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Abstract: The aim of this paper is to apply a new lane separation methodology for the maritime 
sector emissions attributed to the different vessel types and marine traffic loads in the Mediterra-
nean and the Black Sea defined via the European Marine and Observation Data network (EMOD-
net), developed in 2016. This methodology is implemented for the first time on the Copernicus At-
mospheric Monitoring Service Global Shipping (CAMS-GLOB-SHIP v2.1) nitrogen oxides (NOX) 
emissions inventory, on the Sentinel-5 Precursor Tropospheric Monitoring Instrument (TROPOMI) 
nitrogen dioxide (NO2) tropospheric vertical column densities, and on the LOTOS-EUROS (Long 
Term Ozone Simulation—European Operational Smog) CTM (chemical transport model) simula-
tions. By applying this new EMODnet-based lane separation method to the CAMS-GLOB-SHIP v2.1 
emission inventory, we find that cargo and tanker vessels account for approximately 80% of the 
total emissions in the Mediterranean, followed by fishing, passenger, and other vessel emissions 
with contributions of 8%, 7%, and 5%, respectively. Tropospheric NO2 vertical column densities 
sensed by TROPOMI for 2019 and simulated by the LOTOS-EUROS CTM have been successfully 
attributed to the major vessel activities in the Mediterranean; the mean annual NO2 load of the ob-
servations and the simulations reported for the entire maritime EMODnet-reported fleet of the Med-
iterranean is in satisfactory agreement, 1.26 ± 0.56 × 1015 molecules cm−2 and 0.98 ± 0.41 × 1015 mole-
cules cm−2, respectively. The spatial correlation of the annual maritime NO2 loads of all vessel types 
between observation and simulation ranges between 0.93 and 0.98. On a seasonal basis, both obser-
vations and simulations show a common variability. The wintertime comparisons are in excellent 
agreement for the highest emitting sector, cargo vessels, with the observations reporting a mean 
load of 0.98 ± 0.54 and the simulations of 0.81 ± 0.45 × 1015 molecules cm−2 and correlation of 0.88. 
Similarly, the passenger sector reports 0.45 ± 0.49 and 0.39 ± 0.45 × 1015 molecules cm−2 respectively, 
with correlation of 0.95. In summertime, the simulations report a higher decrease in modelled trop-
ospheric columns than the observations, however, still resulting in a high correlation between 0.85 
and 0.94 for all sectors. These encouraging findings will permit us to proceed with creating a top-
down inventory for NOx shipping emissions using S5P/TROPOMI satellite observations and a data 
assimilation technique based on the LOTOS-EUROS chemical transport model. 
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1. Introduction 
The significance of the Mediterranean and Black Seas to the world shipping trade has 

been highlighted throughout the centuries. The Mediterranean Sea constitutes a crossroad 
of three continents and holds a prominent role in the European economic, geopolitical, 
and social landscape [1]. The Mediterranean and Black Seas, shown in Figure 1, compose 
of a semi-closed intercontinental marine system connected to the Atlantic Ocean with a 
coastline of 54,000 km, representing approximately 4% of the global ocean, while hosting 
a coastal population that exceeds 150 million inhabitants [2]. The Mediterranean can be 
divided into four sectors, the western Mediterranean, the Adriatic Sea, the Ionian and 
central Mediterranean, and the Aegean-Levantine Sea [3]. 

 
Figure 1. The Mediterranean and Black Seas studied in this work (green box) as well as the Greek 
sub-domain (red box) (Created using background ArcGIS®). 

The main European ports in the Mediterranean are Marseille, Algeciras, and Valen-
cia. Significant ports are also Barcelona, Venice, Trieste, and Piraeus. Regarding the Black 
Sea, the main ports are Istanbul, Constanta and Burgas [labelled in Figure 1]. Short sea 
shipping of goods in the Mediterranean, i.e., the transport of goods between ports, ac-
counts for approximately 32% of the European Union (EU) short sea shipping, involving 
mainly cargo (58%) and container ships (22%). In the Black Sea, short shipping mainly 
involves cargo (89%) and container ships (6%). Mediterranean ports account for more than 
half (53%) of EU passenger seaborne traffic, with the main ports located in Greece (42%) 
and Italy (43%) [4,5]. Fishing constitutes a prominent activity in the Mediterranean Sea 
with the fishing fleet registering 45% of the total EU fishing fleet in 2019. When catego-
rized by the number of vessels, Greece accounted for approximately ~20% of the total fish-
ing vessels, followed by Italy with ~16% and Spain with ~12%. 

As a result, the Mediterranean basin is dominated by maritime transport of various 
vessel types, which directly affect seaborne air quality. According to [6], ships have a large 
potential to significantly deteriorate air quality in coastal areas, with nearly 70% of global 
shipping emissions estimated to occur within 400 km from land. In EU waters, a larger 
share of emissions takes place closer to the shoreline, while the increased flow of commer-
cial ships in and out of ports not only affects major ports, but also medium and small-scale 
ones [7]. In this direction, the International Maritime Organization (IMO) enacted the im-
plementation of a global sulphur cap; according to which, EU member states will have to 
ensure that ships in all EU waters (except Sulphur Emission Control Areas—SECAS) use 
fuels of sulphur content no more than 0.5% [8]. Regarding the nitrogen oxides (NOX) emis-
sions, limits on the emissions are implemented only for diesel engines of over 130 kW 
output power, according to Annex VI of the International Convention for the Prevention 
of Pollution from Ships (MARPOL), which came into force in July 2010 [9]. As a result, 
except for sulphur dioxide (SO2) emissions, strong reductions from shipping emissions in 
European seas are not to be expected based on current and foreseen future policies. With 
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land-based sources expected to be reduced in the coming years, the importance of ship-
ping emissions will grow in the future [7]. 

