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Summary

Nitrogen oxides (NO 4+ NOy = NO,,) are toxic gases and lead to the formation of ozone
and secondary pollutants, affecting human and environmental health. Besides small
emissions from natural processes such as lightning and soil bacterial activity, they are
emitted mainly in the form of NO in combustion processes, e.g. in power plants or ship
engines. International shipping is one of the major contributors to NO, pollution. With
a large fraction of these emissions happening close to the coast, an estimated 800,000
premature deaths per year are attributed to ship emissions. The International Maritime
Organization (IMO) has therefore established regulations to reduce NO, emissions from
ships. For these regulations to be effective, monitoring of NO, emissions is necessary.
Traditional approaches to monitor NO, emissions are based on in-situ or ground-based
remote sensing measurements, which are time-consuming, expensive and typically limited
to coastal proximity. Therefore, satellite remote sensing of NO, has been proposed as a
complementary tool to monitor NO, emissions from ships.

In this thesis we study if and how data from the state-of-the-art TROPOspheric
Monitoring Instrument (TROPOMI) can be used to monitor ship NO, emissions from
space as part of the Algorithms for the Verification of Emissions from Shipping with
Satellites (AVES-oculuS) project. The project is a collaboration between groups at
Wageningen University, Leiden University and the Dutch Inspectorate for Environment
and Transport (ILT). AVES-oculuS aims to develop a methodology to monitor ship NO,
emissions from space using TROPOMI data, bringing together expertise of atmospheric
sciences, remote sensing, data science and inspection of shipping emissions. This thesis
approaches the topic from the atmospheric science and remote sensing perspective.

After an introduction to the research topic and some key aspects in the TROPOMI
retrieval in Chapters 1 and 2, respectively, we start with an evaluation of the
TROPOMI NO, product under specific measurement conditions in Chapter 3: partly
cloudy and sun glint (the reflection of sunlight via the ocean surface) scenes. While
sun glint scenes are typically flagged as lower quality retrievals, we show that sun glint
enhances TROPOMI’s capabilities to detect NOs close to the sea surface and results in
reliable data. During the time of writing, a new version of the TROPOMI NO, product
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was released, which includes an updated algorithm for the cloud height retrieval, relevant
in the retrieval of NOy columns. We show that the updated retrieval indeed improves the
agreement of cloud height with independent data and substantially increases the NO,
columns in partly cloudy scenes, reducing the known bias in the previous TROPOMI
version. After having dealt with the data quality of TROPOMI NO, columns, we use
the data to detect NO, pollution over several major shipping lanes around Europe, of
which several had not been detected from space before. Lastly, we study the changes in
the NOy above some of these shipping lanes during the COVID-19 lockdown in 2020. We
find that the NO, emission in the shipping lanes decreased by 20% during the lockdown,
which is less than the decrease observed over land, but agrees reasonably well with
changes in independent ship activity data.

Chapter 4 tackles another major source of uncertainty in TROPOMI NO, data:
the vertical NOy concentration profiles. For this chapter, 10 vertical profiles of NO,
and other trace gases were sampled with an aircraft above the North Sea in summer
2021. We find that compared to models used in the TROPOMI retrieval, the lowest
150 m exhibit more NO,, while models overestimate the NO, in the layers above. We
show that when we adjust the TROPOMI data for the correct vertical distribution
of NOy, the resulting columns increase by 20% on average. Over land, the models
agree better with observed profiles. Together with the dark sea surface, this high-
lights the challenge of space-based NO, retrievals over sea. We conclude that the
reported negative bias in TROPOMI columns over sea has implications for the inter-
pretation of TROPOMI NO, data, for example for estimations of emissions from shipping.

Chapter 5 forms the core of this thesis. Here, we move from the evaluation of
TROPOMI NO, data to the estimation of NO, emission fluxes and factors of individual
ships. We match observed plumes in TROPOMI NO, over the eastern Mediterranean
in 2019 with ship location and identity data, identifying 130 plumes of 119 different
ships. Using a Gaussian plume model with atmospheric chemistry, which is capable
of simulating the evoluation of a plume, we create a large library of NO,, capturing
a wide range of meteorological and chemical conditions. We then use the members
of this library to train a machine learning XGBoost model to learn the relationship
between emissions of NO, and observable NO,. By applying this model to the observed
TROPOMI data, we create the first-ever space-based estimates of NO, emissions
from individual ships. Most of the observed ships are very large container ships, and
the high ozone values in summer increase the chance of detection as it facilitates
the conversion of emitted NO to observable NO,. We also find that - contrary to
expectation - newer ships that have to follow more strict emission regulations, emit
more NO, per power used than older shipsin real world conditions. This is especially
true when running at low engine loads which is the most common mode of operation
observed. This finding has severe implications for the effectiveness of the IMO regulations.
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Lastly, in Chapter 6 we use our plume model to predict how diurnal and sea-
sonal cycles of meteorological and chemical parameters in the atmosphere change the
detectability of ship plumes. This is of interest, as recent and upcoming satellites enable
the monitoring of NOy at hourly temporal resolution during daytime versus TROPOMI'’s
daily overpass. We find that TROPOMI’s overpass is already ideal for the detection
of ship plumes, mostly caused by the chemical conditions. We also find that summer
months are more favorable for the detection of ship plumes, as the higher ozone values
increase the conversion of emitted NO to observable NO,, even when ignoring the
higher frequency of cloud free condition. Even though detectability is best in the early
afternoon, hourly overpasses will produce a significant increase in the number of detected
plumes, especially in summer.






Zusammenfassung

Stickstoffoxide (NO,) - eine Sammelbezeichnung fiir Stickstoffmonoxid (NO) und
Stickstoffdioxid (NOs) - sind giftige Gase, die zur Bildung von Ozon und sekundéren
Schadstoffen fithren und dadurch die menschliche Gesundheit sowie die Umwelt
beeintrachtigen. Neben kleineren Emissionen in natiirlichen Prozessen wie Blitzschlag
und bodenbakterieller Aktivitdt werden sie hauptsdchlich bei Verbrennungsprozessen
ausgestoflen.  Bei der Verbrennung in Kraftwerken oder Schiffsmotoren entsteht
hauptséichlich Stockstoffmonoxid (NO). Dabei ist der internationale Schiffsverkehr einer
der Hauptverursacher von NO,-Verschmutzung. Da der Schiffsverkehr hauptsachlich in
der Nédhe zum Festland stattfindet, hat dies auch direkte Folgen auf uns Menschen. Es
wird geschatzt, dass etwa 800.000 vorzeitige Todesfalle auf die Stickoxiverschmutzung
aufgrund der Seefahrt zurtickgefiihrt werden konnen. Die Internationale Seeschifffahrts-
Organisation (IMO) hat daher Vorschriften zur Reduzierung der NO, -Emissionen von
Schiffen erlassen. Um die Wirksamkeit dieser Vorschriften zu garantieren und beurteilen
zu konnen, ist die Uberwachung der NO,-Emissionen erforderlich. Traditionelle Ansétze
dazu basieren auf in-situ- oder bodengestiitzten Fernerkundungsmessungen. Diese Meth-
oden sind allerdings sehr zeitaufwandig, teuer und daher typischerweise auf kiistennahe
Bereiche beschrankt. Daher liegt es nahe die satellitengestiitzte Fernerkundung von NO,
als erganzendes Instrument zur Uberwachung von NO,-Emissionen aus Schiffen zu nutzen.

In dieser Doktorarbeit untersuchen wir im Rahmen des Projekts Algorithms for
the Verification of Emissions from Shipping with Satellites (AVES-oculuS), ob und
wie Daten des hochmodernen TROPOspheric Monitoring Instrument (TROPOMI)
verwendet werden konnen, um NO,-Emissionen von Schiffen aus dem Weltraum zu
iiberwachen. Das Projekt ist eine Zusammenarbeit zwischen Gruppen der Universitat
Wageningen, der Universitat Leiden und der niederlandischen Inspektion fiir menschliche
Umwelt und Verkehr (ILT). Ziel des Projekts ist es, eine Methodik zur Uberwachung von
Schiffsemissionen von NO, aus dem Weltraum unter Verwendung von TROPOMI-Daten
zu entwickeln, indem Fachwissen aus den Bereichen Atmospharenwissenschaften, Fern-
erkundung, Datenwissenschaft und Inspektion von Schadstoffemissionen der Schifffahrt
zusammengefithrt wird. Diese Arbeit betrachtet das Thema aus der Perspektive der
Atmospharenwissenschaften und der atmosphérischen Fernerkundung.
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Nach einer Einleitung in das Forschungsfeld sowie wichtigen Einzelheiten des TRPOMI-
Algorithmus in den Kapiteln 1 und 2 beginnen wir in Kapitel 3 mit einer Untersuchung
der TROPOMI-NO,-Daten unter spezifischen Messbedingungen: teilweise bewolkte Pixel
und Szenen unter sun glint (der Reflexion von Sonnenlicht durch die Meeresoberfléche).
Wiéhrend sun glint typischerweise als qualitativ minderwertige Messungen markiert sind,
zeigen wir, dass es in der Praxis die Fahigkeiten von TROPOMI zur Erkennung von NO,
in Meeresnahe verbessert und zuverléssige Daten liefert. Zudem wurde zum Zeitpunkt des
Verfassens eine neue Version des TROPOMI-NO,-Produkts veroffentlicht, die einen aktu-
alisierten Algorithmus fiir die Wolkenhohenbestimmung enthélt. Die Wolkenhohe ist fiir
die Erfassung von NO,-Saulen in teils bewolkten Pixeln sehr relevant. Wir zeigen, dass die
aktualisierte Version tatsichlich die Ubereinstimmung der Wolkenhdhe mit unabhéngigen
Daten verbessert und die NO,-Sédulen in teilweise bewolkten Szenen deutlich nach oben
korrigiert, wodurch der bekannte Bias im Vergleich zur vorherigen TROPOMI-Version
verringert wird. Nachdem wir uns mit der Datenqualitat der TROPOMI-NO,-Saulen
befasst haben, verwenden wir die Daten, um NO,-Verschmutzung iiber mehreren
wichtigen Schiffsrouten rund um Europa zu detektieren, von denen einige erstmals
aus dem Weltraum erfasst wurden. Schlieflich untersuchen wir die Verédnderungen
des NO, iiber einigen dieser Schiffsrouten wahrend des COVID-19-Lockdowns im Jahr
2020. Wir stellen einen Riickgang der NO,-Emissionen in den Schiffsrouten wéahrend
des Lockdowns um 20% fest, der damit geringer ausfiel als iiber Land, aber relativ gut
mit den unabhéngig ermittelten Anderungen in den Schiffsaktivitéitsdaten iibereinstimmt.

In Kapitel 4 behandeln wir eine weitere bedeutende Quelle von Unsicherheiten in
den TROPOMI-NO,-Daten: die vertikalen NO,-Profile. Fiir dieses Kapitel wurden 10
vertikale Profile von NO, und anderen Spurengasen mit einem Flugzeug tiber der Nordsee
im Sommer 2021 gemessen. Wir stellen fest, dass im Vergleich zu den Modellen, die im
TROPOMI-Algorithmus verwendet werden, die unteren 150 m in unseren Messungen
mehr NO, aufweisen, wahrend die Modelle das NOs in den dartiiber liegenden Schichten
iiberschitzen. Wir zeigen dartiiber hinaus, dass es bei Anpassung der genutzten Profile an
die direkt gemessene vertikale Verteilung von NOy zu einer durchschnittlichen Erhohung
der TROPOMI-NO,-Siulen um 20% kommt. Uber Land stimmen die Modelle besser
mit beobachteten Profilen iiberein. Dies verdeutlicht die besondere Herausforderung
der satellitengestiitzten NOo-Erfassung tiber dem Meer, die zudem durch die dunkle
Meeresoberflache erschwert wird. Der gefundene negative Bias in den TROPOMI-Saulen
iiber dem Meer hat Auswirkungen auf die Interpretation der TROPOMI-NOy-Daten,
insbesondere fiir Schiatzungen von Schiffsemissionen.

Kapitel 5 bildet den Kern dieser Arbeit. Hier wechseln wir von der Bewertung
der TROPOMI-NOy-Daten und Anderungen auf langen Zeitskalen zur Schitzung
der NO,-Emissionsfliisse und -faktoren einzelner Schiffe. Wir gleichen beobachtete
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Abgasfahnen in TROPOMI-NOy iiber dem o6stlichen Mittelmeer im Jahr 2019 mit
Standort- und Identitdatsdaten von Schiffen ab und ordnen 130 Abgasfahnen 119 ver-
schiedenen Schiffen zu. Unter Verwendung eines Gauss’schen Abgasfahnenmodells mit
atmosphéarischer Chemie erstellen wir eine grofle Bibliothek von NOs-Fahnen, die eine
breite Palette meteorologischer und chemischer Bedingungen abbildet. Anschliefend ver-
wenden wir die Mitglieder dieser Bibliothek, um ein XGBoost-Modell - ein Algorithmus
maschinellen Lernens - zu trainieren, um die Beziehung zwischen NO,-Emissionen und
beobachtbarem NOs zu erlernen. Durch Anwendung dieses Modells auf die beobachteten
TROPOMI-Daten erstellen wir die weltweit ersten satellitengestiitzten Schéatzungen der
NO,-Emissionen einzelner Schiffe. Die meisten beobachteten Schiffe sind grofle Con-
tainerschiffe, und die hohen Ozonwerte im Sommer erhoéhen die Chance der Detektion,
da sie die Umwandlung von ausgestoffenem NO in beobachtbares NOy erleichtern. Wir
stellen auch fest, dass - im Gegensatz zur Erwartung - neuere Schiffe, die strengeren
Emissionsvorschriften unterliegen, mehr NO, pro genutzter Leistung ausstoflen als altere
Schiffe. Dies trifft besonders dann zu, wenn sie bei niedriger Motorenlast betrieben
werden, was der haufigste beobachtete Betriebsmodus ist. Diese Erkenntnis hat schw-
erwiegende Auswirkungen auf die Wirksamkeit der IMO-Vorschriften in Bezug auf die
Luftqualitat.

