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International shipping is globally a major source of atmospheric nitrogen oxides (NOx). It has been
widely recognized that these emissions have negative effects on maritime air quality and human
health. For a long time, shipping was the least regulated NOx emission source, but now first reg-
ulations for ship exhaust NOx emissions started as of January 2021. Shipping emissions must be
monitored so the obedience of these regulations can be followed. Different measurement techniques
are developed to address the problems related to shipping emission monitoring.
The purpose of this thesis is to demonstrate how tropospheric nitrogen dioxide (NO2) concentration
measurements by TROPOspheric Monitoring Instrument (TROPOMI) onboard Copernicus Sen-
tinel 5 Precursor (S5P) satellite can be used to characterize signatures of shipping emissions. The
capability of TROPOMI to detect busy shipping lanes and port areas was first tested with a large
study area of the whole Eastern Mediterranean Sea. Analysis was supported with shipping emission
data inventory from the Ship Traffic Assessment Model (STEAM). Results showed elevated NO2

concentrations close to major port areas, especially if the dominant wind direction on the water area
was from the continent. These elevated concentrations were most likely a result of both transported
urban emissions and shipping emissions. STEAM and TROPOMI grid cell comparison was done
over the busiest shipping lane area over the open sea, and the results showed that if the monthly
summed shipping emission amount was either small or very large, the signal of shipping emissions
was affected by background concentrations. More detailed shipping emission study was done at port
Piraeus and the surrounding sea area. There, satellite measurement analysis was done by selecting
three smaller study areas for comparison, one over the city of Athens, the second one close to the
port Piraeus and the third one over the open sea. Relation between the satellite observations of
NO2 and modelled shipping emissions of NOx was obtained in the study area that was over the
open sea, the center of the area being 35 km from the coast. The signal of shipping emissions
was not detected close to the port, most likely because of the influence of other emission sources.
Lastly, spring and summer 2020 were analysed separately in more detail, as they were included in
the overall study period of this thesis but the air pollution patterns at that time were affected by
the extraordinary COVID-19 pandemic restrictions. The results showed unusually small average
NO2 concentrations over the city of Athens during spring 2020. Meteorological observations from
that time period did not show anything that could fully explain the decrease. Observations over
the sea close to Piraeus showed no clear difference between 2019 and 2020 average concentrations,
so the pandemic possibly had only a minor impact on the shipping emissions in the port area.
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1. Introduction

Shipping is the most cost-effective way to transport cargo internationally, and that
is why it has a major role in global trade [1]. Shipping is often referred as the most
environment friendly way of transport. Nevertheless, ships constantly produce harmful
substances into maritime air [2]. Ships produce exhaust emissions like sulphur dioxide
(SO2), nitrogen oxides (NOx) and particulate matter (PM), and these emissions have
negative effects on air quality and contribute to Earth’s climate forcing [3]. The emis-
sions cause health risk to densely populated coastal areas, as many of the pollutants
from shipping are toxic to humans in high concentrations [4]. Shipping emissions are
projected to increase steadily as global transport demand is expected to be growing
continuously [5]. Regardless, emissions from shipping have been the least regulated
emission source for decades [6]. To make international shipping more sustainable way
of transport and to mitigate the health risk, the annual emission levels must be re-
duced measurably. The International Maritime Organization (IMO) has implemented
progressive regulations to decrease shipping emissions, in particularly over environmen-
tally vulnerable ocean areas [7]. The emission control areas are referred as Nitrogen
Emission Control Areas (NECA) for NOx pollution from ships and Sulphur Emission
Control Areas (SECA) for SO2 pollution [8] [9]. In Europe, these vulnerable ocean
areas include the Baltic Sea and the North Sea for now. Expected growth of world’s
trade while facing the emission control is a challenge. Shipping emission monitoring
must be done, so the compliance of these regulations can be followed [10].
The objective of this thesis is to show how satellite measurements of nitrogen diox-
ide (NO2) concentrations can be used to characterize signatures of shipping emissions.
Monitoring shipping emission signatures is overall known to be a challenge, especially
over vast sea areas were continuous emission monitoring with ground-based stations
is limited [10]. Space-borne measurements can offer nearly daily global coverage with
good spatial resolution also over open sea areas, meaning that satellites could poten-
tially offer a way to monitor shipping emissions. Therefore, it is important to investi-
gate what is the sensitivity of satellite measurements to detect the shipping emission
signatures. In this thesis, average NO2 concentrations were characterized by using satel-
lite measurements of TROPOspheric Monitoring Instrument (TROPOMI). TROPOMI
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2 Chapter 1. Introduction

was launched to space onboard Copernicus Sentinel 5 Precursor (SP5) satellite in Oc-
tober 2017 [11]. Compared to its predecessors that monitor NO2, TROPOMI has the
highest spatial resolution, originally 7 km × 3.5 km and 5.5 km × 3.5 km since August
2019. TROPOMI measurements have been proven to be capable of detecting smaller
NO2 emission sources and concentration variations than previous instruments [12].
The focus area of this thesis is the Eastern Mediterranean. The first part of the re-
sults analyses qualitatively the NO2 concentration distribution over this whole area.
Over vast sea, areas influenced by shipping emissions can be identified by elevated NO2

concentrations, as there are no other major NO2 emission sources. However, detecting
shipping emission signatures becomes more complicated close to coast, because there
the satellite instruments can measure contributions from other emission sources. That
is why the second part of the results is a local study close to the city of Athens and port
Piraeus. The local study was done by selecting three different areas for comparison.
The first area was in the middle of the city of Athens, the second at port Piraeus and
the third area was over the open sea. Seasonal variations of NO2 were characterized
for each area to investigate their differences. For the two study areas covering the sea,
the influence of shipping emissions on the satellite measurements of NO2 was tested
by estimating the consistency between averaged TROPOMI satellite measurements of
NO2 and data inventories by Ship Traffic Emission Assessment Model (STEAM) [13].
Moreover, as spring 2020 was included in the overall study period of this thesis, a sep-
arate analysis focusing on NO2 concentration variations during that time period was
done, as COVID-19 pandemic related restrictions on traffic, travelling and business
affected the typical air pollution patterns [14]. The effects of the pandemic were anal-
ysed separately for each study area, to address how the restrictions possibly affected
different emission sources.
This thesis has the following structure. Chapter 2 explains the characteristics of at-
mospheric NO2. The chemistry of tropospheric NO2 is introduced, with separated
sections explaining the sources and effects of NO2 pollution, the current situation of
shipping emissions of NOx, and details on the COVID-19 pandemic in Greece and how
it affected the air quality. Chapter 3 goes through explanation of the satellite mea-
surement principles and an introduction of TROPOMI satellite instrument. Chapter 4
has sections describing the data used in this thesis and description of the used analysis
methods, following with a section describing the research area. Chapter 5 reports the
results of this thesis. First section presents analysis on shipping emission signatures in
the Eastern Mediterranean, and the second section presents the analysis done in the
city of Athens, port Piraeus and the shipping lane area. Chapter 6 finalizes this thesis
with conclusions.



2. Atmospheric nitrogen oxides

2.1 Tropospheric chemistry

Dry air has two major chemical components, nitrogen (78%) and oxygen (21%) [15].
The rest consist of mainly argon (0.9%) and trace gas substances (0.1%). Trace gases
include for example carbon dioxide, oxides of nitrogen, ozone and methane. For trace
gases, the most relevant layer of the atmosphere is the troposphere, where the majority
of atmospheric mass (85%) is [15]. The troposphere is the lowest layer of the atmo-
sphere, with the height from 5 km (poles) to 15 km (Equator) [16]. It is further divided
into boundary layer (BL) and free troposphere. From these two, the boundary layer
is closer to the surface. There, surface processes like shear and buoyancy effects cause
vertical mixing of the air. Tropospheric chemistry is dominated by highly reactive pure
oxygen molecules, like dioxygen (O2) and ozone (O3) [17]. These two molecules have
the ability to oxidize other chemical substances [18].
Nitrogen monoxide (NO) has one oxygen atom whereas nitrogen dioxide (NO2) has
two oxygen atoms. These two are the main nitrogen oxides in the atmosphere, and
together they are referred as NOx. Out of these two, the primary pollutant that is
emitted directly from a source, for example a ship engine, is NO. The usual formation
of atmospheric NO happens during combustion of fossil fuels. In high temperatures of
engines, atmospheric oxygen reacts with nitrogen. Formation of NO in high pressure
and temperature usually happens by either of the following reactions [15]:

N2 + O −−→ NO + N (R2.1)

N + O2 −−→ NO + O (R2.2)

Nitrogen is usually in the molecule form N2 in the atmosphere, so in reaction R2.1,

nitrogen is from the atmosphere. In reaction R2.2, the one nitrogen atom is from
the fuel. After these reactions, NO is released into the atmosphere and it is quickly
oxidised, forming NO2 as a result. The chemical transformation of NO to NO2 can
happen for example with the following reactions [19] [20]:

3



4 Chapter 2. Atmospheric nitrogen oxides

NO + O2 −−→ 2 NO2 (R2.3)

NO + O3 −−→ NO2 + O2 (R2.4)

NO + HO2 −−→ NO2 + OH (R2.5)

In these reactions, NO2 is formed when NO is oxidized with oxygen (R2.3), ozone

(R2.4), or hydroxyl radical (R2.5). The time required for these reactions is some
minutes [15]. As the reactions are so rapid, the amount of NO2 and NO are usually
considered collectively as NOx in the atmosphere [21]. Tropospheric ozone has espe-
cially important role in the cycle between NO and NO2. Ozone is formed by chemical
reactions between NOx and volatile organic compounds (VOCs) under UV radiation
[18]. In direct sunlight, NO2 breaks within minutes back into NO, and it is oxidized by
O3 [17] [21]. More NO2 forms as a result. Then the cycle starts again, and more NO2

and O3 are produced into the troposphere. This cycle is called photochemical cycle of
tropospheric ozone [15]. In the troposphere, ozone is considered as a greenhouse gas
and it contributes to global climate warming [22].
Nitrogen oxide molecules have short lifetime in the atmosphere, and that is why the
molecules do not travel up to high altitudes. Model calculations have estimated that
NO2 molecules emitted from ship engines have a mean lifetime of 1.9 - 6.0 hours [23].
Nitrogen oxides are usually removed from the atmosphere by wet deposition. When
nitrogen oxides react with hydroxyl radical, nitric acid forms for example in clouds
[15].