Previous relevant studies have mainly focused on describing the global, as well as 
European, total shipping emissions, with dedicated studies oriented around the Mediter-
ranean and the Black Sea basin being scarce. More specifically, an increase of approxi-
mately 75% of the NOX shipping emissions between 1950 and 2001 was reported in [10]. 
An analysis with the TNO-MACC-II (Monitoring Atmospheric Composition and Climate) 
emission inventory over European seas has shown a decrease of approximately 4% and 
26% of NOX and SO2 shipping emissions between 2003 and 2009 [11]. Modelled emissions 
originating from ship traffic in Europe using the Ship Traffic Assessment Model (STEAM), 
showed that shipping in the Mediterranean is responsible for 49% of the total SO2 ship-
ping emissions in Europe for 2011 [12]. An updated version of the STEAM inventory 
(STEAM3) was developed to provide detailed global emissions of various shipping cate-
gories, which showed that cargo and tanker ships account for the majority of carbon di-
oxide (CO2) shipping emissions globally [13]. In the Mediterranean Sea, shipping emis-
sions of particulate matter and NOX in four port cities (Patra, Brindisi, Venice, and Rijeka) 
were found to be of similar magnitude to road traffic emissions [14]. Finally, a compara-
tive analysis of various emissions inventories over Europe for 2008, showed that shipping 
emissions of NOX and SO2 account for 16% and 11% of the total emissions, respectively, 
while highlighting significant differences in the emissions distribution over the Mediter-
ranean [15]. A recent study of the emissions around the Malta-Sicily Channel during the 
2020 COVID-19 (Coronavirus Disease 2019) pandemic restrictions, showed that shipping 
volumes remained the same, explaining the nearly constant air pollution levels measured 
at a monitoring station within the Malta Channel region [16]. 

The intuitive advantage of satellite measurements for the validation of shipping 
emission inventories is their spatial coverage. Previous studies have shown that estima-
tion of nitrogen dioxide (NO2) columns originating from ships is feasible. NO2 tropo-
spheric columns from the Ozone Monitoring Instrument (OMI) onboard the Aura satellite 
over the Mediterranean seem to detect the emissions originating from ships in the eastern 
Mediterranean, whereas in the western Mediterranean the detection is less accurate due 
to uncertain land-based emissions [17]. The magnitude of maritime emissions over the 
Chinese seas, calculated with an inversion algorithm based on OMI/Aura observations, 
was found to be in good agreement with the STEAM inventory [18]. Lastly, a recent study 
showed that on a cloud-free day with low wind speeds the Sentinel-5 Precursor/TROPO-
spheric Monitoring Instrument (S5P/TROPOMI) satellite measurements can reveal 
plume-like emission structures in tropospheric NO2 columns and are almost perfectly 
aligned with the ship tracks from the Automated Identification Signal (AIS) emitted by 
ships [19]. 

In this work, we evaluate the emissions reported by the Copernicus Atmospheric 
Monitoring Service Global Shipping (CAMS-GLOB-SHIP v2.1) emission inventory in the 
Mediterranean and Black Sea basin and use TROPOMI satellite observations and Long 
Term Ozone Simulation—European Operational Smog chemical transport model (LO-
TOS-EUROS CTM) simulations to differentiate the tropospheric NO2 vertical column den-
sities, VCDs, originating from diverse shipping activities. The vessel density correspond-
ing to various vessel types of the European Marine and Observation Data network 
(EMODnet) Human Activities database was used for the first time for the separation of 
the shipping lanes in accordance with the vessel category and thus enabled a speciation 
of the CAMS-GLOB-SHIP v2.1 NOX emissions, the TROPOMI and LOTOS-EUROS NO2 
VCDs depending on each vessel type and shipping lane. These were studied on both an 
annual and a monthly basis in order to identify possible similar spatial patterns with the 
CAMS-GLOB-SHIP emissions and the LOTOS-EUROS simulations. The area of interest is 
separated into two domains, the Mediterranean and Black Sea domain (5° W–45° E and 
30° N–49° N), and the Greek domain (19° E–30° E and 34° N–42° N) depicted in Figure 1. 
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2. Data and Methods 
2.1. The EMODnet Database 

EMODnet is a network of organizations supported by the European Union integrated 
maritime policy [20]. This network assembles European marine data products and 
metadata from diverse sources, which processes the data in a uniform way according to 
international standards and provides that information freely as interoperable data layers 
and data products. The data products are developed and are freely distributed by the 
EMODnet Human Activities portal in the framework of EMODnet as initiated by the Eu-
ropean Commission. It aims to facilitate access to existing marine data on activities carried 
out in EU waters, by building a single-entry point for geographic information on 14 dif-
ferent themes [21]. Here, we use shipping vessel density, the time spent by a certain ship 
type within a 1 km2 grid cell per month [22], based on AIS. Data for the Mediterranean 
and the Black Sea domains were selected and converted to 0.1° × 0.1°. Five vessel catego-
ries, namely, passenger, cargo, tanker, fishing, and other (pleasure crafts, sailing, law, mil-
itary enforcement, etc.) vessels are studied in this work. 

Monthly vessel density data are publicly available from the EMODnet database [20], 
from 2017 to 2020. In the following analysis, we use the vessel density of 2017, 2018, and 
2019. In Figure 2a, the cargo vessel density of 2019 is presented, while in Figure S1 the 
total vessel density and the other four categories are shown. Notably, the tanker vessel 
density (Figure S1b) shows a similar spatial distribution to the cargo vessels but with 
lower magnitude. Passenger vessel activity (Figure S1c) is more significant in the coasts 
of France, Italy, and Greece, whereas fishing vessel density (Figure S1d) is higher mainly 
offshore and especially in the Adriatic Sea. Finally, other vessel density (Figure S1e) shows 
significant lower magnitude compared to the other types and is detected mainly in the 
routes with higher cargo vessel density. Figure 2b shows the monthly variation of vessel 
density from January 2017 to December 2019 for all the vessel types studied here. Cargo 
and tanker vessels show similar variability with small seasonal fluctuations and weak in-
ter-annual variability. On the contrary, passenger and other vessels show a seasonal pat-
tern with lows in winter and highs in summer, while fishing vessels display a moderate 
seasonal variability. Table 1 summarizes the percentile distribution of vessel density per 
vessel type for the years 2017, 2018, and 2019. Cargo and tanker vessels account approxi-
mately for 58–60% of the total vessel density, while fishing, passenger, and other vessels 
account for 15–17%, 12–13%, and 11–13%, respectively. 