Abschlieflend verwenden wir in Kapitel 6 unser Abgasfahnenmodell, um vorherzusagen,
wie sich tageszeitliche und saisonale Zyklen meteorologischer und chemischer Parameter
in der Atmosphére auf die Erkennbarkeit von Abgasfahnen von Schiffen auswirken. Dies
ist von Interesse, da neue und kommende Satelliten die Uberwachung von NO, mit
stiindlicher Auflosung wéhrend des Tages ermdglichen, im Gegensatz zu TROPOMI,
das einen téiglichen Uberflug hat. Wir stellen fest, dass der Zeitpunkt des TROPOMI-
Uberflugs im frithen Nachmittag bereits ideal fiir die Erkennung von Abgasfahnen von
Schiffen ist, hauptsachlich aufgrund der chemischen Bedingungen. Dariiber hinaus
zeigen wir, dass die Sommermonate gilinstiger fiir die Erkennung von Abgasfahnen von
Schiffen sind, da die hoheren Ozonwerte die Umwandlung von ausgestofenem NO in
beobachtbares NOgy erhohen, selbst wenn man davon absieht, dass im Sommer seltener
Wolken die Beobachtungen storen. Obwohl die Erkennbarkeit am friithen Nachmittag am
besten ist, werden stiindliche Uberfliige zu einer signifikanten Zunahme der Detektion
von Abgasfahnen fiihren - und damit prazieseren Emissionsnbestimmungen.
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Chapter 1

Introduction



2 Introduction

Air pollution, a byproduct of global industrialization, poses one of the most significant
threats to human health and the environment worldwide. Each year, it is associated
with 4.2 million premature deaths (WHO, 2024). The United Nations acknowledges its
gravity by integrating the pursuit of clean air into three of its Sustainable Development
Goals, namely Goals 3 (good health and well-being), 7 (affordable and clean energy), and
11 (sustainable cities and communities) (United Nations, 2015).

Air pollution comes in the form of particulate matter (PM) and many trace gases. Among
those polluting gases are nitrogen oxides (NO, =NOy + NO), sulfur dioxide (SO,), carbon
monoxide (CO) and ozone (O3). Sources of air pollutions are as diverse as the pollutants
themselves. They range from natural sources such as volcanoes and wildfires to anthro-
pogenic sources including traffic, industry and shipping. In contrast to other sectors like
road transport and industry, regulation of air pollutions from ocean-going vessels (OGVs)
was long missing, and the current regulation lacks a global monitoring. This thesis there-
fore focuses on using space-based data of air pollution over sea, more concretely on NO,
emitted by OGVs.

In this chapter, the context of the thesis is described, starting with a brief description
of the atmosphere in Section 1.1 and a detailed description of NO, and its chemistry in
Section 1.2. This is followed by a description of the shipping industry and the emission
regulations that apply to it in Section 1.3. Finally, the use of satellite remote sensing for
monitoring tropospheric nitrogen dioxide and its history in ship emission monitoring is
described in Section 1.4. In Section 1.6, the remainder of the thesis is summarized and
the structure of the thesis is described.

1.1 Atmospheric composition and structure

The Earth is surrounded by a relatively thin layer of air, called the atmosphere. The
atmosphere is composed of several layers, each with distinct characteristics. The lowest
layer, the troposphere, extends from the Earth’s surface to an altitude of about 8-15
km, depending on the latitude and season. The troposphere contains about 80% of
the atmosphere’s mass. It is characterized by a typically decreasing temperature with
altitude. The layer above the troposphere is the stratosphere, which extends from the
tropopause - which marks the upper boundary of the troposphere - to about 50 km.
The stratosphere contains the ozone layer, which absorbs most of the sun’s ultraviolet
radiation. Above the stratosphere lie the mesosphere and thermosphere. The exosphere
is the outermost layer of the atmosphere and extends to about 10,000 km above the
Earth’s surface. It is where the atmosphere gradually transitions into outer space.

Our focus will be the troposphere. Within the troposphere, one often distinguishes
between the boundary layer and the free troposphere. The boundary layer is the lowest
part of the troposphere and is characterized by strong vertical mixing, i.e. in sufficient
distance from a source the composition of the air within the boundary layer does not
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change with altitude. One of the drivers of this mixing during daytime is convection,
caused by the sun, which heats up the Earth’s surface, subsequently warming the air
above, which starts to rise. The boundary layer is where most of the Earth’s weather
occurs and where we humans live. It is typically a few hundred meters to a few kilometers
deep, depending on the time of day and the weather. The depth of the boundary layer
determines the volume over which pollution is spread, meaning that shallow boundary
layers lead to higher concentration of pollutants. The marine boundary layer - which
is discussed in this thesis - is typically shallow, as water surfaces warm more slowly
compared to land surfaces and therefore suppress convection of the air above.

The (dry) air in the troposphere consists of several gases of which nitrogen (Nj) and
oxygen (Oz) are the most abundant. Nitrogen makes up about 78% of the atmosphere,
while oxygen makes up about 21%. The remaining 1% consists of trace gases such as
the well-known Greenhouse Gases (GHGs) carbon dioxide (CO3) and methane (CHy),
as well as ozone (Oj3), nitrogen oxides (NO,), and others. The abundancy of trace gases
is typically reported as mixing ratios of the trace gas relative to the dry air in parts
per million (ppm), parts per billion (ppb), or parts per trillion (ppt). The local mixing
ratio of trace gases is not constant and can vary with location and time. In the case of
nitrogen oxides, mixing ratios can range from a few hundred ppt in clean air e.g. over
seas, to up to some hundred ppb in cities, and even higher values in exhaust plumes.
Even though NO, abundances are typically very low, they play an important role as air
pollutant. In the following section we will have a closer look into its chemistry and sources.

1.2 Nitrogen oxides

Nitrogen dioxide (NO,) and nitric oxide (NO) are commonly referred to as nitrogen
oxides (NO,). NO, is a key air pollutant in itself (Huang et al., 2021), and - in the present
of Volatile Orgniac Compountds (VOCs) and sunlight - contributes to the formation of
ground-level ozone and fine particulate matter, which are harmful to human health and
the environment (Scheel et al., 1959; Brown et al., 1950; Todd and Garber, 1958). NO,
is also a precursor to acid rain and eutrophication on land and water bodies. This also
makes it - although with a smaller contribution compared to agricultural ammonia - one
of the causes of the nitrogen excess in the environment. In Europe - and especially in the
Netherlands - the large nitrogen excess has been recognized and mitigation regulations
are one of the dominant political and regularatory issues in recent years (de Vries, 2021).
Here, we will discuss the atmospheric chemistry involving NO, and its sources.
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1.2.1 NO, formation and chemistry

NO, is emitted during combustion processes, such as in power plants, industrial facilities
and vehicles, mainly in the form of NO. NO,, is also formed naturally during lightning and
in soils. The formation in combustion processes is caused by the heat causing molecular
oxygen (Oy) to form atomic oxygen:

0, 2% 0+0 (R1)
The resulting oxygen atoms (O) then react with molecular nitrogen (N3) - the most
abundant gas in the atmosphere - to form NO:

Ny+0O — NO+N (R2)
N+0O;, — NO+O (R3)

The produced NO can then be oxidized to NOy by the reaction with ozone (Oj):
NO + 03 — NOQ + 02 (R,4)

Close to strong sources such as in cities or plumes of smoke stacks, reaction R4 can be
limited by the amount of ozone, when there is too much NO present for the available
ozone to form NO,. In that case, ozone levels can locally be reduced significantly, a
process called ozone titration.

In the presence of sunlight, NO, can be photolyzed to form NO and atomic oxygen, which
reacts to ozone, yielding the following net reaction:

NO, + Oy 28 NO + 0y, A < 424 nm (R5)

Reactions R4 and R5 are called the null cycle, as they do neither produce nor consume
NO,. This cycling happens at a timescale of seconds, explaining why we are usually refer
to NO and NOy commonly as NO,.

In the presence of the hydroperoxy radical HO5 (formed in the oxidation of carbon monox-
ide) or an organic peroxy radical ROy (produced during the oxidation of hydrocarbons
such as methane or VOCs, where R represents a more complex molecule of mostly carbon
and hydrogen atoms), alternative pathways for reaction R4 exist:

NO + HOy — NOy + OH (R6)
NO + ROy — NOs + RO (R7)
If followed by reaction R5, these alternative pathways to R4 lead to net ozone production.

At ground-level, the produced ozone is harmful for humans and the biosphere.
The typical tropospheric lifetime! of NO,, is in the order of several hours, but it can be as

!The tropospheric lifetime 7x of a substance X is defined as the average time a molecule of X remains
in the troposphere and can be calculated as the total mass of X divided by the removal rates, e.g. chemical
loss or deposition.
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short as a few minutes in urban areas and as long as a few days in remote areas (Kenagy
et al., 2018). Besides the spectral characteristics of NO, (see Section 1.4) it is this lifetime
that makes it ideal for satellite remote sensing as it is short enough to guarantee a low
background concentrations but long enough for large (i.e. the size of several satellite
pixels) emission plumes to be visible.

The lifetime of NO, during the day is determined by the rate of reaction with the hydroxyl
radical (OH), which is the main oxidant in the atmosphere and often called the detergent
of the atmosphere as it cleans the air of many GHGs and air pollutants. The reaction of
NO; with OH including a third body M is the main sink of NO,, in the atmosphere:

The resulting nitric acid (HNO3) is soluble in water and can be removed by wet deposition,
potentially leading to nitrogen excess in soils. It is also a precursor to fine particulate
matter. Reaction R8 terminates the catalytic ozone production.

The hydroxyl radical is formed by the photolysis of ozone by UV radiation and the reaction
of water vapor with excited oxygen atoms:

05 22 0, + O('D), A < 319 nm (R9)
O ('D) + H,0 — 20H (R10)

We can now understand that the tropospheric chemistry involving ozone and nitrogen
oxides is highly nonlinear: Reactions R9 and R10 show that the availability of OH - the
main day-time sink of NO,, - in the troposphere is depending on the availability of ozone,
which in turn is influenced by NO, emissions. The lifetime of NO, can thus partially be
dependent on the abundance of NO, itself (Valin et al., 2014).

Besides the direct human and environmental health impacts, nitrogen oxides via their
interaction with ozone and OH thus also play an important role for the oxidizing capacity
of the atmospheric boundary layer, and, in the context of shipping emissions, the marine
boundary layer. For example, Vinken et al. (2011) have found that ship NO, emissions
lead to an increase in ozone of 4 ppb (15%) over the North Atlantic in summer.

During nighttime, in the absence of OH, NO, can be removed from the atmosphere by the
reaction with the nitrate radical (NOj), followed by hydrolysis of NyO5 on aerosols:

N02 + NOg — NQO5 (Rll)

aerosols

Lastly, NOs can react with organic radicals to form peroxyacetyl nitrate (PAN), which is
a reservoir for NO, and can be transported over long distances:

NO, + R — PAN (R13)
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NO,
NO

[Minutes]

Figure 1.1: Abundancy of chemical species in an aging NO, plume as a function of time
after emission. The dashed line show the background concentration before the emission. The
graph shows a few hours of plume aging.

Figure 1.1 shows the behavior of chemical species inside a plume with time after the
emission of NO,. Most NO,, is emitted as NO, leading to an instant peak in NO. Inside
the fresh plume, all O3 and OH is titrated by reactions R4 and RS, respectively, and
other pollutants that are oxidized by OH and Os. This titration leads to an initially
long NO, lifetime inside the plume. Only with the growing of the plume and sucessive
entrainment of fresh, ozone-rich air, O3 is recovered and NO, formed. Nitrogen dioxide
therefore peaks only several kilometers downwind of the emissions. NO, is oxidized
faster in the aging plume when OH is recovered. The NO, chemistry discussed in this
section is crucial for interpreting NOs plumes observed at the resolution of TROPOMI
pixels (see Section 1.4.1 below). This is often done with the help of chemical models as
introduced in Section 1.5.