OH + NO2 −−→ HNO3 (R2.6)

Nitric acid, HNO3, can mix with water. If HNO3 mixes with raindrops in clouds, it
will fall down as acid rain. Reaction R2.9 is the largest global NOx sink, accounting
for 60 % of the total sink [24]. In the wintertime, this NOx sink is much smaller
compared to summer, because the amount of hydroxyl radicals depend on the amount of
ultraviolet (UV) radiation [15]. Moreover, this means that NOx sink is also dependent
on meteorological conditions, as both moisture and effective UV radiation is required
for Reaction R2.6. Because of this, NOx molecules stay longer in the atmosphere
during winter months. That results in naturally higher concentrations of nitrogen
oxides compared to summer. The other reason for elevated wintertime concentrations
is that especially urban emissions are generally larger during winter. This is attributed
to heavier use of power plants to heat homes in the wintertime [20].
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2.2 Sources, effects and reduction actions

Nitrogen oxide sources can be divided into anthropogenic and natural origin. Anthro-
pogenic sources produce the majority of global NOx emissions, fossil fuel burning being
by far the dominant source of NOx [15]. That is why the highest NOx concentrations
can be measured for example near big cities. The largest natural sources of NOx are
biomass burning and lightning. In the tropics, biomass burning due agriculture and
deforestation is a major source of NOx [15].
The main NOx sources in Europe in 2018 are presented in Figure 2.1. Road trans-
port takes the largest share, 39% of all emissions. Non-road transport, that includes
international and national shipping, takes a 8% share. In addition to fossil fuel burn-
ing engines, other important anthropogenic sources of NOx are energy production and
manufacturing, like power plants and metal smelters. These both take 15% from the
total emissions, as does agriculture. The shares of road transport and energy supply
have decreased during 2010-2018 due effective emission restrictions [25] [26].
Atmospheric nitrogen oxides have negative effects on human health [4] [27]. Air pollu-
tion as a whole is the single largest environmental health risk in Europe, and nitrogen
oxides are among the most toxic air pollutants. Usual health effects of atmospheric
NOx exposure are lung problems, infections or asthma, and long term exposure can
even affect premature mortality [25]. As atmospheric nitrogen oxides also have a part
in the formation of acid rain, they can also be harmful for the environment. Acid rain
can ruin the quality of soil, as acidity of rain removes soil nutrients and minerals [21].
Also, quality of water can be ruined by acid rain, and in coastal waters it can cause a
decline in fish and shellfish populations [28]. With air pollution regulations, prevalence
of acid rain has successfully been reduced in Europe and Northern America. However,
it remains a problem in many developing countries [17].
In addition to these local effects, nitrogen oxides also have a minor role in global climate
change. Nitrogen oxides are called indirect greenhouse gases, so they do not directly
affect greenhouse effect, but they can act as precursors for actual greenhouse gases like
tropospheric ozone or particulate matter [22].
Because of all these negative effects nitrogen oxide emissions have on people, environ-
ment and climate, actions for air pollution reduction have been taken in the form of
legal guidelines [21]. In Europe, the main legal guidelines are defined by European
Environment Agency (EEA) [25]. Pollution controls mainly considers road-transport,
power plants and factories. Shown by both model calculations and measurements,
these controls have shown to be effective in Europe. Concentrations of almost all air
pollutants have decreased throughout most of Europe since 1990 [29]. In 2018, NOx

emissions in Europe were 56% smaller than in 1990.
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Figure 2.1: Main NOx emission sources in EU in 2018. Data Source: Air quality in Europe - 2020
report: Sources and emissions of air pollutants [25].

Decline in emissions has directly affected the effects on human health. European En-
vironment Agency estimated in their Air quality in Europe- report (2020) that NO2

had impacted around 55 000 premature deaths in Europe (including 41 countries) in
2018. In 2009 the estimated impact was 120 000 premature deaths, so the impact had
halved in almost a decade [25].

2.3 Emissions from shipping

International Maritime Organization (IMO), United Nations agency that authorizes
security and environmental issues of international shipping, monitors that shipping
companies do not compromise in maritime safety or pollution prevention protocols
[30]. IMO estimates that more than 80% of the world’s trade is carried by sea traffic.
The estimated amounts of annual emissions from ships are 1.2 - 1.6 million metric tons
(Tg) of particulate matter, 4.7-6.5 Tg of sulphur oxides and 5-6.9 Tg of nitrogen oxides
[3] [27]. These emissions have a large impact on the chemistry of the marine boundary
layer. Emissions from ships are mainly clustered along major ship routes in open seas
or close to populated coastlines. Steady growth of shipping emissions is expected an-
nually, as transportation capacity demands are growing.
In the near future SO2 and NOx emissions from national shipping can take a major



2.4. Impact of COVID-19 pandemic on nitrogen oxide emissions 7

part of total national emissions of European countries, as other major emission sources
have been restricted for a longer time [25]. European Union and IMO have stated pro-
gressive regulations on international and national shipping that will affect emissions of
different relevant atmospheric gases. As of January 1st 2018, companies had to mon-
itor each of their ships’ carbon dioxide (CO2) emissions and fuel consumption. Next,
from 1st January 2020, ships were required to reduce SO2 emissions by more than
80%. In Sulphur Emission Control Areas (SECA) all ships must use fuel with smaller
sulphur content [9]. And lastly, as of 1st January 2021, all ships passing through Ni-
trogen Emission Control Areas (NECA) must use defined mandatory engine standards
or equivalent NOx emission reduction technologies to respect the stricter NOx emission
levels [8]. SECA and NECA, defined in the Convention for the Prevention of Pollution
from Ships (MARPOL) protocol [7], do not consider all the sea areas in the world, but
only the ones that have especially vulnerable marine environment. SECA and NECA
include the Baltic Sea, North Sea, Caribbean and coastal waters of North America.
Although these control areas do not include yet the Mediterranean Sea, which is the
research area of this thesis, these restrictions put pressure on shipping companies to
reduce their emissions overall.
The NOx emission standards can be achieved by using additional technology in vessels,
for example Selective Catalytic Reduction (SCR) devices [10]. Ideally used, SCR tech-
nology could cut NOx shipping emissions by 90% [31]. However, SCR devices are not
cheap. In addition, fuel that is low in sulphur content is considerably more expensive
than fuel with high sulphur content. It cannot be taken as granted that all vessels are
willing to follow the new regulations. Shipping emission monitoring has become more
important as the obedience of the regulations must be followed, especially over vast
sea areas. Restriction control is easier to execute close to ports, as open sea areas are
far away from ground-based measurement stations.

2.4 Impact of COVID-19 pandemic on nitrogen oxide emissions

The global outbreak of SARS-CoV-2, also known as COVID-19 or coronavirus, was
declared as Public Health Emergency of International Concern (PHEIC) by the World
Health Organization (WHO) in January 2020 [32]. In March 2020 WHO declared
the virus outbreak as a pandemic, Europe being the main area where the virus was
spreading. As effective vaccinations were not available in spring 2020, many countries
around the globe had to make public health actions to reduce spreading of the virus.
These actions were referred as "lockdowns". The actions were mainly quarantine orders,
restrictions to travelling and temporal closing of businesses and public spaces [14].
Satellite measurements detected unusual declines in average NO2 concentrations over



8 Chapter 2. Atmospheric nitrogen oxides

cities in China, Europe, South Korea, and the United Sates after the outbreak of
COVID-19 virus and the start of lockdown actions in spring 2020 [14]. As year 2020
is included in the study period of the satellite observation analysis of this thesis, the
effects COVID-19 pandemic restrictions had on air pollution have to be acknowledged
as a separate topic. As this thesis has the focus on the city of Athens and Piraeus port
in Greece, the pandemic situation in Greece is considered here. Soon after first cases
of COVID-19 virus in Greece were reported in February 2020 [33], General Secretariat
for Civil Protection of Greece made orders of restrictions. During the beginning of
March, schools were closed, followed by closing of museums, restaurants, malls, and
other public places [34]. On 23rd March 2020 Greece’s government ordered restrictions
to all non-essential transport and movement. Industrial activities continued normally.
Businesses and schools could be opened again starting 11th May 2020. Recent paper
estimated that in March and April 2020, NO2 concentrations in six largest Greek
metropolitan areas reduced 3-26 % compared to emission levels of the previous year
[35]. It was concluded that overall in Greek cities, the reduction of NO2 in March-April
2020 compared to previous year was approximately 10 %.
The pandemic restrictions affecting the activities on Piraeus port are also considered
here, because Piraeus is one of the focus locations of this thesis. Annual report by
Piraeus port authority described that port passenger activity in Piraeus was affected
by the COVID-19 pandemic restrictions [36]. Total passenger traffic experienced a
98.5% decrease between 2019 and 2020. Container volume of Piraeus port in 2020
was 5.43 million Twenty-foot Equivalent Unit (TEU), an unit referring to container
terminal’s capacity for cargo [1]. In 2018, volume was 4.91 million TEU [37], and in
2019, it was 5.65 milloin TEU [38]. In normal conditions the container volume was
expected to increase in 2020 but instead it decreased. This is due to slowdown in
economy. Nevertheless, the container terminal has been fully operational during the
whole virus outbreak [36].



