2 and various examined 
sectors (road transport, non-road transport, energy and industry, 
households, others). Here, we further conclude that linearity can be 
assumed for NO2 and the shipping sector with lower possibility of error 
when applying moderate to low emission reduction scenarios. In the 
following, we compare the NO2 potential impacts estimated with the 
brute-force method with the labelling approach contributions to assess 
the validity of the brute-force method. 

3.1.2. Brute-force technique vs labelling approach 
In this section, the two source apportionment methods are compared. 

Fig. 4 illustrates the average (May to December 2018) distribution of 
shipping NO2 surface concentrations in the Mediterranean Basin either 
based on the labelling approach (Fig. 4a) or the brute-force (Fig. 4b) 

Fig. 8. Mean daily measured [green] and modelled [red] NO2 surface concentrations from May 2018 to May 2019 and for (a) the traffic/industrial stations; (b) the 
background stations; Scatter density plot between the in-situ and modelled NO2 surface concentrations for the (c) traffic/industrial stations; (d) background stations. 
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method. A 20% NOx emission reduction factor was applied for the brute- 
force method. The maps exhibit a similar spatial distribution with pro-
nounced lanes in the coasts of Spain, France, Italy and Greece and the 
commercial shipping lanes moving towards the Gibraltar Strait and 
within the Adriatic Sea. Note that the Gibraltar Strait is not included in 
the LOTOS-EUROS labelled run hence comparisons cannot be performed 
there. Differences (Fig. 4c) between the labelled shipping NO2 surface 
concentrations and the brute-force potential impacts are, overall, rela-
tively low (0.5 ppb) attributed to the different nested approaches 
implemented for the two techniques. Brute-force NO2 shipping con-
centrations (Fig. 4b) are slightly higher but still below 1 ppb in the 
Gibraltar-Suez Lane near the African coast and in the shipping lane 
crossing the Adriatic Sea. 

The two methods were then further compared for selected port pixels 
(Fig. 5). Comparisons were conducted for all NOX emission reduction 
factors. Here only the 25% and 75% NOX emission reduction scenarios 
are shown for the sake of conciseness, but all statistics are summarized in 
Table 1. Overall, correlations are strong (R ≥ 0.95) for all cases and 
slopes are close to unity, with a constant bias between the two methods 
attributable to the slightly different configurations of the two model 
runs. Low NOX shipping emission reductions result in slightly lower 
correlation (R~0.95) and more outliers compared to higher NOX emis-
sion reductions (R~0.98). 

Mean shipping NO2 potential impacts are identical for emissions 
reduction factors in the range from 5% to 50% (PIS,X = 1.194 ppb) and 
are by 14% (0.18 ppb) lower compared to the labelled concentrations 
(Table 1). The potential impacts are higher for the 75% (PIS,75 = 1.199 
ppb) and the 100% (PIS,100 = 1.208 ppb) NΟХ emission reduction fac-
tors, but still ~13% (0.17 ppb) lower than the labelled concentrations. 
Furthermore, the root mean square errors (RMSE) between the labelled 
and the brute-force approach are very low and decrease with increasing 
NOX emission reduction factors. Overall, the two methodologies show 
strong agreement with relatively small differences. 

For the remaining comparisons between the two methods the 20% 
reduction factor was applied. 

To examine possible seasonality effects, in Fig. 6a the timeseries of 
the mean NO2 surface concentrations are shown for the baseline run, the 
labelled run and the run with 20% reduced NOX shipping emissions. 
Overlain on the same plot, the shipping-only contributions by the brute- 
force and the labelling approaches are given. 