  
(a) (b) 

Figure 2. (a) Cargo vessel density for 2019 (in hours per km2 per year) by EMODnet for the Mediterranean and Black Sea 
regions; (b) Monthly variation of the vessel density over the study regions in 2017–2019. 

In this work, we generate shipping emissions per vessel type using the vessel density 
of each reference year. More specifically, the total emissions of the CAMS-GLOB-SHIP 
v2.1 inventory are overlayed on the pixels of each vessel type. The emissions of every pixel 
are then weighted by the factor of contribution of each vessel category to the total vessel 
density for a specific time period. Ship tracks of different vessel types that are in the same 
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pixel report NOX emissions of different magnitude with respect to the vessel activity. 
Thus, we are able to obtain NOX emissions for the abovementioned categories according 
to the EMODnet reported vessel density. Equation (1) describes in detail the applied meth-
odology. The same methodology is also applied on the TROPOMI observations and the 
LOTOS-EUROS simulations. 

Emissionsi,j,k = vessel densityi,j,k/total vessel densityj,k ∗ CGB_emissionsj,k (1) 

where: 
Emissionsi,j,k: emissions per vessel type, pixel, and time period, 
i: vessel type, 
j: pixel, 
k: time period, 
vessel densityi,j,k: vessel density of each vessel type per pixel and time period, 
total vessel denistyj,k: total vessel density per time period, 
CBG_emissionsj,k: CAMS-GLOB-SHIP v2.1 emissions per time period. 

Table 1. Contribution of each category (in %) to the total vessel density by the EMODnet database for the Mediterranean 
and the Black Sea basin. 

Vessels Cargo Tanker Fishing Passenger Other 
2017 38.75% 21.06% 15.87% 12.69% 11.09% 
2018 35.44% 22.50% 16.91% 13.68% 11.47% 
2019  36.01% 23.23% 15.45% 12.78% 12.53% 

2.2. The CAMS-GLOB-SHIP v2.1 Emissions Inventory 
The CAMS-GLOB-SHIP v2.1 emissions inventory, publicly available from the EC-

CAD (Emissions of Atmospheric Compounds and Compilation of Ancillary Data data-
base [23]), reports monthly gridded (0.1° × 0.1°) shipping emissions according to the latest 
version of the STEAM model [13]. It is based on global vessel density activity over 2014–
2018, using signals from both terrestrial and satellite data from AIS. All vessels larger than 
300 tons and all fishing vessels of 15 m and longer globally report their position with an 
interval of a few seconds, resulting in an availability of information on ship activities at 
an unprecedented detail [12]. The CAMS-GLOB-SHIP inventory is therefore based on 
time-dependent, high resolution, dynamic traffic patterns, which can also allow for the 
effects of changing conditions, such as marine and meteorological conditions (e.g., harsh 
winter conditions and sea ice cover) or weather routing [24]. Note that while both STEAM 
and EMODnet rely on AIS data, the methodologies of translating the AIS signal to emis-
sions is quite different. STEAM shipping emissions are the result of AIS-based vessel spe-
cific activity and detailed technical knowledge of each vessel [13], while EMODnet-based 
emissions are depending on the density of a specific vessel category averaged for a longer 
period of time. Figure 3 shows the total annual emissions of all vessel types for 2019 (in 
tons per year). The major emitting lanes are easily distinguished as those crossing the 
Adriatic and the Aegean Sea to the Bosporus Strait. Significant emissions are also detected 
from the Gibraltar Strait to the Suez Canal and the Middle East coasts, along the Balearic 
Sea and the ports of Spain, France, and western Italy, as well as in the Black Sea. 
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Figure 3. CAMS-GLOB-SHIP v2.1 2019 NOX emissions (tons per year). 

2.3. The S5P/TROPOMI Tropospheric NO2 Vertical Column Densities 
The European Space Agency (ESA) S5P satellite is a low Earth orbit polar satellite, 

carrying the TROPOMI instrument which has been providing information on air quality, 
climate, and ozone layer since 2018 [25]. TROPOMI is a passive, nadir-viewing spectrom-
eter measuring wavelengths between the ultraviolet and short-wave infrared, with a very 
high spatial resolution of 3.5 × 7 km2, upgraded to 3.5 × 5.5 km2 in August 2019. The wave-
length range for NO2 retrieval is 405–465 nm [26]. TROPOMI has an improved signal-to-
noise ratio compared with previous space borne instruments and permits the detection of 
local emission sources from anthropogenic activity [27]. In this study, we use offline v1.2 
and v1.3 TROPOMI tropospheric NO2 for 2019, available at the Copernicus Open Access 
Hub [28]. For the TROPOMI data production, an algorithm [26] similar to the data pro-
cessing of the OMI NO2 data within the DOMINO (Dutch OMI NO2) and the FP7 Quality 
Assurance for Essential Climate Variable projects is used [29–31]. 