3. Satellite measurements of
nitrogen dioxide

Nowadays satellite measurements are widely used to analyse atmospheric composition.
One advantage of satellite observations is that they can be obtained over areas where
ground-based measurement network is sparse or doesn’t exist at all. Satellite measure-
ment methods have developed rapidly during past years, and now daily NO2 satellite
measurements can be obtained with a pixel size of few kilometres.

3.1 Basic principles of satellite remote sensing of trace gases

Passive satellite instruments measure the backscattered solar radiation coming from
the Earth. This solar radiation, that has travelled through Earth’s atmosphere, has
interacted with different atmospheric gas molecules. These interactions include scat-
tering and absorption, where scattering changes the direction of light and absorption
changes the form of radiation energy to something else, like heat. Absorbing substances
in the atmosphere include aerosols like soot, or molecules like ozone, nitrogen dioxide
and water vapour. Different gases and molecules in the atmosphere absorb radiation
at different, specific wavelengths, and by that leave their own specific mark to the
radiation. That mark can be identified from the radiation measured by a satellite
instrument, and that information can be used to obtain the concentration of this gas
from the measured intensity. Satellite measurement wavelengths are chosen based on
the absorption wavelength of the substance that is supposed to be measured [17].
The physical background of the satellite trace gas retrievals is based on obtaining the
original intensity of light and then the new intensity after it has travelled through at-
mosphere. Comparing these intensities reveals how the radiation has interacted with
substances in the atmosphere. The calculation starts with the definition of the inten-
sity of radiation. Wavelength dependent intensity of light, I, also called radiance, can
be calculated as [17]:

I(λ) = Φ
ΩAs

, (3.1)

9



10 Chapter 3. Satellite measurements of nitrogen dioxide

where λ is the wavelength of the radiation, Φ is the radiant flux, As is the radiating

area, and Ω is solid angle. Unit of I(λ) is Ws−1r−1 m−2. In an absorbing medium
like the atmosphere, radiance of light attenuates. Absorption and scattering cause
extinction of I, dI(λ), and it can be defined:

dI = dΦ
dΩAs

= −I(λ)σa(λ)Nds, (3.2)

where σ(λ) is the absorption cross-section of the absorber (molecule), indicating the

probability of an absorption, N is is the number of absorbing molecules and the in-
finitesimal thickness of an absorbing layer is ds. If the thickness of the absorbing layer
is defined as L, integration over the whole layer can be written as:

dI = −I(λ)σa(λ)
∫ L

0
Nds. (3.3)

After reorganizing, the intensity of the radiation after travelling through the absorbing

layer can be written as:

ln(I0(λ)
I(λ ) = σa(λ)

∫ L

0
Nds, (3.4)

IL(λ) = I0e
−σa(λ)LN , (3.5)

where IL is the radiance that the satellite instrument measures, whereas I0 is the ini-
tial radiance emitted from the Sun, also called the solar irradiance. Equation 3.5 is
called the Beer-Lambert law [17]. Detector, like a satellite instrument, measures the
radiance IL and irradiance I0. Cross-section σ is defined by laboratory measurements.
Wavelength λ is optimised for each trace gas separately, based on their own absorption
wavelength spectrum. For example for NO2, the absorption spectrum is 250 nm - 650
nm with the absorption peak occurring at 403 nm [39]. Naturally, the measurement
wavelengths are usually chosen to be close to the absorption peak wavelength. When
these parameters are known, the number of molecules, N , multiplied with the thick-
ness of the atmospheric layer, L, can be calculated. This parameter, LN , can be also
expressed as concentration, c. Its value tells how many molecules are in the defined
atmospheric volume. Data is presented in unit of trace gas amount per atmospheric
volume or area, for example molecules cm−2.
Basic physics of satellite retrieval of trace gases can be explained with the Beer-Lambert
law. However, in real atmosphere the propagation of radiation is a much more com-
plex process. In reality, multiple absorption and scattering processes happen along the
path of the light. In addition, thermal emission can effect the intensity. To determine
an accurate estimation of the concentration of a particular trace gas, it would require
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the quantification of all other factors that influence the intensity of light along its
path. These processes have to be calculated with numerical methods. One of the most
commonly used spectroscopic methods to measure trace gases in the real atmosphere
is called the Differential Optical Absorption Spectroscopy (DOAS) [17]. The DOAS
method is based on the Beer-Lambert law (Eq. 3.5), but it is expanded to consider the
other factors that affect the light on its path. DOAS algorithm considers the absorption
of various trace gases, atmospheric Rayleigh and Mie scattering, instrumental effects
and turbulence. The result is a polynomial for calculating the column concentration
of real atmosphere, that can be solved with numerical data assimilation model.
Radiance and irradiance spectra measured by some satellite instrument is processed by
a DOAS algorithm and the result is the slant column density (SCD) of some molecule.
The product is for a slant column, because nadir-viewing imagers measure light path
that travels in a slant path from the surface. The slant column retrieval is presented
in Figure 3.1. After the retrieval of a slant column trace gas concentration, chemistry
transport model is then used for dividing the total column to the the stratospheric
and tropospheric columns. The model detects the stratospheric column by data assim-
ilation methods with information on stratospheric chemistry [11]. In this thesis, the
tropospheric column is used.

Zenith

Solar
Zenith
Angle 

Viewing
Zenith
Angle

Figure 3.1: Illustration of the geometry of radiation satellite measurement. The blue lines are
the optical light paths. These paths are slant columns, and the blue line reflected from the surface
represents the column that is used for calculating slant column density (SCD). The red line illustrates
the vertical column, which is relevant for calculating vertical column density (VCD).
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SCD does not give information on the molecule concentration in the direct vertical air
column above the ground pixel. The slant column geometry of satellite measurements
is not constant around the globe, and therefore SCD measurements from different lat-
itudes are not comparable. Moreover, if there were clouds present during the measure-
ments, SCD contains only information on atmospheric column above clouds, because
clouds effectively scatter away the radiation that would normally reach the surface.
These are the reasons why SCD is not used for comprehensive satellite measurement
analysis, but instead the slant column is converted into the concentration right above
the ground pixel, called vertical column density (VCD). The vertical column geometry
is presented in Fig. 3.1 as a red line. To calculate VCD, the viewing angle, the exact
measurement location and the cloud coverage has to be taken into account. The slant
column is converted into a vertical column by applying a tropospheric air mass factor
[40] [11]:

V = S

M
, (3.6)

where V is the vertical column density, S is the slant column density and M is the
air mass factor (AMF), which is obtained from a pre-calculated lookup table. The
AMF depends on different factors that affect the measured slant column, for example
viewing geometry, altitude, surface pressure, albedo and cloud pressure, height and
fraction [11]. AMF includes correction if the measured light path was partly cloudy,
and cases with full cloud cover are totally excluded, as trace gas concentrations are
not obtained from these pixels. The AMF is always an approximation, and for it to be
reliable, satellite solar zenith angle (SZA) <= 75 ° is required [17]. AMF has structural
uncertainty of 42% over polluted regions and 31% over unpolluted regions [41]. Recent
study found that TROPOMI NO2 can possibly have the AMF attributed low bias in
urban areas up to 20-40% [42].

3.2 TROPOspheric Monitoring Instrument

Uninterrupted series of NO2 satellite measurements started in 1995 with European
Space Agency (ESA) operated backscatter satellite instrument, Global Ozone Monitor-
ing Experiment (GOME) [43]. With GOME measurements, the total vertical columns
of NO2 could be calculated with pixel size of 40 km × 320 km. The instrument follow-
ing GOME was SCanning Imaging Absorption spectroMeter for Atmospheric Cartog-
rapHY (SCIAMACHY) onboard ESA’s ENVISAT satellite, operating for ten years in
2002-2012 [44]. With improved resolution of 30 km × 60 km, SCIAMACHY started
the modern space-borne research of atmospheric NO2. The first studies on shipping
emissions were done with both GOME and SCIAMACHY measurements, but the data
had to be averaged for a long temporal period (several years) in order to detect ship
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tracks [23] [45]. However, NASA operated Ozone Monitoring Instrument (OMI) was at
its own time the biggest forerunner for measuring atmospheric trace gases [46]. Built
by Finnish-Dutch cooperation, OMI was launched to space in 2004 aboard NASA’s
AURA spacecraft. The mission is ongoing, so it means that currently OMI has been
measuring atmospheric trace gases for over 15 years. Spatial resolution of OMI is 13
km × 24 km, which was a great improvement compared to GOME and SCIAMACHY.
OMI has been proven to be reliable in observing urban emissions as well as shipping
emissions [47] [48] [49].
The successor of OMI is called TROPOspheric Monitoring Instrument (TROPOMI)
[50] [11]. TROPOMI’s measurement principles are based on the principles of OMI,
but TROPOMI’s largest improvements are finer measurement resolution and wider
measurement wavelength spectrum. TROPOMI was jointly developed by The Royal
Netherlands Meteorological Institute (KNMI) and ESA, and it was launched to space
as a single payload of Sentinel 5 Precursor (SP5) as a part of European Union’s Coper-
nicus Programme on 13 October 2017.
TROPOMI’s measurement principle is presented in Figure 3.2. TROPOMI has a 2600
km wide swath, which means the width of measurement area the satellite covers dur-
ing every orbit. The original spatial resolution of TROPOMI was 7 km × 3.5 km at
nadir, but it was improved to 5.5 km × 3.5 km in August 2019. Measurement period
is about 1 second. This all means that every second TROPOMI measures 5.5 km ×
2600 km area in the orbit, and the area is further divided into small pixels. With these
measurement principles, TROPOMI achieves nearly global coverage in one day.