There is a high level of agreement between the baseline and the 
labelled runs for all sectors throughout the whole studied period. From 
May until October 2018 the labelled run shows slightly higher NO2 
levels (12%), whereas from October until mid-December the brute-force 
baseline run accounts for higher (~20%) NO2 concentrations (Fig. 6b). 
As expected, the NO2 concentrations from the NOX reduced regime are 
lower compared to both labelled and brute-force runs showing that the 

reduction in shipping NOX emissions has a negative proportional impact 
on NO2 concentrations and that shipping is indeed an important 
contributing sector in these cells. Shipping NO2 surface concentrations, 
from both source attribution methods, show similar variability and 
overall, a strong agreement. Labelled NO2 shipping concentrations are 
slightly higher compared to the potential impacts (~14%), with differ-
ences getting higher after October (~20%) but not exceeding the 
threshold of 0.5 ppb (Fig. 6b). In contrast to the increasing NO2 total 
levels in winter, the shipping NO2 levels remain relatively constant with 
a slight decreasing trend in December. These findings further corrobo-
rate the overall understanding that the applied brute-force scenario can 
be used for shipping emission studies and operates similarly with the 
more elaborate labelling approach which tracks the source contributions 
in all chemical and physical processes. 

3.2. Maritime sector contributions on the NO2 budget 

In the following, we associate the surface NO2 levels originating from 
maritime activities with vessel traffic statistics from EUROSTAT and 
estimate the relative contribution of the shipping sector to the total NO2 
levels. Two extra model runs were performed for the estimation of the 
shipping potential impacts with the 20% NOX shipping emission 
reduction scenario for the D3 and D4 domains (Fig. 1) from May 2018 to 
May 2019. NO2 surface levels originating from shipping activities are 
estimated for the model grid cell that includes the port, whereas relative 
contributions are estimated for four model grid cells (~200 km2). This is 
done to assess the impacts of the maritime sector activities to the total 
NO2 levels in the greater area of the port and the city. Although, a 
chemical segregation between the ship plume and the adjacent ambient 
atmosphere, as initially proposed by Vinken et al. (2011), would provide 
a more realistic description of the non-linear and temporally variable 
NOX chemistry in the plumes, it seems to affect quantitively ship emis-
sions in open seas, whereas the effect diminishes over heavily polluted 
areas. Over ports, the shipping signal intermingles with land-based 
emissions and the background signal. The estimation of the outflow 
signal is ambiguous due to the overlap between the different contribu-
tions near coastlines, limiting the precision of the chemical segregation 
of the ship plumes. Hence, the inclusion of major port cities in this study 
does not allow us to proceed with a further segregation of the chemical 
regime between ship plumes and the ambient atmosphere. Shipping 
contributions are estimated based on the perturbation of the 
model-ingested NOX shipping emissions within the complex modelled 
chemical regime over ports. 

Fig. 7a shows the maritime sector relative contributions to the total 
NO2 levels in descending order. Three classes can be distinguished, port 
locations with high contributions (>40%), locations with moderate 
contributions (20%–40%) and locations with low contributions (<20%). 

Table 2 
Statistics of the modelled and in-situ NO2 surface concentrations for the whole study period and the summer and winter periods.  

Period Mean model concentration [μg/m3] Mean in-situ concentration [μg/m3] Relative bias [%] Correlation coefficient [R] 

Station type Traffic Background Traffic Background Traffic Background Traffic Background 

Total 19.09 ± 14.20 14.54 ± 10.95 31.00 ± 19.27 19.16 ± 12.79 − 38.43 − 23.57 0.72 0.81 
Summer 17.44 ± 14.05 12.37 ± 9.75 29.17 ± 19.45 15.62 ± 10.53 − 40.21 − 20.81 0.73 0.82 
Winter 20.86 ± 13.85 17.56 ± 12.02 34.00 ± 18.62 25.43 ± 15.35 − 38.64 − 30.97 0.63 0.76  

Table 3 
Statistics of the comparisons between the in-situ measurements and the modelled NO2 surface concentrations for the whole studied period and the summer and winter 
periods.  

Period Mean model concentration [μg/m3] Mean measured concentration [μg/m3] Correlation coefficient [R] Absolute bias [μg/m3] Relative bias [%] 

Total 16.84 ± 13.02 24.81 ± 17.26 0.80 7.97 − 32.12 
Summer [JJA] 14.70 ± 12.15 22.13 ± 16.89 0.80 7.43 − 33.57 
Winter [DJF] 19.33 ± 13.33 29.47 ± 17.45 0.79 10.34 − 34.40  
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Algeciras, Messina, Piombino and Livorno account for the highest con-
tributions, ranging from 45% to 70% of the total NO2 concentrations 
originating from the shipping sector, whereas Nice, Alicante and Bar-
letta show contributions lower than 10%. Maritime sector activities 
account for a mean of approximately 27% of the total NO2 levels in the 
greater port-city areas for the selected locations. 