1.2.2 NO, sources

Globally, anthropogenic emissions of nitrogen oxides are estimated to be around
120 Tg NO, ! per year (36.5 Tg N yr=!) (McDuffie et al., 2020) in 2017. Around 60%

'Here and for the remainder of this chapter, NO, emission are given as NO, mass unless detailled
otherwise.
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Figure 1.2: Map of shipping related NO, emissions in April-November 2019 as reported in
the CAMS inventory (Granier et al., 2019; Johansson et al., 2017).

of these emissions come from energy generation, industry and road transport. Addi-
tionally, NO, is emitted by natural sources such as lightning, biomass burning and soil
microbes. Overall, anthropogenic sources are dominant, but natural sources can play a
significant role depending on the region and the time of year (Zhang et al., 2003). An-
other major source is international shipping, which was estimated to account for 20%
(24.4 Tg NO, yr—1) of global anthropogenic NO,, emissions. Other studies estimated that
shipping emissions are responsible for 7-34 Tg NO, yr~!(Crippa et al., 2018; Eyring et al.,
2010; Johansson et al., 2017). There is therefore a large uncertainty connected to ship-
ping emissions and more accurate estimates are needed to assess the impact of shipping
emissions on the complex chemistry in the marine boundary layer, human health and the
environment. This will become even more relevant in the future, as the shipping industry
and its emissions are expected to grow, as we will discuss in the following Section.

1.3 Shipping industry

Globalization and international trade have led to a rapid increase in the number of ocean-
going vessels (OGVs) and their emissions. The shipping industry is responsible for a
significant fraction of global NO, emissions as detailed above. OGVs also emit other air
pollutants such as SO,, VOCs and particulate matter including black carbon. In step
with increases in global trade volume, the intensity of international shipping is expected
to increase in the coming years (UNCTAD, 2019). While many sectors (at least in de-
veloped countries) have reduced their emissions in the past decades (e.g. Goldberg et al.,
2021; Krecl et al., 2021; Curier et al., 2014; Hassler et al., 2016), the shipping industry
has not (De Ruyter de Wildt et al., 2012; Boersma et al., 2015). This is at least partially
due to the fact that shipping emissions often happen outside national borders and are
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therefore harder to regulate by national policies. Figure 1.2 shows a map of shipping
NO, emissions around Europe in the CAMS inventory (Granier et al., 2019; Johansson
et al., 2017), showing busy shipping lanes in the North Sea, Bay of Biscay and crossing
the Mediterranean Sea. Additionally, the shipping industry is exempt from many envi-
ronmental regulations that apply to other sectors. Furthermore, OGVs are typically used
for 20-30 years, meaning that the fleet is slow to adapt to new regulations, which usually
apply to newly-build ships only.

70% of ship emissions are within 400 km of coastlines (Eyring et al., 2010). This means
that the emissions are close to human populations. In fact, shipping-related pollution de-
grades air quality in many coastal areas with adverse consequences for human and ecosys-
tem health, causing up to 800,000 premature deaths per year (Sofiev et al., 2018). This
health penalty motivates a significant societal interest to ensure lower emissions.

1.3.1 Emission regulations

(a) North American ECAs (b) Eurtm;gn ECAS
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Figure 1.3: Emission Control Areas (ECAs) in (a) North America and (b) Europe.

Anticipating above-mentioned issues, the International Maritime Organization (IMO) has
implemented several regulations to reduce the environmental impact of the shipping in-
dustry. The most important of these are the MARPOL Annex VI and the designation
of Emission Control Areas (ECAs). The MARPOL Annex VI, which came into force in
2005, sets limits on the sulfur content of marine fuels and NO, emissions from OGVs.
The ECAs are designated areas in which stricter emission limits apply than globally. Cur-
rently, ECAs are in place in the North Sea and Baltic Sea, the North American coast, and
part of the Caribbean, see Fig. 1.3. The current North American and European ECAs
in North and Baltic Sea include both nitrogen dioxide and sulfur limits. From 2025 on,
the Mediterranean will also be an ECA for sulfur. However, nitrogen limits for the new
Mediterranean ECA are still under discussion. Besides the MARPOL Annex VI regula-
tions, the IMO has also set goals on Greenhouse Gases (GHGs) emissions, striving for a
reduction of 20% until 2030 and net-zero close to 2050 (International Maritime Organi-
zation, 2023).

Emission limits for NO, depend on the year of construction - in three tiers - and engine
rated speed of the ship. For sulfur emissions, the IMO has also set a global limit on
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Table 1.1: Emission limits for NO,, for different Tiers of the IMO emission regulations. Ships
have to follow the emission limit on a weighted average for several engine load points. Adapted
from (International Maritime Organization, 2013).

Tier Ship construction Total weighted cycle emission limit (g/kWh)
date on or after
n = engine’s rated speed (rpm)
n <130 | 130 < n <1999 | n > 2000
I 1 January 2000 17 45 n~92 9.8
II 1 January 2011 14.4 44 n=02 7.7
III 1 January 2016 3.4 9 n~92 2

the sulfur content of marine fuels, which came into force in 2020. Table 1.1 shows the
emission limits for NO, for the different emission Tiers at the time of writing. Tier III
limits only hold in the nitrogen oxide ECAs, with the European ECA only applying to
ships with keel laying date after January 1st 2021. Tier I & II limits do not include a
not-to-exceed value. Ship main engines have to comply with the regulations on a weighted
average emission factor EF,, (in g/kWh) that is calculated from the emission factors at
engine loads of 25, 50, 75 and 100 % with weighting factors of 0.15, 0.15, 0.5 and 0.2,
respectively (International Maritime Organization, 2008):

4

EFy, =Y w;-EF, (1)
1=1

- 015 . EF25% + 015 . EF5U% + 05 : EF75% + 02 : EFlOO% (2)

This nature of weighted average emissions makes compliance monitoring in the real world
difficult. Additionally, the dependency of emission Tiers on keel laying date led to a
surge in ships being officially recorded with build dates in 2020 (Van Roy et al., 2023).
To achieve compliance with nitrogen Tier III limits, ships can for example use exhaust
gas recirculation (EGR, commonly used in car engines) or selective catalytic reduction
(SCR). SCR is the most common method for large ships. In SCR, a catalyst is used to
chemically convert NO, to nitrogen and water, abating 80-90% of NO, emissions. As
these technologies are associated with additional costs for installation, maintenance and
a (small) increase in fuel consumption, shipowners might try to avoid compliance. To
ensure the envisioned effectiveness and cleaner air, compliance monitoring is necessary.
We will discuss monitoring approaches in the following subsection.

1.3.2 Monitoring and enforcement

The regulations are enforced by national authorities, which are responsible for monitor-
ing and verification of ship emissions. Monitoring can be done in various ways, including
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the more traditional onboard checks of engine certificates and fuel samples (the latter
only for fuel sulfur content). Other methods include ground-based remote sensing of
ship plumes (Cheng et al., 2019), and airborne sniffer techniques using helicopters, small
aircraft (Mellqvist and Conde, 2021; Chen et al., 2005), or drones (Van Roy and Schelde-
man, 2016). Van Roy et al. (2023) find that while sulfur compliance is generally good
and growing, nitrogen emissions from ships are actually going up. They also show that
compliance to sulfur limits decreases with the distance from the coast. This is likely due
to the fact that the majority of the checks are done in port, and that the regulations are
not enforced in international waters. Additionally, all the methods mentioned above are
expensive and time-consuming, making it impossible to monitor the entire fleet. Because
of their cost, these monitoring tools are mainly applied in wealthy countries, possibly
leading to further disparity in global air quality. Here, satellite remote sensing with its
global coverage and high temporal resolution offers a promising alternative for a globally
uniform and potentially near real-time monitoring of ship emissions. We will therefore
now turn to satellites and their retrieval of trace gases from space.

1.4 Satellite remote sensing

Satellite remote sensing offers a unique opportunity to monitor the earth in a near real-
time and globally uniform matter. There are two main classes of satellites used in remote
sensing: low earth orbit (LEO) and geostationary satellites. LEO satellites are closer to
the earth and orbit it several times a day flying over the poles. Geostationary satellites are
further away from the earth and stay above the same location on earth and can therefore
measure the same spot on earth at different times of day. This makes them ideal for
monitoring diurnal cycles of surface properties or atmospheric composition. LEO satellites
on the other hand cover the full Earth surface over several days and therefore are better
suited to map spatial patterns, and changes in them. The applications of satellite remote
sensing are countless and range from monitoring destruction from natural disasters like
earthquakes or flooding to creating land-use maps and air-pollution monitoring such as
the abundance of trace gases.

To retrieve trace gas composition in the atmosphere, satellites use optical absorption
features of the constituent at question: Every molecule has a unique absorption spectrum,
which can be used to identify and quantify the abundance of the molecule. Differences
between solar irradiance and earth radiance spectra are attributed to absorptions by
molecules in the air in the different light paths. With good knowledge of the absorption
cross section of different molecules (e.g. NO,) and of radiative transfer it is possible to
determine the abundance of the molecule along the effective light path?. In the case of

NOgy, the Ultra-Violet(UV)/Visible(VIS) spectrum is used, see Fig. 1.4. The right side of

2The light path is the path traveled from the source to the detector. For visible light this path starts
at the sun, reflects off the Earth’s surface or atmosphere, and then reaches a satellite in space.
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Figure 1.4: Absorption spectrum of NOg molecule from (Vandaele et al., 1998) (left) and
schematic of satellite retrieval spectral analysis (right), courtesy of Pepijn Veefkind.

the figure is an illustration of the spectrum of light for different concentrations of NO,
in the light path: with higher concentrations, a bar-code-like structure becomes visible,
caused by the absorption lines of NOs shown in the left. By measuring the intensity of
absorption - here visible as the "blackness’ of the barcode - in the NOs-specific wavelengths
in the Earth-reflected sunlight, the amount of NOs in the light path can be determined.
The satellite therefore retrieves the integrated amount of NO, along the atmospheric light
path, referred to as column density.

1.4.1 TROPOMI

The TROPOspheric Monitoring Instrument (TROPOMI) is a state-of-the-art satellite
sensor for monitoring trace gases in the atmosphere. TROPOMI is on board the Sentinel-
5-Precursor (S5P) launched in October 2017 and part of the Copernicus program. It
is a LEO satellite in a sun-synchronous orbit, meaning that it overpasses the equator
everywhere at roughly the same local time of the day. S5P crosses the equator in an
ascending fashion at around 13:30 local time at an altitude of 824 km. TROPOMI em-
ploys a push-broom design and a 2-D detector to capture back-scattered radiation from
the Earth’s atmosphere, accommodating viewing zenith angles up to 57°. It operates in
the spectral region ranging from UV to short wave infrared. The device is outfitted with
a polarization scrambler, which simplifies the radiative transfer analysis. With a swath
width of approximately 2600 km, TROPOMI ensures daily coverage along the equator;
at higher latitudes, the orbits overlap, typically resulting in two data retrievals per day
over the Netherlands.

NOs, is retrieved in band 4. Here, TROPOMI provides 450 measurements across-track, re-
sulting in pixels with a minimal width of 3.5 km. Along track, the resolution of TROPOMI
is 5.5 km (it was 7 km before August 2019). TROPOMI offers a significant improvement in
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spatial resolution compared to its predecessor OMI: The area of the smallest TROPOMI
pixel is approximately 19 km?, which is a factor of 17 smaller compared to its predecessor

OMI.

1.4.2 NO, retrieval
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Figure 1.5: Schematic of the 3-step retrieval DOAS retrieval used in TROPOMI. The re-
trieval uses the spectrum of reflected and scattered sunlight that reaches the satellite instru-
ment after passing through troposphere and stratosphere. In the first step, the slant column
density Ny ops is retrieved. In step 2, the stratospheric contribution to the slant column Ny strq¢
is subtracted from N o5 to calculated the tropospheric slant column Ny, trop. In the last step,
the air mass factor M is used to convert the slant column into a vertical column density Ny trop-

To retrieve vertical NOy columns TROPOMI and other satellites use the Differential Op-
tical Absorption Spectrometry (DOAS) (Platt and Stutz, 2008) in a 3-step technique, see
Fig. 1.5: first the slant column density (SCD, Nj) is obtained by fitting the differential
absorption cross sections to the reflectance spectrum R(\), the ratio of the Earth’s ra-
diance and solar irradiance spectrum of the measured Earth radiance I(\) to the solar

irradiance spectrum Eg(\):
wl(\)

B = poEo(N) ®)
in the 405-465 nm window (Van Geffen et al., 2021, 2020; Zara et al., 2018), with g
being the cosine of the sun solar zenith angle. The SCD describes the amount of trace
gas in the average photon path from the sun to the satellite, reflected by the Earth and
its atmosphere. In the DOAS fit a polynomial function is used as high-pass filter to
account for spectrally smooth scattering, absorption and surface effects. Additionally,
the differential absorption cross sections of different molecules are included in the fit. In

the NOs retrieval, part of the UV /VIS spectrum is used for the DOAS fit. For TROPOMI
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Figure 1.6: TROPOMI NO3 columns over European seas averaged for April-November 2019.
The land area is masked out.

the following function is fitted to the reflectance spectrum:

: (1 +Cy Ig—w) (4)

R(\) = P(\) - exp [‘ >_ k() New ()

where oi(A) is the absolute cross section and Ny the slant column amount of molecule
k, Ciing 1s describing the Ring effect for inelastic Raman scattering, and Iyng (A)/Eo(N)
the sun-normalized synthetic Ring spectrum. P(\) is the polynomial described above.

As we are mostly interested in atmospheric composition in the troposphere (the
lowest atmospheric layer), we need to seperate the contribution of higher atmospheric
layers. For this, in the second step, data assimilation of the retrieved slant column
density in the global chemistry Transport Model 5 (TM5-MP) is used to create vertical
NOs profiles. These can facilitate the separation of the stratospheric and tropospheric
contribution to the slant columns, Nj¢rp and N grat, respectively (Van Geffen et al.,
2020; Dirksen et al., 2011).