Figure 3.2: Illustration of TROPOMI satellite instrument measurement geometry. The swath width
is 2600 km, and all pixels along that length are measured simultaneously. Size of one measurement
pixel is 5.5 km × 3.5 km. TROPOMI’s overpass is at 13:30 local time. Figure credit: Ref. [50].
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SP5 is a low orbit satellite, flying at altitude of 824 km [50]. It has a polar and sun-
synchronous orbit, meaning that it passes both poles during each orbit and has the
same mean local overpass time at every given location on the Earth. SP5 daily overpass
at ascending node is 13:30 local time. That means that daily TROPOMI measurements
represent afternoon observations. One example orbit of tropospheric NO2 observations
by TROPOMI are presented in Figure 3.3. The figure shows how the orbit passes both
poles. The effect of the quality flag filtering due clouds can be seen as white areas in
the measurement swath.
TROPOMI measures different spectral bands, ultraviolet - visible (UV-VIS, wave-
lengths 270-495 nm), near-infrared (NIR, 675-775 nm) and short-wavelength infrared
(SWIR, 2305-2385 nm) [50] [51]. With these measurement wavelengths, TROPOMI’s
measurements products include ozone, nitrogen dioxide, carbon monoxide, sulphur
dioxide, methane, formaldehyde, aerosols and clouds. TROPOMI uses the same mea-
surement wavelength range for NO2 measurements as OMI, 405 nm - 465 nm [11]. Pre-
vious studies have demonstrated that TROPOMI is able to distinguish very local NO2

sources and local concentration variations inside cities, factor areas, and busy trans-
port areas like highways [12] [52]. Under favourable atmospheric conditions, TROPOMI
measurements can be even used for detecting NO2 plumes from individual ships [53].

Figure 3.3: One example orbit of TROPOMI tropospheric NO2 measurements from 23 August 2019.
Measurements are filtered based on the effect of cloudiness and it can be seen as white areas among
the measurements. Figure credit: Ref. [52].
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4.1 Data

The main dataset of this thesis is TROPOMI Level 2 tropospheric NO2 column concen-
tration product, available for time period 30.04.2018 - 31.12.2020. This study period,
defined by TROPOMI data availability, covers almost two years so comparisons be-
tween annual and seasonal averages can be done. The study period covers also the time
period, starting from February 2020, when COVID-19 pandemic related lockdowns af-
fected public behaviour. Average atmospheric NO2 concentrations were impacted by
these restrictive actions, and that is acknowledged in separate section in the results.
Analysis on TROPOMI observations is supported by the European Centre for Medium-
Range Weather Forecasts (ECMWF) reanalysis (ERA5) wind velocities and directions,
along with shipping activity and exhaust emission data inventories by the Ship Traffic
Emission Assessment Model (STEAM). Meteorological data from a ground-based sta-
tion is used for analyzing the effects of COVID-19 pandemic on air quality in spring
2020. Basic information of these datasets are presented in Table 4.1.

Data name Data type Units Spatial resolution Temporal coverage
TROPOMI NO2 Vertical Satellite molecules cm−2 7.5 × 3.5 km 30.04.2018 - 31.12.2020
Column Density (VCD) measurements 5.5 × 3.5 km (as of 08/2019)

TROPOMI Cloud Radiance Satellite Fraction 7.5 × 3.5 km 30.04.2018 - 31.12.2020
Fraction (CRF) measurements 5.5 × 3.5 km (as of 08/2019)

ECMWF ERA5 wind velocity Reanalysis ms−1, 0.25 × 0.25° 01.05.2018 - 31.12.2020
and direction °

STEAM NOx emissions Model kg 0.5 × 0.5 ° 05/2018 - 08/2018
1 × 1 km 05-08/2018- 2019

STEAM AIS messages Model Count 1 × 1 km 05-08/2018-2019
Air temperature Ground-based °C Point 02-06/2019-2020
Wind velocity Ground-based ms−1 Point 02-06/2019-2020

Table 4.1: Summary of the data used in this thesis.
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4.1.1 TROPOMI tropospheric nitrogen dioxide

In this thesis, TROPOMI Level 2 NO2 -product was used. Level 2-data consists of
daily orbits of satellite observations. TROPOMI NO2 Level 2-files in netdcf-format
were downloaded from NASA GES Disc service. The main parameters are the total,
tropospheric and stratospheric vertical column densities of NO2, in addition with qual-
ity flag information and geolocations. The tropospheric column VCD was the main
product used in this thesis. Quality flag information was used for filtering the data.
Every satellite pixel that has a NO2 retrieval value, is assigned with a quality flag,
fca. The quality flag defines the quality and usability of the measurement pixel, and
it is based on different factors that can affect the satellite measurement quality. These
factors are for example cloudiness, large solar zenith angle, scenes covered by snow or
ice, or other problematic retrievals [11]. Quality flag automatically removes pixels with
too large cloud radiance fraction (CRF) value. If the pixel has CRF value larger than
0.5, it is not qualified for use. Moreover, as explained in section 3.1, qualified AMF
requires that SZA is smaller than 75°. So quality factor automatically filters also away
all pixels with too large SZA value. Quality factor itself has some value between 0-1.
Value 0 indicates that some error has occurred during the processing and the measure-
ment cannot be used. Value 1 indicates a perfect retrieval with no errors. Pixels with
quality flag smaller than 0.75 are recommended to be filtered away. All TROPOMI
observations used in this thesis were filtered by this standard.

4.1.2 Wind data

Although NO2 is a short-lived gas in the atmosphere, strong winds can transport NO2

molecules from their original source [47] [54]. When TROPOMI NO2 data is compared
to some other geographically interpolated data like STEAM products, strong wind can
affect the interpretation of the results. If the molecules are transported away from their
source, the spatial distribution of NO2 concentrations over the original source area can
seem smaller than it is, and the analysis becomes more complicated. That is why the
prevailing wind conditions must be considered in the analysis.
ERA5 is the fifth generation of ECMWF’s (European Centre for Medium-Range
Weather Forecasts) atmospheric reanalyses, covering the global climate parameters
[55]. Reanalysis combines real observations with models and data-assimilation systems
to produce accurate climatic data archives. Reanalysis data can be downloaded from
Copernicus Climate Change Service (C3S) Climate Data Store. The data used in this
thesis was downloaded with Climate Data Store Application Program Interface (CDS
API) as netcdf-files. In ERA5 datasets, vertical structure of the atmosphere is resolved
using 137 levels from the surface up to the height of 80 kilometres. The levels can
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be defined as pressure levels. For this thesis, mean values of U-component of wind,
meaning the eastward wind, and V-component of wind, meaning the northward wind,
on pressure levels 1000 hPa, 950 hPa and 900 hPa were downloaded. Pixel size of
downloaded reanalysis data is 0.25° × 0.25°. The temporal resolution is 1 hour.

4.1.3 Ship Traffic Emission Assessment Model

In this thesis, an emission inventory is used to help detecting shipping emission signa-
tures. The inventory used in this thesis is from the Ship Traffic Emission Assessment
Model (STEAM). STEAM makes numerical estimates of trace gas emissions from ship
traffic in European sea areas [13]. Modelled pollutants emitted by ships, given as a
function of time and location, include nitrogen and sulphur oxides, carbon dioxide,
particulate matter and carbon monoxide. STEAM has been proven to be reliable in
high-resolution studies on shipping [56].
STEAM combines real-time shipping activity, air observation data, information on the
pollutant streams in air and water, and reduction techniques for air and water pollu-
tion. STEAM uses Automatic Identification System (AIS), a ship identification and
navigation system that is used by ships [57], to identify global shipping activity [58].
AIS produces datasets that consist of signals sent by ships. The signals include the
unique identification of the vessel, its position, course and speed. These signals are
referred as AIS messages. AIS messages must be sent with few seconds intervals by
all international travelling ships weighting 300 gross tonnage and upwards, domestic
cargo ships weighting 500 gross tonnage and upwards, and all passenger ships [57] [59].
STEAM can produce a geolocated grid of all AIS messages, so number of ships in cer-
tain areas can be calculated and the types of ships identified. After the ship types are
identified, ship specific emission estimates can be done based on what kind of engines
the ships should have. For each ship, the type of engine is available within AIS mes-
sages, and if it is not included in the message, the engine is assumed to be a medium
speed diesel engine. Engine emission baselines are defined by IMO [7]. When the es-
timated amount of exhaust emissions are defined for each ship in the area, the total
amount of emissions is calculated with specified STEAM resolution. The final result is
a geographical grid, each STEAM pixel having the amount of emissions released into
atmosphere within defined time range, for example during one hour.
In this thesis, two geographically gridded STEAM datasets are used. The first is
gridded NOx exhaust emissions from ships and the second is gridded AIS message
count. The latter is used as an parameter representing shipping activity. For NOx

emission pixels, estimated bias is 10-20 %. STEAM NOx emission data were avail-
able at two different resolutions. Large spatial scale that considers the total area of
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Eastern Mediterranean Sea, had the spatial resolution of 110 × 110 km and temporal
resolution of 1 month. Smaller study consider areas A2 and A3, that are presented in
Fig. 4.2. Over these areas, STEAM data had pixel size 1 × 1 km, and the temporal
resolution was 1 hour. Gridded AIS message data was available only for this smaller
study area. The gridded emission datasets like the ones used in this thesis are available
as netcdf-files upon request from the developers of STEAM [59].