To better explain the effect of shipping in the ports and to associate 
the vessel traffic with NO2 levels, we demonstrate in Fig. 7b the NO2 
surface concentrations originating from the shipping sector for all the 
involved Mediterranean ports and the total NO2 surface concentrations 
[red stars]. Algeciras, Barcelona, Piraeus, Napoli and Marseille account 

for the highest NO2 shipping levels with concentrations ranging from 7 
to 19 μg/m3, whereas Nice, Alicante and Barletta report low NO2 ship-
ping levels (<1.5 μg/m3). This is in overall agreement with the total 
number of vessels operated in ports between May 2018 and May 2019 as 
reported by EUROSTAT (Fig. 7c). There are a few cases of low NO2 
shipping levels and low total NO2 concentrations, resulting in high 
relative contributions (e.g., Piombino and Milazzo), signifying, thus, 
that shipping is the main contributor in these areas. Cases with signifi-
cant vessel traffic and high NO2 shipping levels in port grid cells (e.g., 
Barcelona, Piraeus, Marseille and Napoli) can also lead to moderate 
contributions from the shipping sector in the greater city area. 

Fig. 9. Comparisons between S5P/TROPOMI and LOTOS-EUROS NO2 VCDs of all port pixels after the implementation of the updated air mass factors for summer 
[left] and winter [right] periods (a, b) Time series of the mean model [red] and satellite [green] NO2 VCDs; (c, d) Scatter density plots of the daily simulated [y-axis] 
and observed [x-axis] NO2 VCDs; (e, f) Scatter density plots of mean NO2 VCDs levels of each port between the model [y-axis] and the satellite [x-axis]. 
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Maps of the absolute concentrations and relative contributions 
(Fig. S2) of these locations were generated to better explain the NO2 
levels attributed to shipping activities. The absolute shipping NO2 levels 
(Fig. S2, left column) and the relative contributions (Fig. S2, right col-
umn) are higher in the model grid cells including the ports. More spe-
cifically, in the port cells of Barcelona, Piraeus, Napoli and Marseille 
NO2 average shipping levels are relatively high (12 μg/m3, 9 μg/m3, 8 
μg/m3 and 8 μg/m3) compared to total average NO2 levels (32 μg/m3, 
20 μg/m3, 25 μg/m3, 23 μg/m3) with significant relative contributions 
(37%, 45%, 34% and 33%). Valencia port is an outlier accounting for 
low shipping NO2 levels (3 μg/m3) and relative contribution (11%), 
while EUROSTAT is reporting significant vessel traffic. This could be 
attributed to different meteorological conditions (prevailing winds), the 
topography of each studied area and the contribution of other sectors. 
Significant NO2 levels and contributions can also be observed in the 
shipping lanes leading to the ports. Hence, the fact that LOTOS-EUROS 
simulates the processes within each time step per grid cell (Manders 
et al., 2017) combined with the available horizontal resolution (0.05◦ ×

0.1◦) allows for a first approximation on the order of magnitude of 
shipping contributions within the port and its surrounding grid cells, 
limiting the assessment of ship emissions in an area of ~50 km2. Ship-
ping NOX emissions occurring in the vicinity of the port, affect mostly 
the model grid cell including the port and part of the city. Relative 
contributions are high along the shipping tracks in the open sea 
(Fig. S2), as shipping is the only emitting source. Near the port, absolute 
shipping levels are higher compared to open sea shipping lanes, indi-
cating different emission rates due to different vessel operations 
(maneuvering and hoteling) in the vicinity of the ports leading to higher 
emissions as accounted for in the ingested model emission inventory. 
However, relative contributions are lower over the port, since activities 
within the city (road transport, industrial processes etc.) directly affect 
air pollution levels. Over the port-city domain, horizontal transport 
seems to be limited within 10 km due to physical processes (photodis-
sociation, reaction with other species and radicals) and obstacles (i.e., 
small hills, buildings etc.), leading to lower NO2 levels in the neigh-
boring grid cells of the ports. Thus, shipping relative contribution is 
expected to be lower in locations dominated by road transport and in-
dustrial processes compared to smaller port cities where the maritime 
sector is the predominant contributor. 