From the validation work within the TROPOMI Mission Performance Centre, which 
includes comparisons with OMI, ground-based MAX-DOAS, and Pandora instruments 
measurements it was found that the TROPOMI-reported NO2 is low in these versions of 
the dataset. The difference with OMI is especially pronounced in winter and more so for 
higher latitudes [32]. However, part of this bias for the ground-based instruments is re-
lated to the global scale a priori NO2 profile used based on the TM5-MP model. This will 
not impact on the comparisons shown further below to the LOTOS-EUROS simulation as 
the averaging kernels were applied there. The newer versions of the dataset, v1.4 (from 
December 2020 onwards) and v2.2 (from July 2021 onwards) report significantly higher 
columns. 

For the purposes of this analysis, daily orbital files over the studied domains were 
gridded onto a 0.1° × 0.1° grid for 2019 and only cloud-free observations (i.e., with an 
associated quality assurance value of >0.75) corresponding to the open sea were used. We 
apply the EMODnet vessel density separation onto the TROPOMI tropospheric NO2 col-
umns, resulting in VCDs per vessel category. We estimate the mean annual and monthly 
variability of the NO2 VCDs according to each vessel type, thus allowing us to determine 
the effects and the contribution of the individual shipping activities to the NO2 concentra-
tion in the Mediterranean and the Black Sea. It is evident from Figure 4a, that TROPOMI 
can detect the shipping lane from the Gibraltar Strait to the Suez Canal and the shipping 
lane crossing the Aegean Sea towards the Bosporus Strait. Observations are significantly 
enhanced near coastlines, due to the combination of inland and port emissions. The coast-
lines of Valencia and Barcelona show pronounced columns, as well as Marseille, Venice, 
Istanbul, and all along the coasts of Israel and Lebanon. In the Greek domain (Figure 4b), 
significant tropospheric NO2 columns are detected in the ports of Piraeus, Thessaloniki, 
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and the coasts of Asia Minor while there is an obvious lane connecting Piraeus with the 
Bosporus Strait. 

  
(a) (b) 

Figure 4. Annual mean TROPOMI tropospheric NO2 mean vertical column densities (1015 molecules cm−2) for (a) the Med-
iterranean and the Black Sea regions; (b) the Greek domain. 

2.4. The LOTOS-EUROS CTM Simulations 
The LOTOS-EUROS CTM simulations [33] can simulate distinct components (e.g., 

oxidants, secondary inorganic aerosols, primary aerosol, and heavy metals) in the tropo-
sphere [34]. The LOTOS-EUROS CTM is one of the nine chemistry models used by CAMS 
to provide daily forecasts of the main air pollutants (e.g., ozone, PM10, NO2) affecting air 
quality over Europe. The model has been used previously for a variety of air quality-ori-
ented studies and lately as a validation method for satellite data. More specifically, a re-
cent analysis studying the sensitivity of the OMI observed NO2 columns to anthropogenic 
emissions concluded that the contribution of the increasing shipping emissions in adjacent 
areas may mask a significant part of national emission reductions [35]. An evaluation of 
the model performance over Greece was recently conducted while, over high emitting 
locations such as power plants, the modelled columns were found to be highly spatially 
correlated (R = 0.95) with the TROPOMI tropospheric columns [36,37]. LOTOS-EUROS 
NO2 simulations were also performed in order to quantify the effects of the lockdown due 
to the COVID-19 pandemic over Greece as observed by TROPOMI [27]. 

In this work, we use the LOTOS-EUROS v02.02.001 version in order to study NO2 
VCDs attributed to the maritime sector. Two model simulations were performed. The first 
one includes a larger area of Europe extending from 15° W to 45° E and from 30° N to 60° 
N at 0.25° × 0.25° for 2019. The second run consists of an internal area of the first domain 
and covers mainly the Mediterranean and Black Sea basin extending from 7° W to 45° E 
and from 30° N to 49° N at 0.1° × 0.1°, which is the resolution of CAMS-GLOB-SHIP v2.1. 
For the first, outer run, boundary and initial conditions are obtained from CAMS, a global 
near-real time (NRT) product at a 3-h temporal resolution and a spatial resolution of about 
35 km. The second, inner run, was initialized by the output of the first. The TROPOMI 
observations have been re-gridded at the same resolution as the inner run. Both simula-
tions were driven by the operational meteorological data from the European Centre for 
Medium Range Weather Forecasts (ECMWF) with a horizontal resolution of 7 × 7 km2 and 
a temporal resolution of 1 h for the surface variables and 3 h for the multi-level parameters 
[38]. Finally, anthropogenic emissions are taken from the CAMS-REG-AP v4.2 emissions 
inventory for 2017 [24], available at 0.1° × 0.1°. Note that both CAMS-GLOB-SHIP v2.1 
and CAMS REG AP v4.2 are using the same methodology to generate shipping emissions. 
Finally, in order to compare the LOTOS-EUROS simulations with the TROPOMI observa-
tions, the model columns are reported after the satellite averaging kernels are applied to 
the original model profiles, as is common practice. 
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2.5. Roadmap of This Study 
In the Results section, we use EMODnet vessel density database for years 2017, 2018, 

and 2019, as a new lane classification method to separate emitting lanes according to var-
ious vessel types and to estimate emissions per vessel types in the Mediterranean and the 
Black Sea basin. We implement this methodology to the CAMS-GLOB-SHIP v2.1 monthly 
NOX emissions in order to produce annual emissions per vessel type (Section 3.1.1) and to 
study their seasonal variability (Section 3.1.2). We then apply the same methodology to 
the mean annual and monthly TROPOMI and LOTOS-EUROS tropospheric NO2 VCDs 
for 2019 (Section 3.2.1) in order to identify shipping activity from satellite data and model 
simulations and to verify the effects of the new lane separation method to the NO2 sea-
sonal variability (Section 3.2.2). Finally, in Section 4, we conclude and discuss the main 
findings of this analysis as well as provide recommendations for further work. 