4.2 Analysis methods

4.2.1 Gridding satellite observations

One Level 2- data file of TROPOMI contains measurements from one orbit of the satel-
lite. Satellite measurement pixels on the Earth’s surface do not necessarily have the
equal size, and even the satellite orbits do not have exactly the same location every
day [52]. That is why the measurement data must fitted into a regular spatial grid
before it can be averaged for some time period. Observations must be also filtered so
only satellite pixels with good quality are included in the final analysis. Data quality
screening can in some cases filter out multiple pixels from measurements of one over-
pass. That can leave the daily NO2 Level 2- data patchy, as it was seen in the example
orbit in Figure 3.3. Therefore the data are averaged over a longer temporal time pe-
riod. Spatial gridding and temporal averaging are done with gridding algorithms. The
final satellite product that is filtered, gridded into a regular grid and averaged tem-
porally, is called Level 3-data. Typical gridding algorithms use spatial interpolation,
or present satellite observations as points or polygons [60]. Alternative algorithms use
the original observations and average them into a new grid with specified resolution
that is usually finer compared to the original resolution. This kind of methods are
referred as "oversampling" [60]. In this thesis, two different resolutions were used for
the oversampling. For maps with large spatial scale, the unified grid have a resolution
of 3.5 × 3.5 km. Maps with smaller spatial scale have a resolution of 1 km × 1 km.
Oversampling starts by defining the required time range, for example one month. Then
the research area is defined with coordinate limits. The algorithm creates an empty
grid with the same latitude-longitude limits as the research area, but with new, spec-
ified resolution that is finer than the original measurement resolution. The algorithm
goes through each Level 2 - TROPOMI files within the specified time range. First,
the algorithm chooses only TROPOMI pixels that fall inside the desired latitude and
longitude limits. TROPOMI pixels with low quality are filtered away. In addition, the
average wind velocity over each TROPOMI pixel is calculated, and if the wind velocity
was too strong in the area, the pixel is filtered away and not used. The definition of
the surface wind velocity is explained in the next section. After filtering, the algo-
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rithm compares the empty, fine resolution grid with the TROPOMI Level 2-file. The
algorithm goes through all TROPOMI pixels and finds all the grid cells of the new,
empty grid that have their centre within the area of some TROPOMI pixel. For those
grid cells that are inside a TROPOMI pixel, the algorithm adds that corresponding
TROPOMI pixel’s NO2 VCD value to the empty cells. The algorithm does this for each
selected Level 2-files, and in the end, the new, fine resolution grid has vectors of added
NO2 values in the grid cells. After the algorithm has gone through every TROPOMI
Level 2-file for the selected time period, the algorithm calculates an average of each
grid cell, using the vector of the added values. So finally, the Level 3-file has a regular
grid of averaged values with fine resolution. For this method to work the best way there
has to be enough data available, so the selected time range should be long enough, at
least few weeks [60].

4.2.2 Defining surface wind

As stated in section 2.1, after trace gases are emitted from their source they stay
mainly in the tropospheric boundary layer. That is why only wind properties close to
surface are relevant to know when analysing how molecules are transported by wind.
In this thesis, average wind close to the surface is calculated with similar method as
Ref. [47] used in their study. They calculated average wind velocity below 950 hPa
pressure level. Also Ref. [54] used the same method and calculated average wind
below 500 metres height. In this thesis, wind was averaged below 900 hPa pressure
level. This method is not the most accurate for defining the exact average wind of the
whole boundary layer, because variations in boundary layer height are not taken into
account. This method can still provide useful results on surface wind direction and
velocity when the study areas are large.
Average wind was calculated for each TROPOMI pixel area. This process started by
reading ERA5 reanalysis files for the selected dates. The files contain wind grids where
every cell had information on latitude, longitude, time, and u (northern) - and v (east-
ern) - wind components from pressure levels 1000, 950 and 900 hPa. For each grid
cell, the final average u and v wind parameters were calculated by averaging over these
three pressure levels. The average of these pressure levels represented the surface wind
component. Wind data would be then linearly interpolated, so the wind parameters
would work as interpolants in any point in time and space.
Mean wind over the area of every TROPOMI Level 2-file satellite pixel was then calcu-
lated by taking the central and corner coordinates of each TROPOMI pixel. Interpo-
lated wind data was used to get wind parameters at these coordinates at the overpass
time of TROPOMI. When the wind values at these locations and time was obtained,
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the mean wind for the pixel was calculated. The information of wind conditions on
every TROPOMI pixel was then used for filtering TROPOMI satellite pixels based on
wind velocity or direction. The limit used for strong wind was 5 ms−1. Wind directions
were divided to four different sectors, northern (sector from north-west to north-east),
eastern (from north-east to south-east), southern (from south-east to south-west) and
western (from south-west to north-west). Wind from north has direction from 360°,
from east 90°, from south 180° and from west 270° [61].

4.2.3 Comparing shipping emission and ship activity model
data to satellite observations

The relations between TROPOMI and STEAM datasets were tested statistically in
port Piraeus and the sea area south from the port. The STEAM data were studied on
a monthly scale for both areas separately. The STEAM data consist on information
of latitude, longitude, number of AIS messages and amount of NOx emissions at 1
hour temporal scale. The data were filtered to contain results only from 10 - 12 UTC.
This time period is the approximate S5P satellite overpass time over Greece. For each
day, the NOx emission amounts or AIS message amounts of the selected pixels were
summed. The summation was done, because the data grids from one day contained
usually many empty cells, so taking the total amount of emissions ensured that there is
enough data to be compared with TROPOMI NO2 concentrations. When the STEAM
files of the specific month is considered, the total monthly sum of the area is calculated
by adding all the daily sums. In the end, the final products for both areas were monthly
total NOx emission amount and total number of AIS messages sent in the area. These
monthly sums were compared to monthly medians of TROPOMI NO2 concentrations
over these study areas.
It is to be noted, that the TROPOMI NO2 measurement product used in this thesis has
unit molecules per volume (molec. cm−2) and STEAM gives the NOx emission data as
in unit mass (kg). These two variables do not represent the same quantity. Therefore,
these two data products can not be compared by value. However, as the parameters are
known to have some relation, it is expected that at some extent higher concentration
should indicate higher amount of emissions. In this thesis, a good relation between
satellite observations of TROPOMI and STEAM products indicate that there is some
signature of shipping emissions found in the satellite observations.
Correlation between STEAM results and TROPOMI measurements was estimated with
coefficient of determination, R2. This coefficient is often used for comparing how model
can predict variations in real observations.
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R2 is calculated with the following equation [62]:

R2 = 1−
∑n
i=1(yi − ŷ)2∑n
i=1(yi − ȳ)2 , (4.1)

where y in this case represents TROPOMI observations, n is the number of observa-
tions, ŷ represents modelled values, in this case STEAM results, and ȳ is the mean of
TROPOMI monthly medians. Equation 5.1 gives a value between 0-1, and the number
tells how well STEAM results can explain variations in TROPOMI observations. Value
1 indicates that the two datasets have a relation, value 0 indicates no relation. Coef-
ficient of determination does not depend on unit, so even as STEAM and TROPOMI
datasets do not have parameters that would have the same unit, the data products
can be still statistically compared. To confirm the strength of the relation between the
TROPOMI observations and STEAM results, p-value is used. P-value is often used in
statistics to define the statistical significance between observations and model or test
results [63]. P-value is calculated by taking a t-test, and the result ranges from 0 to
1. Values close to 0 indicate a significant correlation. The significance level is chosen
to be the default value of 0.05. Usually p-values above this significance level are not
considered to be statistically significant. It is to be acknowledged, that the p-value is
not an absolute indicator of statistical significance, especially for complicated relation-
ships. P-values can be negatively impacted by bias or small sample size. That is why
the significance level is not absolute limit, but more a guideline [64].

4.3 Research area description

This thesis concentrates on satellite observations made in the area of Eastern Mediter-
ranean. Shipping related, elevated NO2 concentrations over open sea should be easy
to detect because ship traffic on the Mediterranean sea is one of the most active in the
Europe. For example in 2011, NOx emissions from the ships in the Mediterranean Sea
(1 229 000 t) were almost as high as those in the Baltic Sea (329 000 t) and the North
Sea (649 000 t) combined [59]. Eastern Mediterranean is a good choice for satellite
observation analysis in regards of satellite measurement quality. In low latitudes, like
0-30°N, solar radiation is available with low solar zenith angle for every season. In
addition, compared to tropics, there are relatively few storms per year in subtropics.
That also means that wind velocities are usually low so their effect on the NO2 con-
centration distribution is minor. There is also a possibility for sun-glint in sub-tropical
seas. Sun-glint is a phenomenon where the water surface acts like a mirror and the
sunlight is reflected off the surface at the same angle as the satellite sensor views it.
That strengthens the received signal and reduces the amount of noise in the satellite
observations [53].



22 Chapter 4. Data and methods

Figure 4.1: Map of the Eastern Mediterranean showing the overall study area of this thesis. Location
of the city centre of Athens is marked with red circle, Piraeus port is marked with green circle and
Eleusis airport is marked with dark blue circle.

Figure 4.1 shows an overall map of the Eastern Mediterranean. The city of Athens,
Piraeus port and shipping lane over the sea were chosen as focus locations of satellite
observation and shipping emission signature analysis. Piraeus port is the largest port
in Eastern Mediterranean [65] [37]. Piraeus is situated in an advantageous geographic
location, and it is part of the route that connects Europe with Asia. Athens and Pi-
raeus suburbs are located in a narrow valley closed by mountains on the three sides
and open to the sea on the south side. Moreover, Piraeus is one of most crowded port
cities, hosting a large amount of people over a relatively small area [66]. Eleusis airport
has a weather station close to Piraeus port and the city central of Athens. Locations
of Piraeus port, city centre of Athens and Eleusis airport are marked in Fig. 4.1.
In Athens, three small research areas were selected for comparison. These three areas
are estimated to be affected by different NOx emission sources. The first area (A1) is in
the city of Athens, the second area (A2) is the port Piraeus and the close by sea area,
and the last area (A3) is over a open sea, the center of the area being approximately 35
kilometres away from the coast. A1 is expected to have emissions from urban sources,
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like traffic and energy use. A2 is expected to be influenced with the emissions from the
city, but it is also affected by emissions from the shipping traffic of Piraues port. Lastly,
A3 is expected to be have more clear signal of shipping emissions, compared to the other
two areas. The study areas with their exact geographical locations are presented in
Figure 4.2, with the annual average (2019) tropospheric NO2 concentrations measured
by TROPOMI gridded into 1 km × 1 km grid. The total area shown in Fig. 4.2 has
size of 77 km × 88 km.