In the last step, Air Mass Factors (AMFs, M) are calculated (Lorente et al., 2017) to
translate the Ny into vertical column densities (N,) as N, = N;/M. The AMF accounts
for the viewing and solar geometry as well as surface properties, cloud effects and
scattering. The AMF is calculated using the DAK radiative transfer model (de Haan
et al., 1987; Stammes, 2001). For this purpose, Look-Up-Tables (LUTSs) are created
where the altitude-dependent AMFs for different viewing geometries, surface albedos
and surface pressures are stored. Some independent information is needed in this step:
cloud height and fraction information as well as an a-priori NOs profiles and surface
properties. Cloud properties are retrieved in separate parts of the spectrum while
a-priori NOy profiles are simulated with a chemical transport model. We discuss the




14 Introduction

different retrieval versions used in this thesis and the effects of clouds properties and
a-priori profile on TROPOMI NO, data in more detail in Chapter 2. Figure 1.6 shows
the average tropospheric NOy columns over European seas in 2019 with clearly visible
shipping lanes.

1.4.3 History of satellite NO, and ships

There is a long history of satellite remote sensing of shipping related NO,, starting with
GOME (Beirle et al., 2004) and SCIAMACHY (Richter et al., 2004), and followed by
using OMI (Vinken et al., 2014b; Marmer et al., 2009). Those studies focussed on the
study of major shipping lanes in time-averaged satellite data. Besides identification of
these lanes, long term trends could be analyzed (Boersma et al., 2015). TROPOMI’s
higher spatial resolution and new machine learning techniques have sparked a lot of
research into the (automated) detection of (ship) plumes (Kurchaba et al., 2022; Finch
et al., 2022; Yuan et al., 2023) and finding outliers among them (Kurchaba et al., 2023)
in the past four years. However, these studies focussed on finding plumes. Fundamental
understanding of why and under which conditions plumes are visible is still lacking. As
discussed in Section 1.2.1, the relation between NO, emissions and observed NO, is
not linear but depends on complex chemistry. Therefore, chemical models are needed
to estimate the emissions that caused the observed plumes, as has been done for NO,
plumes of power plants (Meier et al., 2024; Krol et al., 2024). After having introduced
NO, and its chemistry (Section 1.2), the shipping industry as a source (Section 1.3)
and the TROPOMI retrieval (Section 1.4), we will therefore end this introduction with
a short Section on atmospheric (plume) modelling as the final ingredient for emission
estimation from TROPOMI observations.

1.5 Modelling of NO, plumes

In Section 1.2 we have already alluded to the difficulties in NO, emission estimation caused
by the complex, non-linear chemistry involved. To make the step from observations of
vertically integrated NOy to the underlying NO, emissions we need to account for the
physical (e.g. plume dispersion and advection) and chemical processes that lie between
the emissions and observations. Atmospheric models can help us overcome this problem
by simulating these processes in the atmosphere. In this thesis we make explicit use of
two such models, namely PARANOX and MicroHH, which have different advantages and
use-cases as detailled below.



1.5 Modelling of NO, plumes 15

y [k

10

y [km]
%
§
F 4
- 3
3
F
¥
é‘

y [km]
&'

0 10 20 30 40 50 60 70 80
x [km]

Figure 1.7: Comparison of Gaussian Plume Model (PARANOX, top) and Large Eddy Sim-
ulation (MicroHH, middle and bottom). The middle panel shows a MicroHH snapshot in
time; the bottom shows the average of 7 snapshots taken 5 minutes apart. All figures display
vertically integrated NO2 on different colorscales under similar meteorological and chemical
conditions. The wind direction changes over time in the MicroHH simulation, causing the
plume curvature.

1.5.1 PARANOX

PARANOX (PARametrization of emitted NOX) model is a Gaussian plume
model (Vinken et al., 2011). In PARANOX, the plume is described as 10 concentric
elliptical half-rings that expand over time. Each ring exchanges mass with the two neigh-
boring rings. The model is used to simulate the dispersion of the plume and the chemical
processes within the plume. It includes detailed O3-NO, chemistry, incorporating 43
species and 98 reactions (Vinken et al., 2011).

The advantage of PARANOX is its low computational cost. By design, it is not able to
handle multiple sources or crossing plumes, and the parametrization of turbulent diffusion
is a rather crude simplification of reality. However, it is a useful tool when looking at the
dispersion of plumes in the stable marine boundary layer and interpreting observations of
coarse spatial resolution such as from TROPOMI. In this thesis, PARANOX is used in
Chapter 4 to simulate the NO5-NO,-ratio in the plumes observed over the North Sea and
in Chapter 5 to create a large library of plumes for a large set of atmospheric conditions
as well as in Chapter 6.

1.5.2 MicroHH

MicroHH (Van Heerwaarden et al., 2017) is a Large-Eddy-Simulation (LES) model. These
models resolve part of the turbulence explicitly and are therefore a more realistic repre-
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sentation of a plume than a Gaussian Plume Model. They are run at a high spatial
resolution (typically 10-100 m) at which large eddies occur. Accordingly, the computa-
tional costs are high. Krol et al. (2024) implemented a simplified chemistry scheme based
on the scheme used by ECMWF in their Integrated Forecasting System and Copernicus
Atmosphere Monitoring System (CAMS) reanalysis (Inness et al., 2021). The simplified
scheme containts 14 species in 33 reactions with an emphasize on NO, for computational
efficiency. MicroHH is a good tool to study the chemistry and dispersion of a single plume
as it captures realistic gradients in concentrations, driven by chaotic turbulance. In this
thesis, MicroHH is used in Chapter 5 to simulate the dispersion of a single ship plume
and the chemical processes in it and serves for the validation of the PARANOX model.
Figure 1.7 shows the difference in the representation of a plume in PARANOX (top) and
MicroHH (middle). The LES model MicroHH resolves the turbulent structures in the
plume explicitly, while the Gaussian Plume Model only parametrizes the dispersion of the
plume. When averaging over time (bottom panel), the MicroHH plume becomes more
Gaussian. At the resolution of TROPOMI pixels (3.5x5.5 km? at nadir), the fine spatial
structures simulated by MicroHH are not resolved and the Gaussian Plume Model might
therefore be a good approximation.

1.6 Thesis overview

TROPOMI offers a previously unknown level of detail in the observation of tropospheric
NO,. With its high spatial resolution, it has made the detection of individual ship plumes
possible (Georgoulias et al., 2020). This capability raises the key question addressed in
this thesis: (How) Can we estimate NO, emissions from individual ships using
satellite data?

To answer this central question, several sub-questions need to be addressed. Firstly, we
must assess the quality of the TROPOMI data over sea under various retrieval conditions
and understand its uncertainties and biases caused by retrieval geometry and a-priori
NO, profiles. Only with this understanding can we trust the data and use it for emission
estimation. Furthermore, we need to understand the main meteorological and chemical
drivers that influence the evolution and detectability of NO, plumes. And lastly, we must
determine how to combine all this knowledge to estimate NO, emissions from individual
ships and evaluate the effectiveness of the IMO NO, emission regulations desribed above.

After a more detailed description of crucial aspects in the TROPOMI NO, re-
trieval and its versions in Chapter 2, we will address these questions in this thesis. In
Chapter 3 we will look into the retrieval of NO, under sun glint conditions, a special
retrieval geometry over water under which the first individual ship plumes observed
with TROPOMI were reported. Retrievals under this geometry are considered of lower
quality, but seem beneficial for detecting ship plumes. Furthermore, in the same chapter
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we look into the effect of a new cloud algorithm on the retrieved NOy and end with
a study on how shipping related NO, emissions changed during 2020, the first year
affected by COVID-19. In Chapter 4 we will focus on another important aspect for
the quality of NOs retrievals mentioned above: the a-priori vertical profiles, which are
modelled with a chemical transport model at a coarse spatial resolution. Here, we
present results and implications of an aircraft campaign in the North Sea, measuring
vertical NOy profiles. In Chapter 5 we will then use the knowledge gained in the previous
chapters to estimate NO, emissions from individual ships in the Eastern Mediterranean,
combining atmospheric chemistry models with a machine learning approach, taking a big
step towards automated, near-real-time and global ship emission monitoring. Finally,
in Chapter 6 we will dare a view into the future of geostationary satellites and their
potential for monitoring ship emissions by studying the diurnal and seasonal cycles of
NO, plumes in the Mediterranean.







Chapter 2

Key aspects in the TROPOMI NO»
retrieval
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In this chapter the interested reader will find more technical details on the TROPOMI
NO, retrieval. We will start with an overview of the different versions of the retrieval used
in this thesis and their main differences in Section 2.1. We then discuss the effect of three
key aspects in the TROPOMI NO, retrieval: clouds, a-priori profiles and surface albedos
in Sections 2.2, 2.3 and 2.4, respectively. These have been identified as main sources of
uncertainties in the NOy retrieval (van Geffen et al., 2021; Lorente et al., 2017) and are
evaluated in Chapters 3 and 4 of this thesis.

2.1 Retrieval versions

Since the start of the TROPOMI mission, several updates to the retrieval algorithm have
been made. Table 2.1 gives an overview of the different TROPOMI NO, retrieval versions
used in this thesis. In the early versions, surface albedos for TROPOMI were based on
the surface albedo climatology from OMI (Kleipool et al. (2008), 0.5°x 0.5°), and cloud
properties were based on the FRESCO+ algorithm (Koelemeijer et al., 2001; Wang et al.,
2008). A-priori NO, profiles for all standard TROPOMI versions are simulated with TM5-
MP (Williams et al. (2017), 1°x 1°) and terrein height comes from Global 3 km Digital
Elevation Model (DEM_3KM). Main updates in the past years were the introduction of
a better cloud scheme with version 1.4 and the use of a TROPOMI-based directional
Lambertian-equivalent reflectivity (directional LER, DLER, (Tilstra et al., 2017)) albedo
database at a resolution of 0.125°x 0.125°in v2.4. Douros et al. (2023) presented a data
version, which uses the regional CAMS data at a resolution of 0.1°x 0.1° for the calculation
of AMF over Europe.

2.2 The importance of clouds

The air mass factor can be written as

M= Zz minc (1)
>

where [ is the vertical model layer, m,; the altitude-dependent air mass factor, n; the a-
priori column density and ¢; a temperature dependent correction factor in that layer. The
altitude-dependent air mass factor my is closely related to the averaging kernel elements
a; via q; = ﬁ:{m with My, being the tropospheric air mass factor (Eskes and Boersma,
2003; Boersma et al., 2016). The averaging kernel elements are a measure for the sensi-
tivity of the satellite sensor to NO, in that layer. They typically decrease towards the
surface as light is scattered and absorbed in the atmosphere and is especially low above
dark surfaces such as water bodies, see Fig. 2.1.

Clouds have several relevant effects on satellite trace gas retrievals: they shield the lower

part of the atmosphere - the part of the atmosphere were most anthropogenic emissions
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2.2 The importance of clouds
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Figure 2.1: Example of averaging kernel profiles for the NOg retrieval: (a) clear-sky pixel
with a low surface albedo, (b) clear pixel with a higher surface albed,; (c) pixel with an
optically thick cloud at 800 hPa. Taken from Eskes and Boersma (2003).

including those from shipping happen, effectively reducing m; to zero below the cloud.
For good sensitivity, users are advised to select scenes with a small cloud fraction. In
TROPOMI L2 data, this is taken care of by the quality assurance (qa) value. It is ad-
vised to select scenes with qa>0.75 only, which corresponds to an effective cloud fraction
smaller than 0.2 (van Geffen et al., 2021). But even a low cloud fraction increases the
scene albedo significantly, especially over dark surfaces as the deep ocean. Also, a partial
cloud cover decreases the average photon path, which has to be taken into account in cal-
culating AMFs. Partially cloudy scenes have a larger averaging kernel values above the
cloud and smaller values below the cloud compared to cloud free scenes. Good knowledge
of cloud fraction and height is therefore key for high quality trace gas column retrievals.
If a too low cloud height is used in the retrieval, the averaging kernel for that layer is too
high, leading to a too large AMF and successively too low tropospheric column densities.
Cloud fraction and cloud pressure are retrieved simultaneously from the O,-A band mea-
surements, based on the Fast Retrieval Scheme for Clouds from the Oxygen A band
(FRESCO+) (Koelemeijer et al., 2001; Wang et al., 2008) using three spectral windows
at 758-759 nm (continuum, no absorption), 760-761 nm (strong absorption) and 765-
766 nm (moderate absorption). In FRESCO+, the cloud is assumed to be a Lambertian
reflector with a fixed albedo of 0.8, representing an optically thick cloud in line with the
approach in the trace gas retrieval (Stammes et al., 2008). In the so-called independent
pixel approximation, the measured reflectance R is thought to be the weighted sum of a



2.3 The importance of a-priori profiles 23

clear and a cloudy part:

R = Rcloud + Rclear

2
=0.8- Tcloud -Cc+ Asurface : Tsurface : (1 - C) ( )

where c is the effective cloud fraction, and Tijuq¢ and Ty fece the transmittance of the
atmosphere to the cloud layer and surface, respectively. Agy,; face is the surface albedo. If
the initial retrieval results in a cloud fraction outsides the range [0,1], the surface albedo
is adjusted, so that the modelled and observed reflectances agree.