3. Results 
3.1. Separation of CAMS-GLOB-SHIP Shipping Lanes Based on the EMODnet Dataset 
3.1.1. Annual Variability of the CAMS-GLOB-SHIP Emissions 

Initially, the CAMS-GLOB-SHIP emissions were weighted according to the contribu-
tion of each vessel type to the total vessel density for every grid point, separately for each 
year, as per Equation (1). We applied those weights to the total emissions of 2017, 2018, 
and 2019 and reconstructed new emissions corresponding to the various vessel types for 
the Mediterranean and Black Sea basin. Figure 5 shows the NOX emissions of cargo and 
passenger vessels of the two domains for 2019, while tanker, fishing, and other types are 
shown in Figure S2. Cargo vessel emissions are, expectedly, higher along the shipping 
lane from Gibraltar to the Suez Canal and the Bosporus Strait (Figure 5a). High cargo ac-
tivity and emissions are also spotted in the Adriatic and the Black Sea, with slightly lower 
emitting routes in the Balearic and the Levantine Seas. The passenger vessel emissions 
(Figure 5c) are mainly detected near the coastlines of Spain, France, and Italy. In the Greek 
domain (Figure 5b,d), significant passenger vessel emissions are detected in the lanes from 
Piraeus to Crete and Cyclades and along the Ionian Islands. Tanker vessel emissions (Fig-
ure S2a,b) are higher over the Gibraltar-Suez, Gibraltar-Bosporus and Adriatic Sea routes, 
with obvious lower emissions compared to the cargo vessels, while fishing emissions are 
higher in the coasts of east Italy, south Sicily, along the main ports of Valencia and Barce-
lona and some hotspots in the Greek domain near Piraeus port (Figure S2c,d). 

  
(a) (b) 
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(c) 

 
(d) 

  

Figure 5. CAMS-GLOB-SHIP NOX emissions (in tons per year) classified according to the vessel density per vessel type: 
(a) Cargo vessels in the Mediterranean and the Black Sea; (b) Cargo vessels in the Greek domain; (c) Passenger vessels in 
the Mediterranean and the Black Sea; (d) Passenger vessels in the Greek domain. 

Figure 6 shows the total annual CAMS-GLOB-SHIP NOX emissions in kilotons per 
vessel type and year in the Mediterranean and the Black Sea domain. For all years, the 
distribution of the emissions is similar. Cargo and tanker vessels account for approxi-
mately 77% (53% and 24%) of the total emissions, fishing vessels for 9%, and passenger 
and other vessels for 7% and 6%, respectively. Regarding the intercomparison of the an-
nual emissions, the total emissions decrease from 2017 to 2018 by 0.3% and increase from 
2017 to 2019 by approximately 7.5%. For the Greek domain (Figure S3), the contribution 
of the various vessel type emissions to the total emissions follows within ±3% the distri-
bution of the Mediterranean and Black Sea domain. As to the interannual variability, the 
total emissions of all vessels also slightly decrease in 2018 by 0.5%, while they increase 
significantly in 2019 by 9.6% compared to 2017. It should be stressed here that the inner 
domain accounts for approximately 23% of the total Mediterranean and Black Sea ship-
ping emissions, which further testifies to the significance of the area to the maritime sector 
and the total emission budget. 

 
Figure 6. CAMS-GLOB-SHIP NOX emissions (in kilotons y−1) per vessel type and year in the Medi-
terranean and the Black Sea. 
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3.1.2. Seasonal Variability of the CAMS-GLOB-SHIP Emissions 
In this section, we implemented the same methodology for the monthly emissions of 

the CAMS-GLOB-SHIP v2.1 inventory in order to study the seasonal variability of the 
emissions according to the vessel type. Figure 7a shows the time series of the emissions 
from January 2017 until December 2019 for all the vessel types in the Mediterranean and 
the Black Sea basin. Cargo and tanker vessels record the highest emissions and appear to 
have similar seasonal variability. More specifically, low values are found during the win-
ter period between November and February, while emissions do not show significant fluc-
tuations in the period from March until October, remaining relatively constant. Fishing, 
passenger, and other vessel emissions show a more pronounced seasonality, with lows 
during the wintertime period and highs during the summertime period. 

  
(a) (b) 

Figure 7. CAMS-GLOB-SHIP NOX emissions time series from 2017 to 2019 (in tons per month) classified according to the EMODnet 
vessel density data of all the available years: Cargo vessels in blue, tanker vessels in green, fishing vessels in orange, passenger vessels 
in red and other vessels in purple; (a) Mediterranean and Black Sea; (b) Greek domain. 

For the Greek domain (Figure 7b), cargo and tanker vessels show identical seasonal 
variations with the Mediterranean and Black Sea domain. Passenger and other vessels also 
show similar variations with the outer domain, with 2019 passenger summer emissions 
being significantly higher compared to the previous years. On the contrary, fishing vessel 
emissions do not show any evident signs of seasonal variations similar to the passenger 
and other vessel types. 

It is evident that by overlaying the weighted emissions on the various vessel type 
pixels, the inter-annual variability is quite similar for all EMODnet reference years. Both 
tanker and cargo vessel density and emissions do not show an apparent seasonality, 
which is obvious for the passenger, fishing, and other vessels. The fishing vessel specia-
tion latter shows a seasonal variability mainly for the Mediterranean and Black Sea do-
main, which is not as strongly detectable for the Greek sub-domain. 

3.2. First Application of EMODnet Separations on TROPOMI Observations and LOTOS-
EUROS Simulations 

We applied the same methodology discussed above for the CAMS-GLOB-SHIP emis-
sion inventory (Equation (1)) to the TROPOMI mean tropospheric NO2 monthly and an-
nual VCDs and the corresponding NO2 VCDs originating from the simulations of the LO-
TOS-EUROS CTM. We overlay the TROPOMI observation and the LOTOS-EUROS simu-
lations on the EMODnet vessel specific tracks and weight the data with the vessel density 
contribution factor in order to identify the contribution of each shipping sector to the NO2 
concentrations of the satellite and the model. The method seems to work significantly well 
for the cargo, tanker, and passenger vessels because their activity is located in the high 
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seas and not offshore. As will be shown below, however, we report high NO2 concentra-
tions from the fishing sector because it is mainly located offshore, and it is directly affected 
from the outflow of pollution from port cities and their harbors. 