Figure 4.2: Annually averaged TROPOMI tropospheric NO2 column concentration measurements
of year 2019, gridded over the area that includes the city of Athens and the Saronic Gulf. Marked
areas A1, A2 and A3 represent the three study areas used in this thesis.



5. Results

5.1 Overview of shipping emission signatures in the Eastern
Mediterranean

Figure 5.1 shows a map of the Eastern Mediterranean with TROPOMI tropospheric
NO2 column concentrations gridded into 3.5 km × 3.5 km resolution and averaged over
summer months (June, July and August) in 2018. Only measurements with weak wind
conditions (wind velocity < 5 ms−1) are included. After quality flag and wind filtering,
the mean of each grid cell was calculated on average with 40 satellite observations. In
this map, elevated tropospheric NO2 concentrations reveal areas that have major NOx

sources, because the effect of transport by wind is filtered.

Figure 5.1: TROPOMI measurements of tropospheric NO2 VCD, averaged over June-July-August
(JJA) 2018 and gridded into a 3.5 km × 3.5 km grid over the Eastern Mediterranean. Location of
Athens, which is the case study city of this thesis, is marked with a green circle. Coastlines are by
Natural Earth (public domain at naturalearthdata.com). Geographical information is a Google maps
product by Ref. [67].
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The highest NO2 concentrations can be observed over major coastal cities, as they are
usually the most densely populated and have a lot of emissions from anthropogenic
activities. Most populated cities like Istanbul, Alexandria and Athens stand out with
elevated NO2 concentrations on the map. Also sea areas close to Athens and Istanbul
have higher NO2 concentrations compared to the open sea. In these cases, as the effect
of transport by wind is reduced, it is likely that at least some of the emissions originate
from sources at the sea. Nearby islands south-east from Athens force cargo ships to
take the straight route towards north when arriving to port Piraeus, and towards south
when leaving the port. For that reason it could be assumed that shipping emissions
accumulate over the Myrtoan Sea. The city of Istanbul has the same kind of situation,
with the Sea of Marmara located west of the city. The narrow inland sea keeps the
emissions from ships clustered over this small area, and urban emissions from the city
are likely to be transported there as well. The sea of Marmara is a well-known sea area
with major environmental problems due to the chemical pollution caused by shipping
and urban emissions [68].
Figure 5.2 shows the STEAM NOx emissions produced by ships, averaged over summer
months of 2018 over the same study area as TROPOMI NO2 column concentrations in
Figure 5.1. This map reveals areas that are highly influenced with shipping emissions of
NOx. Comparing Figures 5.1 and 5.2 can qualitatively reveal where high tropospheric
NO2 concentrations coincide with large shipping emissions. The relative geographical
distribution of the shipping emissions and elevated NO2 concentrations seem to be
fairly similar. For example, this comparison confirms that Istanbul and Athens are
the two cities that have the most shipping emissions produced regularly within close
distance from the city.
Fig. 5.2 shows pronounced amount of shipping NOx emissions close to the start of
the Suez canal in Egypt. That is not seen very clearly in Fig. 5.1, because the area
with elevated NO2 concentrations is not large close to the North African coast. There,
elevated NO2 concentrations are only covering the area very close to the start of the
canal. One possible reason could be that the dominating wind direction is affecting the
concentrations. Further investigation of ERA5 wind data showed that the dominant
direction of the wind at the start of the Suez canal is towards the continent. Therefore,
the shipping emissions are transported towards the land and also the effect of urban
emissions over the sea is small. Instead in Athens and Istanbul, the mean wind is
from the continent towards the sea. It means that there, the wind creates effective
outflow from the city, and the urban emissions are transported over the sea. It might
be that more strict wind filtering, for example with strong wind limit 3 ms−1, would
show better the elevated NO2 concentrations by TROPOMI over the same areas where
STEAM shows high amount of shipping emissions.
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Figure 5.2: Gridded shipping NOx emission data produced by STEAM. Data is averaged over June-
July-August (JJA) 2018. Resolution of the gridded data is 0.5 ° × 0.5 °. Location of Athens, which is
the case study city of this thesis, is marked with a green circle. Color scale is set so busiest shipping
areas show as light blue, yellow or red. Country borderlines are plotted with borders-package of
Climate Data Toolbox for MATLAB, where the data is compiled from 2013 US Census Bureau 500k
and TM World Borders 0.3 datasets (thematicmapping.org) [69].

In Fig. 5.1, a line-shaped slightly elevated NO2 concentrations over the sea area be-
tween the island of Crete and Northern Africa reveals a location of an active shipping
lane. That shipping lane is known to be densely trafficked shipping lane of cargo
ships [59]. It can also be seen as high amount of shipping emissions in Fig. 5.2 The
TROPOMI map does not show any other ship tracks as clearly in this area. Adjusting
the color scale for TROPOMI measurements in Fig. 5.1 could reveal these shipping
lanes, but that would also enhance the background concentrations. This open sea area
is chosen for more exact comparison of TROPOMI NO2 observations and STEAM NOx

emissions. For this comparison, TROPOMI and STEAM are averaged over June, July
and August 2018 and gridded into a same resolution, 0.55° × 0.55 ° within coordinates
limits of 31.5-34.8 °N and 20-35 °E. As the datasets are gridded into the same reso-
lution, at each location the averaged grid cell values of TROPOMI and STEAM can
be compared. For TROPOMI observations this resolution is coarse, so the grid cells
have averages of many TROPOMI observations in the area. This comparison of data
grid cell values is shown in Figure 5.3. In this kind of analysis it should be also noted
that there can be temporal gaps in the satellite observations due to clouds, whereas
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Figure 5.3: STEAM NOx emission pixels averaged over the summer months (JJA), compared to
summer months median of TROPOMI NO2 satellite pixel values (resolution 0.55 × 0.55 °) . The two
datasets show a statistically significant relationship (R2 = 0.26, p < 0.001).

the model data is unaffected by this. Fig. 5.3 shows overall a statistically significant
relation between the datasets, with R2 = 0.26 and p < 0.001.
From Fig. 5.3 it can be seen that when the monthly STEAM NOx emissions are
approximately larger than 100 t, they seem to follow a linear trend and correspond
to the average TROPOMI concentrations quite well. When the estimated shipping
emission amount is smaller than that, the relation is not clear. When the small STEAM
emission values correspond to the high NO2 concentrations measured by TROPOMI, it
could be that the satellite observations are from an area close to the coast where urban
emissions influence the TROPOMI NO2. On the other hand, the highest STEAM
shipping NOx emission amounts (> 1000 t) do not follow the linear trend that well
either. The largest values of NOx emissions were obtained from the area close to
Suez canal. It was already qualitatively observed that over this sea area, that the
STEAMmodel results shows pronounced amount of shipping emissions, but TROPOMI
measurements do not show elevated concentrations at the expected magnitude. It
highlights the previous indication that wind conditions might have an important role
when analysing signatures of shipping emissions from satellite observations obtained
close to the continent.
When the distribution of the TROPOMI NO2 observations was investigated within
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single grid cell, it was shown that the number of background-level NO2 observations
was high. There were also elevated NO2, most probably related to shipping. When
calculating the median over the whole pixel area, meaning the value one TROPOMI
data point in Fig. 5.3, the contribution of these elevated concentrations is not seen
because of the dominating background concentrations. So the signal from shipping
tends to average out. That could explain why in Fig. 5.3 the large shipping emissions
do not correspond to as highly elevated TROPOMI NO2 as would have been expected.