Likewise, the air mass factor M of a partially cloudy scene can be written as

M = w - Mcloud + (1 - U)) : Mclear (3)

where w is the radiance-weighted cloud fraction

¢ Letoud

O Taowa + (1 —=c¢) Loicar @)
with I, and I eq, the radiances of fully cloudy and fully clear scenes, respectively.
Previous studies have found that FRESCO+ retrieves cloud pressures close to the middle
of a single layer cloud, in cases of a two layer cloud the retrieved cloud pressure is
between those layers (Wang et al., 2008).
Since the version 1.4 NOj retrieval of the TROPOMI (November 2020), one of the
spectral windows for the cloud retrieval is widened to 5 nm (765-770 nm), hereafter
called FRESCO+wide, which is thought to increase the sensitivity to low clouds and
solve the low bias in cloud altitudes in previous versions (Compernolle et al., 2021). A
comparison to NOs and cloud data from OMI suggest that the bias to low clouds in
early TROPOMI versions produces a systematic low bias in TROPOMI NO, columns of
around 10% (Verhoelst et al., 2021). The FRESCO+wide retrieval is studied as part of
this thesis in Chapter 3.

2.3 The importance of a-priori profiles

Equation 1 shows the importance of the a-priori profile in the retrieval, as it is one of
the defining factors in the AMF calculation (van Geffen et al., 2021). For the opera-
tional TROPOMI NO, products, TM5 profiles at 1° x 1° are used, which is significantly
coarser than the spatial resolution of TROPOMI. This is a source of error in the retrieval,
especially in regions with strong gradients in NOy concentration, such as close to point
sources. Its emissions are smeared out in the coarse model resolution, resulting in too
small subcolumns in the lowest, most polluted layers and therefore too large AMFs and
too low tropospheric NOy columns. Likewise, tropospheric NOy columns will be overesti-
mated in regions next to large NOy sources, as the coarse TMb5 profiles will overestimate
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Figure 2.2: Visualization of the thought experiment on the influence of the vertical NO;
distribution. The two colored lines show profiles A (blue) and B (orange), the gray line shows
the altitude-dependent air mass factors with very low values in the lowest layer, as typical for
dark surfaces such as the sea.

the NOs there. Douros et al. (2023) find an increase in tropospheric NOs columns of up
to 30% close to hotspots when replacing TM5 profiles with high-resolution CAMS profiles
at 0.1° x 0.1°.

Next to the effect of the coarse horizontal resolution, the correct vertical distribution of
NOs in the a-priori profiles is important too, as can be easily seen by a simplified thought
experiment: Assuming an atmosphere with 3 layers, arbitrary units, altitude-dependent
air mass factor elements of m; = 0.1, my = 0.4 and m3 = 1.0, profile A with n; = 5,
no = 4 and ng = 1 and profile B with n; = 7, no = 2 and ng = 1, visualized in Fig. 2.2.
Both profiles thus contain the same amount of the trace gas. Ignoring the correction
factor ¢; in 1, we get the AMFs:

C01-54+04-441-1

M 0.3
A 5+4+1 %)
01-7+04-2+1-1
Mz = =0.25
B T+2+1

Using N, = Ny/M we see that the vertical column in case B is 24% larger than in
case A, caused by the vertical distribution of NOy alone (the retrieved slant column
and the a-priori column were the same). This is a simplified example, but it shows the
importance of the a-priori profile in the retrieval, which is further studied in Chapter 4
of this thesis.
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2.4 The importance of surface albedos

The surface albedo is another important factor in the NOs column retrieval as it is used
in the AMF calculation and the cloud retrieval discussed in Section 2.2. For the cloud
retrieval, the FRESCO+ algorithm has originally used a surface albedo climatology
derived from OMI (spatial resolution of 0.5° x 0.5°, Kleipool et al. (2008)) for the
cloud fraction in the NO, window. This is also used in the AMF calculation. The
GOME-2 minmum LER at 0.25° x 0.25° at wavelength of 758 & 772 nm is used for the
cloud pressure retrieval (Tilstra et al., 2017). As resolution of OMI (and GOME-2) and
TROPOMI differ significantly, the surface albedo database is thought of as one of the
largest sources for errors in cloud property retrieval of FRESCO+. Since version 2.4, a
TROPOMI-derived directional LER (DLER) albedo database is used at a resolution of
0.125° x 0.125° for the retrieval of both the cloud pressure and cloud fraction in the NO,
window.

The surface albedo is typically low over water compared to over land. As shown in Fig. 2.1
the lower surface albedo leads to decreased averaging kernels in lower atmospheric levels,
i.e. lower sensitivity of the satellite sensor to NO; in the lower atmosphere, making NO,
retrievals over sea especially challenging. The figure also indicates that a too low surface
albedo can lead to too low AMFs and too high NOy columns, and the inverse. This is
relevant for the retrieval of NOs over the ocean, where the surface albedo is generally
low but enhanced under sun glint, as studied in Chapter 3, and is generally influenced
by waves, and wind speed and direction.
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Improved monitoring of shipping
NOs with TROPOMI: decreasing
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during the COVID-19 pandemic
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Abstract

TROPOMI measurements of tropospheric NO5 columns provide powerful information on
emissions of air pollution by ships on open sea. This information is potentially useful for
authorities to help determine the (non-)compliance of ships with increasingly stringent
NO, emission regulations. We find that the information quality is improved further by
recent upgrades in the TROPOMI cloud retrieval and an optimal data selection. We show
that the superior spatial resolution of TROPOMI allows the detection of several lanes of
NO, pollution ranging from the Aegean Sea near Greece to the Skagerrak in Scandinavia,
which have not been detected with other satellite instruments before. Additionally, we
demonstrate that under conditions of sun glint TROPOMI’s vertical sensitivity to NO,
in the marine boundary layer increases by up to 60%. The benefits of sun glint are
most prominent under clear-sky situations when sea surface winds are low, but slightly
above zero (£2 m/s). Beyond spatial resolution and sun glint, we examine for the first
time the impact of the recently improved cloud algorithm on the TROPOMI NO, re-
trieval quality, both over sea and over land. We find that the new FRESCO+wide algo-
rithm leads to 50 hPa lower cloud pressures, correcting a known high bias, and produces
1-4-10% molec-cm~2 higher retrieved NO, columns, thereby at least partially correcting
for the previously reported low bias in the TROPOMI NOy product. By training an
artificial neural network on the 4 available periods with standard and FRESCO-+wide
test-retrievals, we develop a historic, consistent TROPOMI NO, data set spanning the
years 2019 and 2020. This improved data set shows stronger (35-75%) and sharper (10-
35%) shipping NO, signals compared to co-sampled measurements from OMI. We apply
our improved data set to investigate the impact of the COVID-19 pandemic on ship NO,
pollution over European seas and find indications that NO, emissions from ships reduced
by 10-20% during the beginning of the COVID-19 pandemic in 2020. The reductions in
ship NOy pollution start in March-April 2020, in line with changes in shipping activity
inferred from Automatic Identification System (AIS) data on ship location, speed and
engine.
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3.1 Introduction

Emissions of nitrogen oxides (NO,=NO-+NQO;) have several primary and secondary ef-
fects on air quality, human health and the environment. NO, is a toxic gas itself (WHO,
2003) and contributes to the formation of secondary pollutants and ozone. Ozone close
to the Earth’s surface is a toxic pollutant which can lead to respiratory problems and has
negative effects on plant growth and crop yield (e.g. Wang and Mauzerall (2004)). NO,,
also contributes to acid deposition and eutrophication, harming sensitive ecosystems (Eu-
ropean Environment Agency, 2019b).

The international shipping sector is a strong source of NO, and other air pollutants to the
atmosphere (eg. Eyring et al. (2010)). Previous studies suggest that international shipping
makes up for annual emissions of 2.0-10.4 TgN (Crippa et al., 2018; Eyring et al., 2010; Jo-
hansson et al., 2017), or 15-35% of total anthropogenic NO, emissions worldwide. While
cars, the power sector and industry have shown substantial reductions in their emissions
over the last 10-20 years in Europe and the United States (Curier et al., 2014; Hassler
et al., 2016), NO,, emissions from shipping activity have increased (De Ruyter de Wildt
et al., 2012; Boersma et al., 2015) and the number of ship movements and ship size is
expected to keep increasing in the future (Eyring et al., 2005; UNCTAD, 2019). Shipping-
related air pollution emissions are estimated to lead to 60,000 premature deaths annually,
especially in coastal regions (Corbett et al., 2007; Marais et al., 2015).

To mitigate these and other harmful impacts, more stringent regulations on NO,, emissions
for ships have been implemented in coastal regions and on the open ocean (International
Maritime Organization, 2013). For example, ships built in 2011 or later have to follow Tier
IT nitrogen emission regulation as defined in MARPOL Annex VI. In so-called Emission
Control Areas (ECAs) even more stringent rules apply. From 1 January 2021 onwards,
the new MARPOL Annex VI Regulation 13 determines that newly built ship engines
should be compliant with Tier III in the new ECA in the Baltic and North Sea, which
should result in 75% lower NO, emissions from new ships. The exact limits depend on
ship engine speed (International Maritime Organization, 2013), see Supplement 1.

For new regulations to be effective, monitoring and verification of ship emissions is re-
quired. Traditional compliance monitoring includes national authorities conducting on-
board checks of engine certificates and keel-laying date. This is not a direct verification
of emissions and can only be done for a limited number of vessels. Other methods are on-
board measurements at the ship’s exhaust pipe (e.g. Agrawal et al. (2008)) or downwind
measurements of emission plumes using sniffer techniques or DOAS (Differential Opti-
cal Absorption Spectroscopy) measurements (e.g. Lack et al. (2009); Berg et al. (2012);
McLaren et al. (2012); Pirjola et al. (2014); Seyler et al. (2019)). Modern techniques also
include airborne platforms such as helicopters, small aircrafts (Mellgvist and Conde, 2021;
Chen et al., 2005) or drones (Van Roy and Scheldeman, 2016). While these methods do
not require inspectors to board the vessel, they require proximity to the ships monitored
and are thus less fit-for-purpose when a large number of ships is to be checked, or on open
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sea away from land. For the above reasons monitoring by satellite remote sensing offers
a promising alternative.

Satellite instruments have observed enhancements of NOy column densities over major
shipping routes, e.g. from GOME (Beirle et al., 2004), SCTAMACHY (Richter et al.,
2004) and OMI (Vinken et al., 2014b; Marmer et al., 2009). These satellite measurements
have recently been continued with new observations from the TROPOMI (TROPOspheric
Monitoring Instrument) sensor. With a pixel size of 3.5x5.5 km? TROPOMI provides a
spatially more resolved evaluation of NOy pollution patterns compared to its predeces-
sors GOME (40x320 km?), SCTAMCHY (30x60 km?) and OMI (13x24 km?). Indeed,
previous studies demonstrated TROPOMI’s capability to pinpoint emissions from the
mining industry (Griffin et al., 2019), emissions patterns within cities (Beirle et al., 2019;
Lorente et al., 2019), emissions along a gas pipeline in Siberia (van der A et al., 2020)
and even from individual ships in the Mediterranean Sea (Georgoulias et al., 2020). Ding
et al. (2020) used TROPOMI NO; columns and inverse modelling to show NO,, emission
reductions during the COVID-19 lockdown over urban centers and regions with strong
maritime transport.

While the aforementioned studies demonstrate the large potential of TROPOMI and its
high resolution, retrieval problems remain. Validation studies (e.g. Griffin et al. (2019);
Verhoelst et al. (2021)) suggest a 15%-40% low bias in TROPOMI troposheric vertical
NOg (Nytrop) columns relative to independent in-situ and MAX-DOAS measurements.
Cloud properties present one of the leading sources of uncertainty in trace gas retrieval
from space (Boersma et al., 2004; Lorente et al., 2017) and cloud heights used until (and
including) v1.3 of the operational TROPOMI retrieval algorithm have been suggested to
be biased low (Compernolle et al., 2021). To address this bias in cloud heights, the Royal
Dutch Meteorological Institute (KNMI) recently updated the FRESCO+ cloud retrieval
by widening the spectral window, which is supposed to improve the sensitivity to low
clouds.

The here presented study presents and assesses the impact of steps towards an improved
monitoring of shipping NO, with TROPOMI. First, we demonstrate TROPOMI’s ca-
pability to detect ship emissions applying a typical data selection and compare it to
OMI’s. We examine previous suggestions of improved retrieval sensitivity over sun glint
scenes (Georgoulias et al., 2020). Additionally, we evaluate the new FRESCO+wide
cloud pressure retrieval in and its impact on the TROPOMI NO, columns in v1.4/2.1
of the operational TROPOMI NO, algorithm. Based on our findings, we create a data
set of historical TROPOMI NOy columns consistent with the v1.4 data allowing for oth-
erwise challenging trend analysis. We conclude with an application of our findings to
quantify the effects of the COVID-19 pandemic on ship pollution, an unique opportunity
to assess the relationship between the anticipated emission reductions and observed NO,
columns.
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3.2 Methods and Materials

3.2.1 TROPOMI and OMI NO;, column measurements

The European TROPOMI (Veefkind et al., 2012) is on board the Sentinel-5-Precursor
launched in October 2017. TROPOMI has a push-broom design with a 2-D detector,
which measures back-scattered radiation from the Earth’s atmosphere for viewing zenith
angles up to 57°, in the spectral region from UV to short wave infrared. The instrument is
equipped with a polarization scrambler, simplifying the radiative transfer analysis. The
width of the TROPOMI swath is about 2600 km, which results in daily (near-)global
coverage with about 25 million measurement points. In band 4, where NOs is retrieved,
TROPOMI provides 450 measurements across-track, with a minimal width of 3.5 km.
The design of OMI is similar to that of TROPOMI, but OMI measures in a smaller spec-
tral range (270-500 nm) (Levelt et al., 2006, 2018). Another important difference is that
OMI has only 60 across-track measurements, with the smallest pixels having a width of
25 km. Along track, the resolution of TROPOMI is 7 km (5.5 km since August 2019),
compared to 13 km for OMI. Combined, the area of the smallest TROPOMI pixel is 19
km?, while it is 325 km? for OMI, a factor of 17 improvement in spatial resolution. Both
instruments are in a sun-synchronous ascending orbit and have an equator overpass time
of about 13:30 hrs local time.