3.2.1. Annual Variability of the TROPOMI and LOTOS-EUROS VCDs 
The TROPOMI tropospheric NO2 observations and the LOTOS-EUROS NO2 simula-

tions were weighted for the first time according to the contribution of each EMODnet re-
ported vessel type to the total vessel density, for 2019. The mean annual NO2 load is cal-
culated by averaging the daily gridded sets first into monthly and then into annual, finally 
applying Equation (1). Between satellite and model data, the entire maritime EMODnet 
fleet of the Mediterranean is already in satisfactory agreement; 1.26 ± 0.56 × 1015 molecules 
cm−2 and 0.98 ± 0.41 × 1015 molecules cm−2, respectively. This further supports our inten-
tions to extract updated maritime NOx emissions using these two datasets and a comple-
mentary data assimilation, and to hence possibly identify discrepancies depending on the 
type of vessel and their geographical location. 

Figure 8 shows the tropospheric NO2 columns attributed to cargo, tanker, and fishing 
vessels from the TROPOMI instrument [left] and the LOTOS-EUROS CTM [right]. The 
major cargo and tanker lanes from Gibraltar to the Suez Canal, through the Bosporus 
Strait and in the Adriatic Sea, are present in both the satellite observations (Figure 8a,c) 
and the CTM simulations (Figure 8b,d). Note the enhancement of the tropospheric NO2 
columns near the coastlines, whose possible origins are discussed further below. The 
heavy traffic load of the Greek Seas is shown in Figures S4a through to S4d. Notably, the 
cargo route that crosses the Aegean Sea towards the Bosporus Strait shows significant 
NO2 concentrations, very similar to the CAMS-GLOB-SHIP lane separated emissions (c.f. 
Figure 5b). 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

 
(f) 

  

Figure 8. Tropospheric NO2 vertical column densities (in 1015 molecules cm−2) classified according to the 2019 vessel density per vessel 
type: (a) TROPOMI cargo; (b) LOTOS-EUROS cargo; (c) TROPOMI tanker; (d) LOTOS-EUROS tanker; (e) TROPOMI fishing; (f) 
LOTOS-EUROS fishing. 
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Fishing vessel activity in the Mediterranean (Figure 8e,f) is higher near coastlines and 
shores and covers a plethora of coastal areas mainly along the eastern coasts of Italy and 
southwest coasts of Sicily and secondarily along the coastlines of Spain, France, and 
Greece (the Greek sub-domain is shown in Figures S4e,f). The enhancement of the NO2 

columns near coastal areas may quite possibly be attributed to the direct effect of the in-
land emissions. This is true for both cargo and fishing vessels and is located over areas 
with higher urban NO2 concentrations, mainly port cities with significant anthropogenic 
activity such as Istanbul and Marseille. To investigate this premise, we compared the trop-
ospheric NO2 columns over land and its closest seaborne pixel. We found that over a pixel 
in the port of Marseille the TROPOMI NO2 column is approximately 3.24 × 1015 molecules 
cm−2 and over the nearest sea pixel the NO2 column is 2.9 × 1015 molecules cm−2. For the 
same sea pixel, the mean tropospheric NO2 concentration attributable to cargo vessels is 
approximately 0.4 × 1015 molecules cm-2, while fishing vessel mean NO2 column is 1.4 × 
1015 molecules cm−2. A more in-depth analysis of the fishing vessel attribution is planned, 
so as to attempt a comprehensive quantification of the effect of inland pollution compared 
to the coastal maritime contribution. We can however already note that the functionality 
of the implemented methodology by estimating the effects of different vessel types to the 
tropospheric NO2 columns from satellite data is indisputable. 

In Table 2, the mean annual NO2 VCDs and the standard deviation of the mean for 
all selected vessel types for both the satellite observations and the CTM simulations are 
shown. Regarding the TROPOMI measurements, cargo vessels show the highest mean 
NO2 column (0.67 ± 0.43 × 1015 molecules cm−2), followed by the fishing vessels (0.47 ± 0.56 
× 1015 molecules cm−2), while the third highest mean is recorded by the tanker vessels (0.35 
± 0.29 × 1015 molecules cm−2). The higher fishing mean NO2 concentration compared to the 
tanker vessels can be attributed to the absence of tanker activity offshore, which is mainly 
located in the high seas. Furthermore, the NO2 VCDs of tanker vessels are the net result 
of shipping activity and are not affected by inland and port activities. Passenger and other 
vessels record the lowest NO2 mean VCDs (0.20 ± 0.31 × 1015 molecules cm−2 and 0.15±0.31 
× 1015 molecules cm−2, respectively). Passenger vessel routes can be located mainly in the 
western Mediterranean between France, Italy, and Sardinia and in the Greek domain in 
the routes from Piraeus to Crete, while other vessels type NO2 columns are insignificant, 
and routes cannot be distinguished (not shown here).  

Table 2. Mean and standard deviation of the mean 2019 maritime TROPOMI & LOTOS-EUROS tropospheric NO2 columns 
in 1015 molecules cm−2 for the Mediterranean and the Greek domains, per lane type. 