These findings show that policies cannot be made solely based on the 
number of vessels operated in ports and traditional bottom-up in-
ventories. Cases with limited number of vessels in small ports which 
however result in a large impact on air quality are not uncommon and 
need to be assessed in non-traditional ways. Hence, source apportion-
ment studies are very useful in providing information on the contribu-
tion of the shipping sector to total air pollution levels in ports and 
indicate locations where maritime emissions should be updated with 
inversion approaches. 

3.3. Evaluation of the modelled NO2 surface concentrations in 
Mediterranean ports 

In this section we separate the port stations into two categories, 
namely 14 traffic/industrial urban stations and 15 background stations. 

Fig. 8 illustrates the time series for the mean in-situ and modelled NO2 
surface concentrations for the traffic/industrial stations (a) and the 
background (b) stations. Differences are more pronounced in the traffic/ 
industrial stations with the mean daily in-situ NO2 surface concentra-
tions ranging from 20 μg/m3 to 50 μg/m3 (annual mean of 31 μg/m3), 
whereas the modelled range from 10 μg/m3 to 30 μg/m3 (annual mean is 
19.09 μg/m3, see Table 2). The comparisons at background stations 
suggest similar NO2 surface concentration levels, ranging between 10 
μg/m3 and 25 μg/m3 on daily basis, with the annual mean of in-situ 
observations and model output equal to 19.16 μg/m3 and 14.54 μg/ 
m3, respectively. With regards to daily relative differences, the traffic/ 
industrial stations range from 10% to − 70% with a mean annual relative 
bias of − 38% whereas background differences range from 20% to − 50% 
with a mean annual bias of − 24%. Regarding the seasonal differences, 
the traffic/industrial stations show a similar bias for both periods 
(~-40%), whereas the background bias is − 21% and − 31% for summer 
and winter, respectively. We should note here that the model has a 
known difficulty in resolving strong gradients close to the source in 
traffic/industrial locations due to the temporal and spatial distribution 
of the corresponding emissions used as input in the model (Timmermans 
et al., 2022). 

Fig. 8c and d shows the scatter density plots between the mean 
measured and simulated NO2 surface concentrations of the traffic/in-
dustrial and the background stations. Correlations are strong for both 
background (R~0.81) and traffic/industrial comparisons, (R~0.72), 
with near identical slopes (~0.63) but smaller discrepancies are found 
for the background locations. 

Overall, the inclusion of the traffic stations in the comparisons in-
creases the bias by approximately 30% which is equivalent to lower 
modelled NO2 surface concentrations by 3–8 μg/m3. Ports with small 
differences between measured and simulated NO2 concentrations (such 
as Algeciras, Cagliari, Milazzo, Alicante) exhibit also high agreement 
between the relative contribution of the shipping sector and the total 
number of vessels, already shown in Section 3.2, with a few exceptions 
(Piombino, Messina). 

Hence, when including traffic and industrial stations located near 
ports the bias might be increased because of the difficulty in resolving 
the high near-source concentrations in traffic and industrial locations 
due to the limited horizontal resolution in the input dataset and the 
simulations, presenting a situation which is not representative for all 
locations. On a seasonal basis, when examining all types of in-situ 
reporting stations, modelled and measured NO2 concentrations display 
a common variability with lows in late spring/summer and highs in 
winter. Differences between modelled and observed concentrations are 
generally constant (~-32%) throughout the whole period with higher 
discrepancies (~-45%) in January of 2019 and lowest in May 2019 
(~-25%). The overall highest biases during wintertime may also be 
attributed to the fact that the resolution of the simulations is not fine 
enough to detect emissions on a local scale, especially in winter when 
NOX emissions are enhanced. Moreover, cold and stagnant conditions in 
winter are difficult to represent in air quality models, as input for 
boundary layer height, stability and wind profiles from numerical 
weather prediction models is not always accurate (Bessagnet et al., 
2016). The possibility that the emission inventory might not have a 
proper representation of the activity in the selected pixels cannot be 
disregarded. 