To retrieve tropospheric NOy columns, TROPOMI uses a 3-step retrieval approach based
on the DOAS (Differential Optical Absorption Spectroscopy, Platt and Stutz (2008))
technique: first the slant column density (Ny) is retrieved by spectral fitting of a modeled
reflectance spectrum to the observed reflectances in the 405-465 nm window (van Geffen
et al., 2021; Van Geffen et al., 2020; Zara et al., 2018). In the second step, data as-
similation in the global chemistry Transport Model 5 (TM5-MP) results in vertical NO,
profiles that are then used to separate the stratospheric and tropospheric contribution
to the slant columns (Van Geffen et al., 2020; Dirksen et al., 2011). In the last step,
Air Mass Factors (AMFs) are calculated (Lorente et al., 2017) to translate the Ny into
vertical column densities (N,). The AMF is calculated using the DAK radiative transfer
model (de Haan et al., 1987; Stammes, 2001), and accounts for the viewing and solar
geometry as well as surface properties and cloud effects. Cloud height information is re-
trieved with TROPOMTI’s FRESCO+ cloud algorithm (driven by the 761 and 765 nm O,
absorption depth), and cloud fraction from the reflectance levels within the 405-465 nm
NO, fitting window. Other input parameters to the TROPOMI AMF calculation are
the surface albedo climatology (Kleipool et al. (2008), 0.5°x0.5°), a priori NOy profiles
simulated with TM5-MP (Williams et al. (2017), 1°x1°) and terrein height from Global
3 km Digital Elevation Model (DEM_3KM).

The retrieval of tropospheric NOy columns (N, tr0p) from OMI (Boersma et al., 2018)
proceeds along the same lines, and is therefore similar in many aspects. On the other
hand, especially spatial resolution, signal-to-noise and the retrieval of cloud properties
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differ as highlighted in Table 3.1.

Clouds have several relevant effects on NO, retrieval. Clouds shield the lower part of the
atmosphere which is most influenced by anthropogenic emissions including those from
shipping. Therefore, data users are typically advised to consider scenes with cloud ra-
diance fractions below 50% (Eskes et al., 2019). Initial validation of TROPOMI NO,
v1.2/1.3 pointed out that the FRESCO+ algorithm retrieves cloud heights close to the
surface heights, leading to overestimations in the TROPOMI NO; AMFs, and, conse-
quently underestimations of the tropospheric NOy columns (Verhoelst et al., 2021). Ac-
curate knowledge of cloud fraction and height is key for high quality trace gas column
retrievals (e.g. Boersma et al. (2004); Van Geffen et al. (2021)). A detailed description
of the TROPOMI and OMI cloud algorithms and recent updates therein is given in the
following subsection.

Table 3.1: Retrieval settings for the TROPOMI and OMI NOs retrievals used in this work.

TROPOMI v1.2/1.3 TROPOMI v1.4/2.1% OMI QA4ECV
Data availability ESA science hub ESA science hub qadecv.eu
Public data period 30 Apr 2018 — 29 Nov 2020 29 Nov 2020 - 01 Jul 2021 Oct 2004 -
Spatial resolution at nadir 3.5 km X 5.5 km (3.5 km x 7km) 3.5 km x 5.5 km 13 km x 25 km
N Fitting window 405-465 nm 405-465 nm 405-465 nm
Signal-to-noise ratio ~1500 ~1500 ~500
Solar reference Daily Daily 2005 average
spectrum
DOAS polynomial 5 5 4
degree
Intensity offset
correction ne ne ves
Destriping yes (since v1.2) yes yes
OMI minimum LER OMI minimum LER OMI minimum LER
AME - Surface albedo at 440 nm (0.5°) at 440 nm (0.5°) at 440 nm (0.5°)
A priori NO2 profiles TM5-MP at 1°x 1° TM5-MP at 1°x 1° TM5-MP at 1°x 1°
Cloud retrieval FRESCO+ FRESCO+wide OMCLDO2
. Retrieved from 405- Retrieved from 405- Retrieved from 470-
Cloud fraction . . .
465 nm continuum 465 nm continuum 490 nm continuum
Cloud pressure Narrow Os-A band Wide O2-A band (758, 761  O2-O2 aborption
(758, 761 and 765 nm) nm and 765-770 nm) feature (477 nm)
Surface albedo in GOME-2 minimum GOME-2 minimum OMI minimum LER
cloud pressure LER at 758 & 772 nm LER at 758 & 772 nm at 758 & 772 nm
retrieval (0.25°x 0.25°) (0.25°x 0.25°) (0.5°x 0.5°)

3.2.2 Improved TROPOMI FRESCO+4, OMI and VIIRS cloud re-
trievals

FRESCO+ (Fast Retrieval Scheme for Clouds from the Oxygen A band) retrieves cloud
pressures from the relative depth of O,-A band measurements (Koelemeijer et al., 2001;
Wang et al., 2008) using three spectral windows at 758-759 nm (continuum, no absorp-
tion), 760-761 nm (strong absorption) and 765-766 nm (moderate absorption). In the
algorithm, clouds are assumed to be Lambertian reflectors with a fixed albedo of 0.8,
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consistent with assumptions for the NOy AMF calculation. The surface albedo assumed
in the cloud pressure retrieval is from the GOME-2 minimum LER climatology at 758 &
772 nm (Tilstra et al., 2017), which is a potential source of uncertainty in the cloud pres-
sure retrieval as the resolution and overpass time of GOME-2 is different from TROPOMI.
FRESCO+ has been compared to other cloud data sets by Compernolle et al. (2021), who
reported on tendencies in FRESCO+ to overestimate cloud pressures.

To address the high-bias in TROPOMI FRESCO+ cloud pressures, a new version of
the FRESCO+ algorithm was introduced and implemented in the operational NO, re-
trieval with the introduction of TROPOMI v1.4 in December 2020. This version, called
FRESCO+wide, uses a wider spectral window for the cloud retrieval (765-770 nm, see
Table 3.1), which includes the flank of the absorption band, where oxygen absorption
is weaker than in the center of the Os-A band (761 and 765 nm). Adding weaker O,
absorption features improves the sensitivity to clouds low in the atmosphere. This is not
possible from the strong O, absorption at 761 nm, which is so close to saturation that
it becomes difficult to use its absorption depth in order to distinguish between bright
reflecting layers at the Earth’s surface and reflecting surfaces in the lower atmosphere.
Prior to the implementation of FRESCO+wide in the operational TROPOMI NO, re-
trieval in December 2020, KNMI produced 4 periods with TROPOMI NO, test data
based on FRESCO+wide, the so-called diagnostic data set 2B (DDS-2B). DDS-2B con-
tains data from four v1.2/v1.3 periods during 2018-2019 additionally processed with v2.1
of the TROPOMI algorithm. The most significant difference between the two is that v2.1
(and v1.4) uses cloud fractions and AMFs determined from the FRESCO+wide cloud
pressure instead of the FRESCO+ cloud pressures used in v1.2/v1.3 data.

Additionally, we use co-sampled cloud information from the Ozone Monitoring Instru-
ment (OMI) on board of EOS-Aura. The OMI OMCLDO2-retrieval uses the relative
depth of the O,-O4 absorption feature at 477 nm to retrieve cloud pressures (Acarreta
et al., 2004; Veefkind et al., 2016). The general approach of using Lambertian reflectors is
similar to the FRESCO+ algorithm, but an important difference is that the OMCLDO2-
algorithm needs to account for Raman scattering and O3 absorption, and that the absorp-
tion strength of the O5-O, features is proportional to the square of the O concentration,
making it more sensitive to low clouds compared to FRESCO+-.

We also use cloud information from VIIRS (Visible Infrared Imager Radiometer Suite)
on board of the SUOMI National Polar-orbiting Partnership (SNPP) as a completely in-
dependent means of verification. SNPP orbits the Earth in a sun-synchronous, ascending
node with full daily global coverage and observes the same scenes as TROPOMI within
three minutes. We use NASA’s CLDPROP L2 VIIRS-SNPP cloud product (Platnick

'In addition to improved cloud parameters, TROPOMI v2.1 data has improved further through a
better calibration of level-1 spectra, especially in the treatment of outliers and saturation (Ludewig
et al., 2020), and through improvements in the NOs algorithm itself (Van Geffen et al., 2021). Version
v2.1 is only used for production of the DDS-2B test data, not for publicly released data. Version v2.2,
available publicly as of July 2021, is essentially the same as v2.1.
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et al., 2017) with a resolution of 750 m at nadir, which provides a cloud mask, cloud (top)
pressure, cloud optical thickness (COT) and cloud water phase for each pixel retrieved.
The VIIRS retrieval derives a cloud top temperature using an optimal estimation approach
in the thermal infrared spectral bands M14-M16 (8.5-12.3 pm). In a subsequent step,
these cloud top temperatures are converted to cloud pressures using Numerical Weather
Prediction temperature profiles (Heidinger and Li, 2017). In addition to the cloud top
pressure, we use the VIIRS cloud optical thickness (COT) to generate (effective) cloud
fractions that can be compared directly to the TROPOMI cloud fractions. First, we de-
rive a geometrical cloud fraction by calculating the share of cloudy VIIRS pixels per grid
cell. Then, we translate this geometrical cloud fraction f. 4, into a effective cloud fraction

feers using:

fc,eff = fc,geo*ac/O-S (1)

with a. the cloud albedo. The cloud albedo is calculated from the VIIRS COT and a
previously established empirical relationship between cloud optical thickness and cloud
albedo for liquid water clouds (Buriez, 2005; Boersma et al., 2016).

To evaluate the improvements in the FRESCO+wide retrieval, we compare daily gridded,
co-sampled cloud data from (partly) cloudy pixels seen by TROPOMI (FRESCO+ and
FRESCO+wide), OMI and VIIRS over parts of the Mediterranean Sea (37.0°N-41.25°N,
2.0°W-8.0°W), the Bay of Biscay (43.5°N-47.5°N,10.0°E-3.0°E) and Northwestern Europe
(50.0°N-53.0°N, 4.0°W-9.0°W). These regions represent different surface types (land and
ocean), climatological conditions and pollution levels. We define partly cloudy pixels as
all pixels with an effective cloud fraction f. > 0.05. For TROPOMI we additionally apply
sufficient quality of retrieval (ga > 0.5) and a pressure difference between surface pressure
and cloud pressure of at least 7 hPa. The last filter is applied to filter out 'ghost’ clouds
coming from sun glint viewing geometries (see Sec. 3.2.3 below). For OMI, we use the
OMCLDO2 cloud properties and take only pixels with solar and viewing zenith angle
smaller than 80° into account. As Eq. 1 is valid for liquid water clouds only, we select
liquid water clouds, and reject ice clouds, as indicated by the VIIRS cloud water phase.
Around 25-30% of VIIRS pixels are missed due to this filter.

3.2.3 Sun glint in the TROPOMI NO, retrieval

The term sun glint refers to particular satellite viewing geometries, under which the
ocean acts as a mirror by reflecting sun light directly to the satellite instrument. In

2The cloud albedo a,. for liquid water clouds can be expressed as a 6th order polynomial of the VIIRS
cloud optical thickness (7) as a. = b+ by *7+ba * T2 4 by 73 4+ byx 744 b % 7° +bg x 70 with the coefficients
bo = 0.0153, b; = 0.0967, b, = —0.00605, b3 = 0.000212, by = —0.00000405, b5 = 0.0000000392, and
bg = —0.000000000150.



3.2 Methods and Materials 35

the TROPOMI data product pixels that are potentially in sun glint mode are identified
based on the combination of their solar and viewing zenith and azimuth angles. The sun
glint condition is fulfilled when the scattering angle © is smaller than a threshold angle
Omax:

© = arccos [cos 6 cos By — sin 0 sin Oy cos (¢ — @)] < Omax (2)

with # and 6y the solar and viewing zenith angles and ¢ and ¢ the solar and viewing
azimuth angles, respectively (see Supplementary Figure S1). For the TROPOMI data
products the maximum threshold angle has been set at 30°. Smaller angles are used before,
e.g. for SCTAMACHY and GOME-2 (Loots et al., 2017). The TROPOMI algorithm treats
the enhanced albedo as a partially cloudy scene with the cloud pressure located at or close
to the sea surface.