Lane Type 
Mediterranean |2019| 

Maritime Tropospheric NO2 Column 
(1015 Molecules cm−2) 

Greece |2019| 
Maritime Tropospheric NO2 Column 

(1015 Molecules cm−2) 
 TROPOMI LOTOS-EUROS TROPOMI LOTOS-EUROS  

Cargo 0.67 ± 0.43 0.51 ± 0.32 0.67 ± 0.44 0.52 ± 0.30 
Tanker 0.35 ± 0.29 0.27 ± 0.23 0.31 ± 0.29 0.24 ± 0.21 
Fishing 0.47 ± 0.56 0.37 ± 0.35  0.34 ± 0.50 0.27 ± 0.39 

Passenger 0.20 ± 0.31 0.15 ± 0.26 0.17 ± 0.34 0.13 ± 0.25 
Other 0.15 ± 0.31 0.12 ± 0.25 0.10 ± 0.21 0.08 ± 0.15 

On a promising note, the LOTOS-EUROS simulations show a similar distribution 
with the TROPOMI columns with respect to the magnitude of the columns attributed to 
each vessel type. As for the observational dataset, the highest NO2 columns are found for 
the cargo vessel lanes, followed by fishing and then the tanker lanes. Furthermore, we 
report an extremely high spatial correlation, over 0.9, between the measured and simu-
lated tropospheric NO2 columns over the Mediterranean. 

Concluding, the implementation of this methodology to the TROPOMI and LOTOS-
EUROS NO2 columns results in a similar distribution of the shipping NO2 VCDs to the 



Atmosphere 2021, 12, 1478 13 of 18 
 

 

NOX CAMS-GLOB-SHIP shipping emissions. The only marked exceptions are the fishing 
vessels lanes, which appear to contribute more than the tanker vessels to the total emission 
budget, most likely due to the outflow of inland emissions. 

3.2.2. Seasonal Variability of the TROPOMI and LOTOS-EUROS VCDs 
The seasonal variability of the TROPOMI tropospheric NO2 VCDS of the various ves-

sel categories were also studied for both domains. The NO2 columns show a maximum in 
winter and a minimum in summer, when the NOX lifetime is higher and lower, respec-
tively [39,40]. Studies oriented in the seasonal variability of TROPOMI NO2 VCDs origi-
nating from shipping activities have not yet been analyzed in depth. 

Figure 9 shows the seasonal variability of the tropospheric NO2 VCDs of each vessel 
type for the Mediterranean and Black Sea domain from the retrievals of the TROPOMI 
instrument and the simulations of the LOTOS-EUROS CTM, respectively. The seasonal 
variability is apparent for all vessel types and both datasets, with higher NO2 loads during 
the wintertime period and lower values during the summertime period. Besides the obvi-
ous seasonal variation of the tropospheric NO2 columns, there are also evident variations 
that can be attributed to the vessel types and the vessel density, such as the increase in all 
activities in July and August, which responds to the higher vessel density reported in the 
EMODnet database (Figure 2b). LOTOS-EUROS simulations capture the same increase 
during the summer months, which is more evident for the passenger vessel NO2 VCDs, 
whereas in the remaining vessel types there is a flattening of the curve until early winter. 
Fishing vessel NO2 columns do not show similar variations during the summertime pe-
riod since the activity is located near shores and is directly affected by inland and port 
activities and follows the variability of NO2 of inland regions [27,41]. Scatter plots of the 
seasonal comparisons are presented in Figure 10, for winter and summer per vessel type, 
while the statistics of the seasonal variability for the Mediterranean and Black Sea domain 
are presented in Table 3. The wintertime agreement between observations and simula-
tions is found to be excellent regarding the mean reported loads and statistical markers. 
During the summertime months, even though the spatial correlation remains high, the 
mean loads reported by the LOTOS-EUROS simulations show a stronger decline than 
what is sensed by the satellite instrument. This finding will also form that basis of future 
work, where a data assimilation technique will be employed to investigate whether the 
inclusion of the TROPOMI observations in the modelling system is able to update the 
currently used CAMS-GLOB-SHIP emission inventory. 

Table 3. Seasonal statistics for the shipping activities sensed by TROPOMI and simulated by LOTOS-EUROS. 

Mediterranean and Black Sea Domain 
 Winter  Summer 

 
TROPOMI 
Mean NO2 * 

LOTOS-EUROS  
Mean NO2 * 

R Slope 
TROPOMI 
Mean NO2 * 

LOTOS-EUROS 
Mean NO2 * 

R Slope 

Cargo 0.98 ± 0.54 0.81 ± 0.45 0.88 0.73 0.71 ± 0.34 0.48 ± 0.21 0.85 0.54 
Tanker 0.66 ± 0.48 0.54 ± 0.40 0.89 0.74 0.47 ± 0.30 0.32 ± 0.21 0.92 0.64 
Fishing 0.90 ± 0.82 0.74 ± 0.73 0.90 0.80 0.56 ± 0.42 0.37 ± 0.30 0.91 0.64 

Passenger 0.45 ± 0.49 0.39 ± 0.45 0.95 0.87 0.35 ± 0.37 0.23 ± 0.25 0.94 0.65 
Other 0.43 ± 0.57 0.37 ± 0.52 0.90 0.82 0.32 ± 0.37 0.22 ± 0.25 0.90 0.61 

* In 1015 molecules cm−2. 
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(a) (b) 

Figure 9. Tropospheric NO2 vertical column densities (in 1015 molecules cm−2) seasonal variability according to the 2019 
vessel density for the Mediterranean and Black Sea regions: (a) TROPOMI; (b) LOTOS-EUROS. 

 
(a) 

 
(b) 

  

Figure 10. Seasonal comparison between the tropospheric NO2 loads reported by TROPOMI and LOTOS-EUROS over the 
Mediterranean and Black Sea domain per vessel type: (a) Winter; (b) Summer. 