5.2 Athens, Piraeus port and the shipping lane area

5.2.1 Seasonal cycle of nitrogen dioxide concentrations

Time series of monthly average TROPOMI NO2 concentrations for study areas A1,
A2 and A3 are presented in Figure 5.4. Monthly average concentrations show how
emissions vary seasonally. The averages are calculated with TROPOMI Level 3- files
that have monthly averaged NO2 concentration grids. These averages are not filtered
based on the wind velocity.
Area A1, that covers the city central of Athens, has the highest monthly mean tro-
pospheric NO2 concentrations. A1 also has the largest differences between the con-
centrations. The ratio of the lowest monthly mean to the highest monthly mean is
41%. The smaller the ratio, the larger the difference between the lowest and highest
average concentration. That small ratio is in line with previous studies, that have
concluded that urban emissions have typically different magnitudes seasonally [70]. In
the summer, average concentrations of NO2 are smaller, because the natural NO2 sink
is larger. In the winter, concentrations are larger because the lifetime of molecules in
the atmosphere is longer, but also wintertime emissions are usually larger. In Athens,
domestic heating takes share of 40% of the total emissions, so that has a large effect
on wintertime emissions [71].
Over areas with anthropogenic NOx sources, sudden changes in traffic or other human
activities can affect the monthly average concentrations. Comparing the monthly aver-
ages of all the study areas, it seems that A2 and A3 have smoother seasonal variations
in concentrations than A1. During the study period, there is at least three known
major events that have affected monthly mean concentrations in A1. First case is from
spring 2020, when COVID-19 caused decrease in many anthropogenic activities. The
effect is seen the most in March 2020, when the monthly average concentration was
clearly lower than usual. Then in July 2018, an extreme heat wave in Europe caused
wildfire events in the Attica region [25]. Forest fires and warm weather with no rain
were the reasons why the mean NO2 concentration of July 2018 was larger than typical
[25] [72]. Also April 2018 mean NO2 concentration was larger than typical, most likely
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Figure 5.4: Monthly means of tropospheric nitrogen dioxide concentrations from areas A1, A2 and
A3, defined in Figure 4.2. The means are calculated with gridded Level 3-data of TROPOMI monthly
averages from 1st February 2018 to 31st December 2020. Marked errors show the standard deviation
of the monthly averages.
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because of a heat wave that occurred in Europe during that month.
Area A2 has lower monthly average NO2 concentrations compared to A1, and also the
seasonal cycle of NO2 is more well-defined. The ratio between the lowest (May) and
the highest (December) means is 53%. Large ratio means that the difference between
the lowest mean and highest mean is small. During winter, the emissions from the
city of Athens have the largest contribution to the NO2 levels, as NO2 molecules can
travel farther away from their inland sources. That is most likely why December is
having the highest average concentration. However, shipping activity minimizes during
winter and maximizes during summer, because smaller vessels are active only during
summer. Also cruise activity is more pronounced in summer. It means that during
summer, when the contribution of urban emissions is smaller, the shipping emissions
compensate and produce more emissions. This could explain why May has the lowest
average concentration, along with natural seasonal variation of the NOx sink. June,
July and August could be influenced by emissions from the busy shipping traffic, so
that is why they are not having the lowest mean.
Wind direction statistics for every season in area A2 are presented in Table 5.1. In
Piraeus area, northern, western and eastern wind can transport air from the city to the
sea. South is the only direction for wind to transport air from the sea to land. Spring
and autumn are the seasons that most likely have wind also from the sea towards the
continent, because temperature differences between land and sea can be large. That
means that during spring and autumn the residents of the coastal areas are affected by
shipping emissions the most.

Wind directions DJF MAM JJA SON
Northern (%) 73.2 62.1 89.9 74
Eastern (%) 0 4.2 0 0
Southern (%) 5.7 17.3 4.3 15
Western (%) 21.1 16.4 5.8 11

Table 5.1: Wind direction statistics on area A2 for every season. The seasons are marked with
initials of the months of different seasons. Statistics are calculated with ECMWF ERA5 reanalysis
dataset for dates 01.12.2019 - 31.11.2020. Only dates that have qualified TROPOMI measurements
are chosen.

Northern winds seem to dominate during every season. That indicates that then urban
emissions are regularly transported to the sea, creating good ventilation in the city of
Athens. This was also speculated in section 5.1, as the NO2 plume from the city of
Athens seemed to spread southwards. The winter months are having the strongest
winds on average and also the NOx molecules stay longer in the atmosphere. Based
on this, the monthly average NO2 concentrations of winter months in areas A2 and A3
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are influenced by urban emissions the most.
In area A3, monthly average NO2 concentrations are lower compared to the other
two areas. The seasonal cycle is still very similar to area A2, May having the lowest
average concentration and December having the highest. The difference between the
lowest monthly mean and the highest monthly mean is 52%, almost the same as in area
A2. Area A3 is located south from area A2, and as northern winds dominate, emissions
from the port are transported towards area A3. Areas A2 and A3 seem very similar, but
area A2 is still estimated to be more influenced by urban emissions. The fact that area
A3 has more well-defined seasonal cycle, monthly mean concentrations first decreasing
and then increasing steadily, could indicate that the effect of urban emissions is smaller
in area A3. This is useful information in shipping emission signature analysis, as it is
expected that area A3 is far enough from the coast to represent different conditions
compared to the port Piraeus area.

5.2.2 Signatures of shipping emissions in TROPOMI NO2 ob-
servations

Figure 5.5 shows monthly medians of TROPOMI tropospheric NO2 concentration mea-
surements in area A3 are compared to monthly summed emissions of NOx emissions
modelled by STEAM.

Figure 5.5: Monthly sum of STEAM NOx emission amounts compared to monthly median of gridded
TROPOMI NO2 measurements in area A3. Both data had resolution 1 km × 1 km. Data points
represent four months of two years, May - August of years 2018 and 2019. For comparison statistics
were calculated R2 = 0.45, p = 0.07.
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Relation between these datasets would indicate that the satellite observations show a
signal of shipping emissions. Only summer months are included, because then the ship
activity is the greatest and the effect of urban emissions sources, that may affect the
concentrations this close to the coast, are smallest as the natural NO2 sink is effective.
Fig. 5.5 shows that TROPOMI measurements of NO2 and STEAM NOx emissions
are showing a positive linear trend. Coefficient of determination has value R2 = 0.45
and p-value is p = 0.071. With the significance limit of p < 0.05, the result is slightly
non-significant. However, the statistical comparison is affected by the small sample size
of co-located observations. In this case, the significance limit (0.05) is not considered
as an absolute limit defining the quality of results. Knowing that, the results indicate
that a signal of shipping emissions can be seen in the satellite observations from A3.
There was no correlation to be found between TROPOMI measurements of NO2 column
concentration and summed AIS message amount, as seen in Figure 5.6. The coefficient
of determination R2 of 0.001 and p-value of 0.9 indicate that there is no relation between
these two datasets. This does not necessarily indicate that medians of TROPOMI NO2

concentrations in this area are not influenced by ship traffic activity. The reason for
the bad correlation could be that the AIS messages should be filtered in more specific
way.

Figure 5.6: Monthly sum of STEAM gridded AIS messages compared to monthly median of gridded
TROPOMI NO2 measurements in area A3. Data points represent four months of two years, May -
August of years 2018 and 2019. R2 = 0.001, p = 0.9.
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It could also be, that summed AIS messages are not suitable indicator for shipping
activity for this kind of comparison, because the data consist of messages sent from all
kinds of vessels. Emissions from multiple small ships are low and TROPOMI cannot
detect the signatures of shipping emissions, even though the AIS data suggests that
the shipping activity is high.
When this same analysis was applied to area A2, there was no correlation to be found
with monthly summed STEAM NOx emission data or summed AIS messages and
TROPOMI NO2. It suggests that area A2 is influenced too much with urban emis-
sions, so analysing the shipping emission signatures is more complex. Modelling emis-
sions close to port areas is overall quite difficult, because the ships might behave in
unpredictable ways and the total amount of emissions is not easy to estimate.

5.2.3 Nitrogen dioxide concentrations in Athens during
COVID-19 pandemic

As described in section 2.4, COVID-19 pandemic restrictions in Greece were relatively
strict during spring 2020. There was a period when all non-essential movements were
restricted. Recent studies have observed that in Athens, changes in public behaviour
caused a decrease in the NO2 concentrations. The study areas of A1, A2 and A3 are
used again for analysing the effect the restrictions had possibly on different emission
sources. The hypothesis is that urban emissions decreased more compared to shipping
emissions. In practice it would mean that Central Athens (A1) had a more significant
decrease in emissions, and the Piraeus port area (A2) and the open sea area (A3) did
not have clear declines in concentrations.
Figure 5.7 shows map of Athens and Piraeus port with the difference of 2019 and
2020 spring (March, April, May) averages of TROPOMI tropospheric NO2 column
concentrations. Only measurements days with weak winds (wind velocity < 5 ms−1)
are included. Locations that have negative values on the map indicate that there,
spring 2020 concentrations were lower compared to the corresponding period in 2019.
It can be seen that the majority of the land areas have pixels with negative values.
The difference is especially large over the central Athens and the northern parts of the
city. On average for the whole area seen in the map, 2020 NO2 concentrations were
about 20% smaller than average concentrations of 2019. Negative values are seen also
over Piraeus sub-urban and the port area. This is could be because at least in March,
there were some restrictions on ships arriving to the port. For example, cruise ships
were banned from docking at the port until everyone abroad was tested for COVID-19
virus [36]. Sea areas farther away from the coast are not showing a major difference
between 2020 and 2019. The sea area west of port Piraeus shows that the spring 2020
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Figure 5.7: Difference between spring averages of 2020 and 2019 of TROPOMI tropospheric NO2

column concentrations. Only days with weak wind are included (daily average wind velocity < 5ms−1).
Location of the Piraeus port is marked with green circle, and location of the Eleusis airport is marked
with cyan circle.

Figure 5.8: Difference between summer averages of 2020 and 2019 of TROPOMI tropospheric NO2

column concentrations. Only days with weak wind are included (daily average wind velocity < 5ms−1).
Location of the Piraeus port is marked with a green circle, and the location of Eleusis airport with
dark blue circle.