The statistics for the comparisons on all stations is provided in 
Table 3. The main take-away message is that when comparing all 
collocated daily data, a high level of agreement is found (R~0.8 and a 
slope of ~0.71), with the ground-based measurements reporting overall 
higher NO2 surface concentrations by a mean of 8 μg/m3. On a seasonal 
basis, correlations are strong for both winter and summer periods 
(R~0.8) and slopes are closer to unity (0.79 and 0.72). The model un-
derestimates the in-situ concentrations in both periods with mean ab-
solute differences of 7.43 μg/m3 in summer and 10.34 μg/m3 in winter. 
Overall, the model shows a strong correlation with the in-situ 

Table 4 
Modelled and observed NO2 VCDs and standard deviations [in Pmolec/cm2] and 
relative bias [in %] for the summer and winter periods.  

Comparison Mean LE NO2 VCD 
[Pmolec/cm2] 

Mean TROPOMI 
[Pmolec/cm2] 

Relative bias [%] 

Summer Winter Summer Winter Summer Winter 

Updated 
VCDs with 
the new 
AMF 

2.16 ±
1.69 

4.32 
± 2.89 

2.88 ±
1.55 

4.36 
± 3.39 

− 25.09 − 0.90  
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measurements in coastal areas but is biased low (~-32%). This under-
estimation of NO2 concentrations close to the surface is also reported 
over continental areas (Pseftogkas et al., 2022), indicating that the bias 
is not attributed to the underestimation of shipping emissions but comes 
from all combined sectors. This hints difficulties in resolving specific 
processes in model dynamics, especially in heavily polluted urban areas. 
This will have an insignificant impact on the estimation of the shipping 
relative contributions since it depends on NO2 surface absolute levels 
and perturbations in NOX shipping emissions, which have shown to be 
proportional. 

3.4. Evaluation of the modelled NO2 VCDs in Mediterranean ports 

In this section, a further evaluation of the model performance is 
conducted, as we compare the simulated and observed NO2 VCDs for the 
summer of 2018 and the winter of 2018–2019 after the replacement of 
the coarse (1◦ × 1◦) TM5-MP profiles with the high resolution (0.1◦ ×

0.05◦) LOTOS-EUROS profiles on the satellite retrievals. This ensures 
that emissions from local sources are better resolved and included in the 
pixel selection. Model output at 11:00 UTC is used; this roughly corre-
sponds to the TROPOMI overpass time over the selected areas. 

Fig. 9 displays the mean daily TROPOMI and LOTOS-EUROS NO2 
VCDs of all selected ports. TROPOMI reports higher NO2 levels in 
summer, whereas in winter LOTOS-EUROS shows marginally higher 
NO2 VCDs until mid-January and then underestimates the TROPOMI 
NO2 VCDs. This also coincides with the period where the model strongly 
underestimates the in-situ NO2 surface concentrations, both in back-
ground and traffic/industrial locations. Overall, the observed and 
modelled NO2 VCDs show similar variability for both periods, with mean 
relative bias of − 25.09% for the summer and 0.90% for the winter pe-
riods. More specifically, the modelled VCDs increase in summer [winter] 
by 43% [19%] and the observed NO2 VCDs by 28% [16%], respectively. 
This is the effect of replacing the a priori coarse TM5-MP profiles with 
the updated profiles, leading to the detection of more emitting sources 
and the enhancement of NO2 concentrations. This is in line with the 
latest TROPOMI Routine Operations Consolidated Validation Report 
(Lambert et al., 2023, https://mpc-vdaf.tropomi.eu/, last accessed May 
24, 2024), suggesting that the bias between TROPOMI NO2 and 
ground-based instruments can be reduced when the vertical profiles of 
ground-based instruments are smoothed using the TROPOMI averaging 
kernels. 

Fig. 9 c and d show the scatter density plots of the daily modelled and 
observed NO2 VCDs for all the selected port cells in summer and winter. 
Correlations are moderate for both periods (R~0.65) with slopes of 0.72 
and 0.54 for summer and winter, respectively. Finally, Fig. 9 e and f 
depict the scatter density plots of the period mean of each port. Corre-
lations are strong for both periods (R~0.88 and R~0.85) with slopes of 
1.05 and 0.63 for summer and winter, respectively. Overall, summer 
simulated NO2 VCDs are consistently lower compared to the observed 
NO2 VCDs. For the winter period most port mean levels agree well be-
tween model and observation, with a few outliers. The statistics are 
summarized in Table 4. 