Regarding the Greek domain, similar findings are reported in Figure S5, where it is 
shown that seasonal variation of NO2 is more pronounced for the LOTOS-EUROS simu-
lations, which is similar with the Mediterranean and Black Sea domain. The TROPOMI 
tropospheric NO2 seasonal variations are also present but with more fluctuations per 
month. The TROPOMI columns capture an increase in August regarding the passenger 
vessels, possibly due to the increased tourism of this period, which is not apparent in the 
LOTOS-EUROS simulations. Cargo vessels seem to peak in August for the TROPOMI ob-
servations, which is not evident for the model simulations. As for the entire domain stud-
ied, fishing vessel NO2 VCDs clearly depict the seasonality of NO2 for both datasets, with 
highs in winter and lows in summer, proving the direct effects of inland emissions to 
shipping activity near shores. The fact that the scatter plots (Figure S6) do not include as 
many outlier points, i.e., either misidentified pixels or missing pixels for some maritime 
activities, is also the reason for the extremely high spatial correlations between 0.9 and 
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0.97 for both seasons, depending on EMODnet vessel activity (see Table S1 for full statis-
tics). 

From the above, we can conclude that the implementation of this separation method 
and the connection of the NO2 VCDs to specific vessel types has shown that changes be-
tween months in the levels of tropospheric NO2 over the open seas can be attributed to 
specific vessels activities, thus offering new capabilities in the study of the maritime sector 
emissions from satellite data. 

4. Discussion 
In this study, the EMODnet database reporting monthly vessel density data for dif-

ferent maritime sectors was, for the first time, applied to the CAMS-GLOB-SHIP v2.1 NOX 
emissions inventory, the TROPOMI observed tropospheric NO2 columns, and the LOTOS-
EUROS CTM simulations. The main aim was to demonstrate whether it is possible to sim-
ilarly identify the emitted NO2 loads over the Mediterranean and Black Sea regions sepa-
rated for cargo, tanker, passenger, and fishing activities, for both NOx emissions as well 
as on the measured and modelled NO2 columns. 

With respect to the CAMS-GLOB-SHIP emission inventory, the distribution of the 
reported emissions for years 2017 to 2019 was shown to be similar with cargo and tanker 
vessels accounting for approximately 77% (53% and 24%) of the total emissions, fishing 
vessels for 9%, and passenger and other vessels for 7% and 6%, respectively. This distri-
bution is not entirely followed by the observations and the simulations for year 2019, 
where the highest emitting lanes are first cargo (0.67 ± 0.43 and 0.51 ± 0.32 × 1015 molecules 
cm−2), then fishing (0.47 ± 0.56 and 0.37 ± 0.35 × 1015 molecules cm−2), followed by tanker 
(0.35 ± 0.29 and 0.27 ± 0.23 × 1015 molecules cm−2), and lastly by passenger and other vessels. 
This fact already demonstrates the impact of coastal anthropogenic emissions to the mar-
itime-attributed pollution, since the outflow of traffic and industrial NOX emissions may 
be erroneously associated with fishing activities. 

On a seasonal scale, apart from the NO2 columns, which were higher during winter-
time and lower during summertime as expected, due to the photochemical processes 
which control the NOx lifetimes, the separation of the expected maritime pollution has 
further led to significant results. The fishing-attributed lanes show the highest observed 
and simulated NO2 loads for the winter months, while during summer the cargo lanes 
appear to contribute the most, with spatial correlation coefficients ranging between 0.88 
and 0.91 for both seasons and marine activities. For all maritime sectors reported by 
EMODnet, the agreement is higher in wintertime with correlation slopes between 0.73 and 
0.87, compared to 0.54 and 0.65 for summer months. Note that the model simulations are 
based on anthropogenic emissions from 2017 while the satellite observations and shipping 
emissions are obtained for 2019. We are expecting a major improvement in all statistical 
indicators when we will be able to use emissions from more recent years as input for the 
model simulations. 

This work can be extended to generate a top-down emission inventory using the 
TROPOMI observations and data assimilation based on the LOTOS-EUROS. This tech-
nique has already been demonstrated successfully over point NOx emission sources [37]. 
The clear separation of maritime traffic in well-defined lanes crossing the Mediterranean 
Seas demonstrated in this work will allow us to apply the same data assimilation tech-
nique to update marine pollution-related emissions. 

Supplementary Materials: The following are available online at www.mdpi.com/article/10.3390/at-
mos12111478/s1, Figure S1: Top: Total vessel density by EMODnet database (in hours per km2 per 
year) for all vessel types [left] and tanker vessels [right] for 2019. Middle: Total vessel density for 
passenger [left] and fishing vessels [right]. Bottom: Total vessel density for other vessels. Figure S2: 
Top: CAMS-GLOB-SHIP v2.1 NOX emissions (tons per year) in the Mediterranean and Black Sea 
domain [left column] and the Greek domain [right column] for tanker [top], fishing [middle], and 
other vessels [bottom] after the implementation of the new EMODnet lane separation methodology 



Atmosphere 2021, 12, 1478 16 of 18 
 

 

for 2019. Figure S3: CAMS-GLOB-SHIP v2.1 NOX emissions (in kilotons per year) in the Greek do-
main. Figure S4: Tropospheric NO2 vertical column densities (in 1015 molecules cm−2) classified ac-
cording to the 2019 vessel density per vessel type in the Greek domain for the TROPOMI observa-
tions [left column] and the LOTOS-EUROS simulations [right column] for the cargo [top], tanker 
[middle], and fishing vessels [bottom]. Figure S5: Tropospheric NO2 vertical column densities (in 
1015 molecules cm−2) seasonal variability according to the 2019 vessel density for the Greek domain 
for the TROPOMI observations [left] and the LOTOS-EUROS simulations [right]. Figure S6: Sea-
sonal comparison between the tropospheric NO2 loads reported by TROPOMI and LOTOS-EUROS 
over the Greek domain per vessel type for winter [left column] and summer [right column]. Tables 
S1: Seasonal statistics for the shipping activities sensed by TROPOMI and simulated by LOTOS-
EUROS for the Greek domain. 
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