5.2. Athens, Piraeus port and the shipping lane area 35

average NO2 column concentration was actually larger compared to 2019. The fact
that cargo ships were operating normally during spring 2020 could mean that at least
some relevant shipping emission sources were contributing to the average concentra-
tion. The TROPOMI NO2 concentrations were also averaged for the study areas A1,
A2 and A3. In A1, average NO2 concentration of spring 2020 was 31% smaller than
the corresponding NO2 concentration of spring 2019. Instead in A2, the spring 2020
average concentration was 10% larger than the 2019 average. In A3, the difference
between spring averages of years 2020 and 2019 was just 4%, the 2020 average being
slightly larger. This could also indicate that the shipping emissions over the sea were
less affected by the restrictions compared to urban emission sources, as the differences
in A2 and A3 were opposite compared to A1.
Figure 5.8 is similar to 5.7, but it shows the difference between averaged TROPOMI
NO2 of summer months (JJA) of 2020 and 2019. Here, the difference for the summer
months is not as clear as in spring. In area A1, the difference between summer aver-
ages of 2019 and 2020 is minor. In A2, summer 2020 had 7% lower average than 2019,
whereas in A3, summer 2020 had 14% lower average than 2019. As world trade experi-
enced unexpected changes during year 2020, that could be the reason why the shipping
emissions were slightly smaller than typical in summer 2020. Also, anthropogenic ac-
tivities remained lower than typical, resulting in lower concentrations in urban areas.
Therefore, there were smaller amount of urban emissions to be transported over the
sea.
Next, the study areas A1, A2 and A3 are considered separately in more detail. Figure
5.9 shows time series of 14 day averages during spring of 2019 and 2020. Only obser-
vations that have weak wind conditions (wind velocity < 5 ms−1) are included in the
averages. Comparing the three time series, it can be seen that the difference between
years 2020 and 2019 was the most significant in Central Athens (A1). Especially dur-
ing March 2020, NO2 concentrations are clearly lower compared to the corresponding
averages of year 2019. There is a clear decrease in NO2 concentrations after the end of
February and the beginning of March in 2020. The concentrations decreased steadily
during March 2020. This decrease in emissions can be explained as restrictions started
halfway March. In April, the difference between 2019 and 2020 becomes smaller and
in May, NO2 concentration averages in 2020 seem to be back to the same level as the
averages of 2019. Results of Ref. [34] showed that ground based measurement stations
in Athens observed high NO2 concentrations just after the opening of businesses. That
increase in concentrations is seen in the time series for areas A1 and A2 in May 2020.
In area A2, which represents Piraeus port area, the differences between the averages of
years 2020 and 2019 are not that clear compared to A1. However, actually the relative
differences between 2019 and 2020 are almost similar magnitude as in A2, expect for
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the large decrease in concentrations during end of March and start of April, that was
more clear in A1. The average concentrations in A2 are smaller compared A1 from the
beginning, so as large decrease as in A1 is not expected in A2.

Figure 5.9: Time series of 14 day averages of TROPOMI NO2 tropospheric column concentrations
in i) Central Athens (A1) ii) Piraeus port (A2) and iii) shipping lane area close to Athens (A3). In
Athens, the lockdowns started on 13 March 2020 and ended on 11 May 2020. Data is filtered according
to the TROPOMI quality flag and a wind speed filter so that observations with wind speed 5ms−1 or
stronger are removed.
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For A3, there is no clear difference between averages of 2019 and 2020. Also relatively,
the differences between 2019 and 2020 were smaller in A3 compared to A1 and A2.
Overall, slightly higher NO2 concentrations were observed in 2020 compared to 2019.
Container terminals of Piraeus port operated normally during spring 2020, and the
volume even increased in 2020 compared to 2019 [36]. That is why it is expected that
the shipping emissions were produced normally.
It should be noted that the observed changes in NO2 concentrations are not necessarily
solely caused by changes in anthropogenic activities. Comparison of small temporal
scale averages can be difficult, because the measuring conditions like meteorological
variables and the viewing conditions vary. Also satellite observation sampling can be
uneven, as the quality flag filtering is done for both years. To consider these points that
could affect the interpretation of the results, an analysis on meteorological conditions
of the considered measurement time periods is done for both years. Meteorological
parameters that are observed here are daily averaged air temperatures, wind velocities
and cloud radiance fractions (CRF). The temperature and wind data are from ground-
based measurement station in Eleusis airport, and the CRF is a measurement variable
of TROPOMI. Wind observations from the ground-based station are also supported
by the gridded ERA5 reanalysis data that has been used in this thesis.
Figure 5.10 shows the time series of daily averaged air temperature observations from
Elesius airport, for spring 2019 and 2020. Temperatures seem to be typical for spring
for both years. Temperature observations do not indicate that there would have been
unusual weather affecting the satellite observation quality.
Figure 5.11 shows daily averaged wind velocity measurements from Elesius airport, for
years 2019 and 2020. In this case, wind is considered strong if the velocity is larger
than 5 ms−1. Both years have 7 days when the daily average wind velocity was strong.
Based on this, the wind filtering effect was equal for both years. However, in 2019 the
winds were stronger during March whereas in 2020 winds were stronger in April.
Figure 5.12 shows TROPOMI Level 2 cloud radiance fraction (CRF) averaged for
area A1. CRF value indicates the fraction of the satellite pixel that is covered by
clouds. If CRF value is larger that 0.5, TROPOMI quality flag defines that satellite
retrieval cannot be made. On average, cloudiness affected satellite measurements of
2019 more, as 19 days are not approved by the quality flag. In reference, 2020 had
14 unqualified days. However, the difference is not that big it could fully explain the
observed differences between 2019 and 2020 averages.
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Figure 5.10: Daily averaged temperature measurements from Elesius airport, during 01. March -
09. May for 2019 and 2020. Data is free to download from www.rp5.ru.

Figure 5.11: Daily averaged wind velocity measurements from Elesius airport, during 01. March -
09. May for 2019 and 2020. Data is free to download from www.rp5.ru. A limit is marked at 5ms−1

to characterize the limit used to classify strong and weak winds.
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Figure 5.12: TROPOMI Cloud Radiance Fraction (CRF) averaged daily on area A1.

Overall, both years have only normal variations in temperatures, wind velocities and
cloudiness. Based on that, it is assumed that the meteorological conditions did not
affect the data quality that much it would have caused as large decline in concentra-
tions as was observed. Also there was no situation where one year would have been
significantly more affected by quality flag or wind filtering.



6. Conclusions and discussion

The objective of this thesis was to test the sensitivity of satellite measurements to
characterize signatures of shipping emissions of NO2 over the Eastern Mediterranean.
This was done to discuss how satellite measurements could be used as a tool in shipping
emission monitoring. An overview was done for the whole area, and a more detailed
study was executed close to Athens and port Piraeus. As TROPOMI measurements
estimate the total amount of NO2 molecules in a tropospheric column, additional in-
formation was required to investigate the signal of shipping emissions. In this thesis,
the analysis methods included averaging data on smaller study areas and comparing
TROPOMI tropospheric NO2 measurements to model products of AIS messages and
exhaust shipping emissions of NOx. These two model datasets were provided by Ship
Traffic Emission Assessment Model (STEAM).
The results showed that over the whole Eastern Mediterranean area, the busiest ship-
ping lanes and the largest ports could be detected as elevated TROPOMI NO2 concen-
trations. It was assessed that close to the coast, also wind conditions affected how easily
the shipping emissions could be observed. If the dominant wind direction was from
the continent towards the sea, then the satellite observations would show more clearly
elevated concentrations over areas with busy ship traffic. Over the sea, elevated NO2

concentrations coincided with STEAM NOx emissions quite well. TROPOMI observa-
tions showed line-shaped elevated concentrations over a busy shipping lane, where also
STEAM results showed NOx emissions. Data comparison over the shipping lane area
revealed that it is difficult to detect the signal of shipping emissions over areas where
the monthly summed shipping NOx emission amount was small, approximately 100
tonnes or smaller. On the contrary, the sea areas that had monthly summed shipping
emission amount over 1000 tonnes did not correspond to as high level of TROPOMI
NO2 as would have been expected. When investigating the TROPOMI measurements
in single grid cell, it showed that the elevated NO2 observations are minority compared
to background concentrations. That means that the shipping emission signal was av-
eraged out. The comparison of grid cells could possibly show a better relation if the
grid cells were averaged into a resolution that is more close to the original resolution
of TROPOMI.

40
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TROPOMI and STEAM comparison was also done with finer resolution in port Pi-
raeus and over the sea south from the port. Monthly average concentrations of the areas
showed that the area over the sea (A3) should be less affected by urban emissions than
the port area, despite knowing that the dominant wind is from the port towards the
sea. The result showed that over the sea, monthly summed shipping emissions of NOx

and monthly medians of TROPOMI NO2 tropospheric columns had a nearly statis-
tically significant relationship. It means that within that distance (35 km from the
coast), satellite measurements had a signal of shipping emissions, and therefore offer
an tool for shipping emission monitoring. When the same analysis was applied for the
sea area attached to the port Piraeus, there was no relation between TROPOMI and
STEAM. It indicates that the port area is influenced by other emission sources, and
therefore the shipping emission signal is not easily detected. Monthly summed AIS
messages did not show correlation with monthly medians of TROPOMI NO2 concen-
trations, indicating that gridded AIS messages was not suitable product for this kind
of analysis. More careful filtering of AIS data could be done to find a relation with
satellite observations. Shipping emission signal can be difficult to distinguish when
urban emissions are having a dominant role also close to the coast. Additional research
on different area could also confirm that the AIS messages are overall bad indicator for
shipping activity in this kind of comparison.
Lastly, a separate study was executed to see how air quality of the different study areas
was affected by COVID-19 pandemic restrictions, and how TROPOMI measurements
would detect the possible rapid changes of NO2 concentrations in spring 2020. In the
city centre of Athens, spring 2020 average was 31% smaller compared to 2019 average.
The magnitude of the difference between years 2019 and 2020 was at the same scale
as found in other studies [35]. However, spring month averages of the Piraeus port
area and the shipping lane area showed small to non-existent decrease in 2020. It
suggests that the pandemic had only minor effect on shipping emissions during spring
2020. Meteorological conditions did not show anything that would fully explain the
differences between 2019 and 2020 average concentrations.
The results of this thesis showed that finding shipping emission signals from satellite
observations is not a straightforward task. The emission signals seem to still depend
closely on the observation location and the wind conditions. More careful filtering of
the data could improve the results close to the port area. The methods of this thesis
could also be applied to a sea area that is not close to as densely populated city as
Athens. Nevertheless, the results of this thesis already indicated a possibility that
satellite observations could be used as a tool for shipping emission monitoring over the
open sea areas, where the need for shipping emission monitoring techniques is more
urgent, as ground-based measurements are non-existent.
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