3.2.4 Relationship between NO, emissions and columns

When studying NOy columns to investigate emission trends, the non-linearity of NO,
chemistry needs to be taken into account. For example, the lifetime of NO, depends on the
background O3 level, the available sun light and NO, concentrations themselves (Jacob,
1999). We use a (modeled) 8 factor to express the sensitivity of relative NOs column
changes to changes in the relative emission strength following the approach in Vinken
et al. (2014a) with )

AE/E

AN/N (3)

where AE/E represents the imposed relative change in NO,, emission flux and AN/N the

b=

relative change in subsequently simulated tropospheric NOy columns. Here we use beta
values from (Vinken et al., 2014b) modeled with GEOS-Chem at 0.5°-0.67°and accounting
for plume-in-grid chemistry. These beta values have a similar spatial resolution as the
spatially averaged TROPOMI NO, signals from ships (see Fig. 3.9). As we are interested
in European Seas only, we average 3 in the area 35°N-40°N and 5°E-10°W for Gibraltar
and 30°N-37°N and 15°W-35°W for the Eastern Mediterranean. We use the resulting
value to estimate relative changes in NO,, emissions (Fag0 — Fa019)/Ea019 as

E2020 - E2019 o 6 Nobs,2020 - Nobs,2019 (4)

E2019 Nobs,2019

where (Nops 2020 — Nobs,2019) /Nobs 2019 18 the observed relative change in NOy columns.

3.2.5 AIS data and ship specific data

To relate the TROPOMI NOy columns to shipping activity, we use data from the Auto-
matic Identification System (AIS) for shipping. Since 2005, the International Maritime
Organization (IMO) requires all ships with a gross tonnage over 300 and all passenger
ships to carry an AIS transponder. These transponders broadcast static (e.g. identity,
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size) and dynamic (e.g. position, speed, course) information of the ship, which can be re-
ceived by other ships, shore stations, and satellites (International Maritime Organization,
2014). Here we use historical AIS data available to the Dutch Human Environment and
Transport Inspectorate (ILT) to assess changes in shipping activity over densely travelled
European shipping lanes in 2019 and 2020. We use AIS data of ships in a part of the ship-
ping lane in the Eastern Mediterranean (31.91°N-34.53°N and 25.91°E-27.67°E) and close
to the Strait of Gibraltar ( 35.0°N-37.0°N and 4.0°W-2.5°W). Furthermore, we use infor-
mation on ship dimensions from the official ship registrations (gisis.imo.org) to calculate
a ship emission proxy E from ship length L and ship speed v as E o< L? - v? as used e.g.
in Georgoulias et al. (2020). For the areas and times under study, ship specific data was
available only for 50% (Gibraltar) and 70% (Eastern Mediterranean) of the ships.

3.3 Results

We start with demonstrating TROPOMTI’s capabilities to detect shipping NOy applying
established data selection criteria. Next, we show steps to optimize monitoring of ship
emissions making use of sun glint (Sec. 3.3.2) and recent improvements in the cloud
retrieval (Sec. 3.3.3) and compare the improved TROPOMI data to OMI data in Sec. 3.3.4.
We end with an application of our findings to quantify NO, emissions reductions from
shipping due to COVID in 2020 in Sec. 3.3.5.

3.3.1 Detection of NO, pollution over European shipping lanes

OMI tropospheric NO, CAMS/STEAM NOy emissions

05 10 15 20 25 30 35 40 45 05 10 15 20 25 30 35 40 45 00 02 04 06 08 10 12 14 16
(a) NO; [10*® molec cm~2] (b) NO; [10*® molec cm~2] () NO, emissions as NO [107*° kg m~2s71 ]

Figure 3.1: Summertime (May-September) mean tropospheric NOg columns from
TROPOMI (a) and OMI (b) over European seas in 2019. The right panel shows the summer-
time mean NO, emissions from the CAMS/STEAM emission inventory (Granier et al., 2019;
Johansson et al., 2017). The gray and pink rectangles in the center panel indicate areas used
in Sec. 3.3.2 and Sec. 3.3.4, respectively.

TROPOMI detects unprecedented spatial detail in shipping NOy over busy shipping
routes. Fig. 3.1 shows the summertime mean (May-September 2019) NO, columns
from TROPOMI and OMI averaged to a common 0.0625°x0.0625°grid as well as
CAMS/STEAM NO, emissions (Granier et al., 2019; Johansson et al., 2017) for the
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Figure 3.2: 2019 summertime mean (May-September) tropospheric NOy columns from
TROPOMI (a & c¢) and summertime mean NO, emissions from the CAMS/STEAM emis-
sion inventory (b & d, Granier et al., 2019; Johansson et al., 2017) of shipping lanes around
Denmark (a & b) and Eastern Aegeean Sea (¢ & d) for the first time detected with satellites.

same period. We find a clear signal of shipping NO, in the TROPOMI data west of
Portugal and from the Strait of Gibraltar to the East. There are further indications of
enhanced NO, related to shipping in the Bay of Biscay from the tip of Brittany towards
the North-West of Spain, and in the Eastern Mediterranean from South of Sicily towards
the Suez Canal. Previous studies reported NOy enhancements over these shipping lanes
with other satellites (e.g. by OMI (Vinken et al., 2014b)). Additionally, we see a clear
NO; enhancement in the Aegean Sea between Istanbul and the Greek Islands as well as
around Denmark as shown in Fig. 3.2, which to our knowledge have not been observed
by satellite instruments previously. Furthermore, (clear) hints of shipping activity can be
seen in the Baltic Sea, the Eastern Aegean Sea, the Adrian Sea, north-east of Corsica,
the British Channel, and several forks in the Eastern Mediterranean and south east of
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Sicily, which are all present as shipping lanes in CAMS/STEAM emissions. Correspond-
ing zoomed in maps of TROPOMI tropospheric NOs and CAMS/STEAM emissions are
shown in the Appendix 3.A.1. For the analysis, we selected mostly clear-sky pixels with a
quality assurance value (qa) of 0.75 or higher as recommended in the TROPOMI (Eskes
et al., 2019) and (equivalent settings) OMI user manuals (Boersma et al., 2017). These
enhancements are not an artefact in the retrieval coming from the AMF calculation (see
Section 3.2.1) as they are visible in tropospheric vertical column densities Niyop geo Using
a geometric AMF (see Appendix 3.A.2) shown in Fig. 3.A.2.

TROPOMI and OMI show a comparable high spatial correlation to CAMS/STEAM emis-
sion data of R = 0.93 and R = 0.91, respectively. For the calculation, we brought OMI
and TROPOMI tropospheric data to the CAMS resolution (0.1°x0.1°) and selected only
grid cells over the Mediterranean Sea. This was done to ensure comparable meteorolog-
ical and chemical conditions. Next, we binned the data by emission strength in bins of
0.05-1071% kg m~2 s7!. A reduced major axis regression of all bins with more than 10
entries lead to the correlation coefficients given above. Corresponding scatter plots can be
found in Fig. 3.A.3. The y-axis intercept of 1.07 (1.05) -10'® molec-cm™2 for TROPOMI
(OMI) represents the mean background NO, column over the summertime Mediterranean.
Other emission bin sizes lead to slightly different but comparable regression results.
Besides the higher resolution of the TROPOMI instrument, TROPOMI N, 4., thus have
a comparable spatial correlation with emission inventories when compared to OMI’s. The
distinct shipping lanes visible in Fig. 3.1 and 3.A.2 visualize TROPOMI’s unprecedented
capabilities to detect shipping NOs.

3.3.2 Sun glint

For situations of sun glint (see Sec. 3.2.3) the usually dark ocean appears bright in the
TROPOMI data, leading to a strong increase in the effective scene albedo with decreas-
ing scattering angle as shown in Fig. 3.3(a). Figure 3.3(b) shows that the increase in
scene albedo leads to substantially higher vertical sensitivities, as diagnosed by the aver-
aging kernels (AK) in the operational TROPOMI NO; product. The sensitivity increased
most in the lowest vertical layer, where the kernel values are on average ~60% higher
for sun glint compared to non sun glint circumstances (0.44 vs 0.28). Increased albedo
generally enhances a satellite sensor’s sensitivity to NOy concentrations in the lower at-
mosphere (e.g. Eskes and Boersma (2003)), and sun glint scenes have been tentatively
used previously to attribute shipping plumes to individual ships in the Mediterranean
Sea (Georgoulias et al., 2020).

The scene albedo and vertical sensitivity can be further increased by focusing on scenes
with low-moderate wind speeds (= 2 m/s) as wind-induced waves are expected to change
the reflectivity. Fig. 3.4(a) shows the relationship between effective scene albedo and
wind speed for scenes with small scattering angles © < 15°. For very low wind speeds the
mean scene albedo is almost as small as for non sun glint scenes and smaller than for all
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Figure 3.3: (a) Change of effective scene albedo with scattering angle over the Central
Mediterranean north of Libya in June-July-August 2018 (see gray rectangle in Fig. 3.1(c),
~200,000 data points in total). The error bars indicate the standard deviation of each bin.
(b) Mean averaging kernel (profiles) for different scattering angles, sampled as for (a). Only
pixels with cloud radiance fractions < 0.25 or pgy,f — Peioud < 300 Pa were selected. The black
line in (b) indicates the average tropopause altitude.

other wind speeds. For wind speeds between 1.5 and 2.0 m/s we find an effective scene
albedo of almost 0.25, which is approximately double compared to the average for these
scattering angles and more than 5 times as high as for non sun glint scenes. For higher
wind speeds the scene albedo decreases to around 0.10. In Fig. 3.4(b) the effect on the
averaging kernel profile is shown. As expected low wind speeds lead to the smallest AK in
the lower atmosphere, whereas wind speeds between 1.5 and 2.0 m/s show the largest AKs
close to the sea surface. This relationship can be understood in terms of wind-induced
sea surface roughness (Cox and Munk, 1956). Both very low and strong winds limit the
probability that a scattering angle © < ©,,,, leads to sun glint effects at the sensor: For
very low wind speeds, the sea surface is effectively flat, leading to sun glint only for very
small scattering angles © < 0,,,,, whereas for strong winds the sea surface is so rough
that the sun light is reflected in all directions, making the reflections towards the satellite
instrument unlikely.

Additionally, we find that sun glint scenes can be used with confidence for detecting
ship pollution signals from UV/Vis spectrometers such as TROPOMI and the usage
of sun glint data should be encouraged. The (normalized) tropospheric slant columns
(Ntrop.geo = Nstrop/Mgeo, see Appendix B) observed under sun glint conditions are 20-
25% higher than under non sun glint conditions as shown in Fig. 3.5(a). Vertical profiles
of NOs over oceans typically feature enhancements from ships within the marine boundary
layer, and small background levels above (e.g. Chen et al. (2005); Boersma et al. (2008),
see Fig. 3.1). Therefore, it is no surprise that the AK increases in the lower atmosphere
lead to small but detectable increases in (tropospheric) slant columns over the study re-
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Figure 3.4: (a) Change of effective scene albedo with wind speed over the Central Mediter-
ranean north of Libya in June-July-August 2018 (see gray rectangle in Fig. 3.1(c)) for scenes
with scattering angles smaller than 15°(~22,000 data points in total). The error bars in-
dicate the standard deviation of each bin. (b) Mean averaging kernel (profiles) for differ-
ent wind speeds, sampled as for (a). Only pixels with cloud radiance fractions < 0.25 or
Psurf — Peloud < 300 Pa were selected. The horizontal black line in (b) indicates the average
tropopause altitude.

Table 3.2: Summary of mean effective scene albedo, normalized tropospheric slant column
and Ny trop for non sun glint, sun glint (© < 30°) and super sun glint (© < 20°) over the Central
Mediterranean north of Libya in June-July-August 2018 (see gray rectangle in Fig. 3.1(c)).

non sun glint sun glint super sun glint
Effective scene albedo 0.03 + 0.02 0.08 = 0.05 0.11 + 0.05
Niropgeo (molec-em™2)  (0.65 £ 0.28)-10%  (0.80 + 0.30)-10"  (0.83 + 0.30)-10'°
Ny trop (molec-cm™2) (1.06 + 0.42)-10" (1.05 + 0.40)-10® (1.06 + 0.38)-10'°

gion covering a frequently travelled shipping lane.

The enhanced slant columns are correctly accounted for by increased AKs leading to re-
liable retrievals under sun glint. Fig. 3.5(b) compares the tropospheric vertical columns
reported in the official TROPOMI NO, product sampled under sun glint compared to
non sun glint conditions. The differences between the distributions are only small. Mean
values for scene albedo, (normalized) tropospheric slant columns and tropospheric vertical
columns reported in the official TROPOMI NO, product for different scattering angles
are summarized in Table 3.2.

3.3.3 Cloud properties

Here we evaluate TROPOMI’s capability to retrieve realistic cloud parameters retrieved
from the 405-465 nm continuum reflectances and effective cloud pressures from the Os-A
band (Table 3.1), addressing recent improvements in the FRESCO+ algorithm to avoid
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Figure 3.5: (a) Probability distribution of tropospheric NOg columns (N trop/Mgeo) Over
the Central Mediterranean north of Libya in June-July-August 2018 (see grey rectangle in
Fig. 3.1(c)) taken under non sun glint, sun glint (© < 30°) and super sun glint (0 < 20°). (b)
Probability distribution of tropospheric NOg columns in the official TROPOMI NOy product
(N trop/Mirep) for the same data selection.

overestimated cloud pressures (Compernolle et al., 2021). These improvements in cloud
retrievals lead to an inconsistency in the tropospheric NOy column record.