4. Discussion 

In this work, we used the brute-force method with the LOTOS- 
EUROS CTM in order to quantify the contribution of the maritime 
sector to the air quality NO2 levels in 29 ports in the Mediterranean 
basin. The brute-force method is known to insert uncertainties and non- 
linear responses in the estimation of potential impacts when perturbing 
the sector specific emissions. Thus, a sensitivity analysis was first carried 
out to assess the linearity of the chemical regime to various NOX ship-
ping emission reduction factors. The results were compared with the 
labelling approach which tracks the source contributions in all processes 
(emissions, transport, removal processes, chemistry). Shipping sector 
relative contributions were further estimated with the brute-force 

method and associated with vessel activity in selected ports. To eval-
uate the results, the modelled NO2 surface concentrations and VCDs 
were compared with EEA measurements and S5P/TROPOMI satellite 
observations. The key findings of this study can be summarized in the 
following:  

• For NO2, the various NOX shipping emission reduction scenarios 
applied in the brute-force method led to proportional responses, 
ensuring a linear regime. The error is minimized when applying low 
to moderate (<50%) NOX shipping emission reduction factors. Un-
certainties are higher in high emission reduction scenarios- (>50%), 
causing non-linear responses to NO concentrations. Brute-force NO2 
shipping potential impacts show a strong agreement (R ≥ 0.95) with 
the labelled absolute contributions for all NOX emission reduction 
scenarios. Overall, differences in estimated NO2 shipping levels be-
tween the two methods are low (~12%). Hence, the brute-force 
method can be applied to estimate shipping NO2 levels with the 
same sensitivity as the labelling approach, constituting an alternative 
useful tool when labelling is not applicable and not included in the 
source codes of various CTMs.  

• The contributions of the maritime sector to the air quality of 29 port- 
cities locations were estimated by the ratio of the potential impacts 
to the total NO2 surface concentrations with the brute force method 
for the period between May 2018–May 2019. Three distinct 
contributing classes were observed; locations where the shipping 
contribution to the total NO2 levels was higher than 40% (4 ports), 
locations where the contribution was ranging from 20% to 40% (14 
ports) and locations where shipping contributed lower than 20% (11 
ports). Overall, a mean contribution of 27% was found in the selected 
Mediterranean locations. Contributions are higher in the model grid 
cell including the port and horizontal transport is limited in the first 
10 km from the port to the city suburbs. Furthermore, a strong 
agreement was observed between the EUROSTAT vessel activity and 
the shipping contribution to the total NO2 levels for the selected 
ports. Ports with higher NO2 loads attributed to maritime activities 
(>40%) also accounted for higher number of vessels compared to 
ports with limited number of vessels with contributions lower than 
10%.  

• In-situ and modelled NO2 surface concentrations display overall a 
strong correlation (R~0.72), with similar seasonal variations, but the 
model underestimates the ground-based measurements with a mean 
relative bias of − 32%. The bias is − 23% for 15 representative 
background stations when 14 traffic/industrial stations (with a bias 
of − 38%) are studied separately.  

• LOTOS-EUROS mean NO2 VCDs in all selected port cells show, 
overall, a strong agreement with the TROPOMI observations for both 
seasons after the application of the air mass factor correction (R >
0.8). The mean simulated and observed NO2 VCDs show similar 
seasonal variability with higher discrepancies in summer (relative 
bias ~ − 25%) compared to winter (relative bias ~ − 0.90%). 

Overall, we have shown that maritime activities are a significant 
contributor to air pollution NO2 levels in the Mediterranean Basin using 
the LOTOS-EUROS model in combination with two source apportion-
ment methods, in-situ and satellite observations. As a next step, the 
satellite observations from TROPOMI will be used as top-down con-
straints in an inverse modelling scheme based on the Ensemble Kalman 
filter in order to infer NOx emissions from shipping across the major 
Mediterranean shipping routes. 
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