3.3.3.1 Cloud fractions

We find that improved TROPOMI cloud fractions are of sufficient quality to support
the TROPOMI NO, AMF calculation. They show good correlation to independent data
such as from OMI and VIIRS. TROPOMI v1.2 and v2.1 cloud fractions are very similar
with the new v2.1 cloud fractions being slightly smaller. More details can be found in
Appendix 3.A 4.

3.3.3.2 Cloud pressure

FRESCO+wide cloud pressures are a clear improvement over the FRESCO+ data used
in v1.2/1.3. Figure 3.6 shows a comparison of gridded, co-sampled cloud pressure dis-
tributions from TROPOMI v1.2 (FRESCO+), TROPOMI v2.1 (FRESCO+wide), OMI
QA4ECV and VIIRS over the Bay of Biscay between 1 and 7 July 2018. As expected,
the improved TROPOMI v2.1 cloud pressures are ~ 40 hPa lower than for v1.2, in line
with their enhanced sensitivity, and show more realistic, elevated clouds. It is apparent
that OMI cloud pressures are generally lower and show a flatter distribution than the
other products. TROPOMI v2.1 and v1.2 show similar distributions as VIIRS, with v1.2
pressures higher by 50 hPa in the median, and v2.1 moving closer to VIIRS with a dif-
ference of 2 hPa relative to VIIRS. We find similar agreement between TROPOMI and
independent data over the Mediterrenean Sea and northwestern Europe as shown in Ta-
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Figure 3.6: Probability distribution function of effective cloud pressures from TROPOMI
v1.2, TROPOMI v2.1, OMI, and VIIRS for 1-6 July 2018 over the Bay of Biscay. Only cloud
pressures for cloud fractions between 0.05 and 0.20 were selected, as these are most relevant
for AMF calculations for mostly clear-sky pixels.

Table 3.3: Evaluation of TROPOMI v2.1 cloud pressures against reference data for the Bay
of Biscay.

Median cloud 10th/90th ~ Geometric
pressure [hPa] percentile [hPa] mean [hPa]
TROPOMI v1.2 979 753/1017 925
TROPOMI v2.1 930 717/988 884
OMI QA4ECV 769 426/934 720
VIIRS 928 794/973 901

ble 3.3. FRESCO+wide cloud pressures agree best but remain higher than VIIRS in the
median (both FRESCO cloud pressure distributions show a larger tail towards low pres-
sures compared to VIIRS, possibly caused by filtering for liquid water clouds in VIIRS)
. This is in line with expectations as VIIRS’s infrared cloud retrieval is mostly sensitive
to the cloud top (Platnick et al., 2017), whereas FRESCO’s Os-A band retrieval is more
sensitive to the center of a cloud (e.g. Sneep et al. (2008)). Around 25-30% of VIIRS
cloud retrievals in the areas studied here are ice water clouds and therefore not included
in the analysis. As these clouds appear at higher altitudes, improved cloud pressures have
only little influence on the NOy columns (see Sec. 3.3.3.3).

3.3.3.3 Effect of improved cloud pressure on TROPOMI NO, columns

The improved cloud pressures lead to increases of NOy columns of up to 40% depending
on area and season. The left panel of Fig. 3.7 shows the change in tropospheric NO,
columns as a function of cloud pressure over the Bay of Biscay and northwestern Europe
in Summer. We see that NOy columns increase most for locations that had the highest
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Figure 3.7: Difference between tropospheric NOs columns retrieved with TROPOMI v1.2
and v2.1 as a function of the v1.2 cloud pressure for 27 June — 6 July 2018 over the mildly
polluted Bay of Biscay in summer (a) and winter (b) as well as and the highly polluted
Northwest Europe (¢ & d). Colors indicate the difference in cloud pressures between the two

versions. The marker size is proportional to the logarithm of the sample size and the black
line shows the effective average.

original v1.2 cloud pressures, and that the improvements are strongest when cloud
pressures are reduced most (light blue dots). The increase over the Bay of Biscay is
smaller (up to 0.1 - 10'® molec-cm™2) than over northwestern Europe (up to 1.0 - 10'°
molec-cm™?), reflecting the higher pollution levels over the mainland. We see similar
patterns with stronger improvements in Winter, as shown in the right panel of Fig. 3.7.
The increased v2.1 NOy columns indicate that the v1.2 TROPOMI NO, product suffers
from a ‘cloud shielding’ effect: NOs columns are underestimated due to too low clouds
situated within the polluted boundary layer and that improved v2.1 cloud pressures (at
least partly) resolve the low bias in v1.2 NOy columns. For this analysis, we compared the
TROPOMI v2.1 columns retrieved with improved cloud information, to the TROPOMI
v1.2 NOy columns. We used 10 days in 4 different seasons (27 June — 6 July 2018, 28
December 2018 — 5 January 2019, 25 March — 5 April 2019, and 13 - 23 September 2019)
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for which both v2.1 test data and v1.2 operational data were available to us as part of
the DDS-2B. Our comparison focused on mostly clear-sky situations (f. < 0.2), which
are most relevant for detection of near-surface pollution sources.

TROPOMI corrected tropospheric NO,, summer TROPOMI tropospheric NO, correction, summer

0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 -0.4 -0.2 0.0 0.2 0.4
NO2, corr [101> molec cm™2] ANO; [10%> molec cm™2]

TROPOMI tropospheric NO, correction, winter

0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 -0.4 -0.2 0.0 0.2 0.4
NO2, corr [10Y> molec cm™2] ANO; [10%> molec cm~2]

(c) (d)

Figure 3.8: Effect of DNN correction: (a) Corrected TROPOMI data for summer (May-
September) 2019, (b) change in NOg columns by the correction for the same period (v2.1p-
v1.3), (¢) Corrected TROPOMI data for winter (November-April) 2019/2020, (d) change in
NO3 columns by the correction for the same period (v2.1p-v1.3). Land areas are whitened

out for clarity.

We trained a Deep Neural Network (DNN) to to predict v2.1 columns for the full
TROPOMI mission period up to December 2020 and thereby created a consistent data
set. The DNN-predicted v2.1 (hereafter v2.1p) reduces the mean difference to the
retrieved v2.1 NOy columns to < 0.01 - 10 molec-em™2 (original v2.1 — v1.2 mean
difference was 0.12 - 10'® molec-cm™2) over the 3 areas (see Sec. 3.2.2) of study during
the 4 periods, suggesting considerable skill in the DNN approach. Details can be found
in Appendix 3.A.6.

Figure 3.8 shows the averaged NOy columns from v2.1p over the Summer of 2019 and
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Winter of 2019/20. The difference map in the right panel indicates that predicted v2.1
NO, columns are higher by up to 0.5 - 10'% molec-cm ™2, especially over the most polluted
seas such as the English Channel and shipping lanes. We find a stronger impact of the
improved cloud pressures in the winter season, reflecting that NO, pollution is confined
in a thinner marine boundary layer in that season.

3.3.4 Comparison of TROPOMI and OMI NO; columns in shipping
lanes

Mediterranean Strait of Gibraltar Bay of Biscay
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Figure 3.9: Mean enhancement cross sections in June-August 2019. TROPOMI v1.2/v1.3
in black, the improved TROPOMI v2.1p in green and OMI in grey. Shaded areas indicate the
95% confidence interval.

TROPOMI detects a more pronounced and narrower region of ship NOs pollution than
OMI. On average, TROPOMI v2.1p detects 45% higher peak NO, values than OMI.
TROPOMI data allow the attribution of 14% more NO, to shipping lane enhancements,
over 23% narrower shipping lanes. To quantitatively compare TROPOMI’s capability to
detect NOy over shipping lanes under different measurements conditions and compare it
to OMI’s, we created average NOy cross sections over busy shipping lanes. We studied
NO, enhancements in summer 2019 (June-August) over shipping lanes in the Bay of
Biscay, from Sicily to the Suez Canal, and East of Gibraltar, the regions visually defined
in Fig. 3.1(c). First, we defined the location of the shipping lanes according to the
emission data shown in Fig. 3.1(c). Then, we calculated the average NOy columns along
the shipping lane and parallel to it, taking care to exclude NOs columns measured over
land. In that way we created an average cross section of NOy over shipping lanes. In the
last step, we performed a background correction by subtracting a linear NOy background
to isolate the NO, enhancements caused by shipping. The orbital data was gridded
to regular grids of 0.0625°x0.0625°and 0.125°x0.125°resolution for TROPOMI and OMI,
respectively. For TROPOMI only pixels with ga > 0.75 were taken into account. For OMI,
a consistent filtering was applied, including maximal solar and viewing zenith angles of
80°and maximal cloud radiance fractions of 0.5. The resulting cross sections are shown
in Fig. 3.9. Table 3.4 summarizes the peak value, the area under the curve (i.e. the total
NO, attributed to shipping) and the full width at half maximum (FWHM) for the three
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Table 3.4: Statistics for the NOs enhancement cross section over the Mediterranean shipping

lane.

. max [101° area under curve FWHM
Shipping lane Product molec[: Jem?]  [10Ykm-molec/cm?]  [km]
Bay of Biscay TROPOMI v1.2/v1.3 0.189 11.34 54.6

TROPOMI v2.1p 0.195 11.72 54.6
OMI 0.113 7.75 59.2
Strait of Gibraltar TROPOMI v1.2/v1.3 0.534 24.47 41.3
TROPOMI v2.1p 0.562 26.18 41.7
OMI 0.418 28.83 63.8
Mediterranean TROPOMI v1.2/v1.3 0.148 8.80 52.3
TROPOMI v2.1p 0.153 9.19 52.6
OMI 0.113 8.56 70.2

shipping lanes. It should be noted that the grid used for OMI is 2x coarser than the one
used for TROPOMI. Gridding TROPOMI to the coarser grid used for OMI only changes
the results slightly, indicating that the improved spatial resolution of TROPOMI indeed
improves the detection of NOy from narrow ship lanes and is in line with the finding of
new shipping lanes shown in Fig. 3.2.

As already seen in Fig. 3.8, the v2.1p data set shows slightly higher NO, compared to the
TROPOMI v1.2/v1.3 data, especially in the center of the lane while background NO, is
less affected by the correction. The impact of the DNN is larger in winter than in summer
as discussed before.

For the Bay of Biscay it is also apparent that the NO, peak is shifted to the East for all
data sets. As the location is defined by an emission inventory based on AIS data (and
therefore real ship location), this is likely an effect of dominant westerly winds.

We conclude that TROPOMI provides a significant improvement for the detection of
shipping NOy with sharper and more pronounced shipping lanes in seasonal averages.
The improved v2.1p TROPOMI data increase the signal further.

3.3.5 Reductions of ship NO, emissions during the COVID-19 pandemic

Emissions proxies derived from AIS data and from TROPOMI NO, suggest emission re-
ductions from shipping in 2020 compared to 2019 as depicted in Fig. 3.10 (c & f). While
in the first three months of 2020 the ship emissions were generally higher compared to
2019, both emission proxies show reductions starting in April and lasting until the end of
the year. This reduction can be linked to the COVID-19 pandemic, which led to economic
lockdowns in many countries of the world. Europe had its most stringent measures in
Spring and Autumn 2020.

We created daily 0.0625-0.0625°maps of TROPOMI data, using v2.1p NOy columns as
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Figure 3.10: (a) Relative change in monthly mean of daily number of ships passing the Strait
of Gibraltar between 2019 and 2020 inferred from AIS data. (b) Same but with average ship
speed. (c) Relative change in emission proxy (v®-L?). (d) Relative change in TROPOMI ship-
ping NOs. (e) Monthly S values from Vinken et al. (2014b) with month-to-month variability
imposed by monthly values from Verstraeten et al. (2015). Uncertainty intervals represent
the temporal and spatial variability of 8 (see discussion in the text). (f) Relative change
in top-down emissions from shipping. Error bars represent the propagated uncertainties in
TROPOMI shipping NOs, beta and differences in meteorological conditions between 2019 and
2020 (see discussion in the text).

described in Section 3.3.3.3 with qa > 0.75. We calculate the area under the cross section
as a measure for shipping NO, for monthly mean NO, columns for the shipping lanes of
Gibraltar and Mediterranean defined in Fig. 3.1(c). Monthly TROPOMI shipping NO,
for 2019 and 2020 can be seen in Supplementary Figure S2(c). Figure 3.10(d) shows the
relative change in shipping NOs from 2019 to 2020 in the Strait of Gibraltar. Using [
values and the approach described Section 3.2.4 and shown in Fig. 3.10(e), we arrive at
the TROPOMI based relative change in emission changes shown in Fig. 3.10(f).

The uncertainty in our top-down NO, emission changes follows from : (i) The sensitiv-
ity of TROPOMI shipping NOy to the area of study (04.a = 5%), (ii) the inter-year
differences on monthly averaged NO, columns over the areas of study caused by meteo-
rology and (iii) the combined spatial and temporal spread of S caused by differences in
the chemical regime caused e.g. by differences in atmospheric composition and radiation
(05 = 0.15). Fig. 3.10(d) and Fig. 3.A.5(d) show 0g4eq, in panels (e) uncertainties (ii)
and (iii) are used while for panels (e) a full error propagation of all uncertainties listed
above was performed. A full discussion on the uncertainty estimates can be found in
Supplement 4.
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Additionally, we used AIS data to calculate an AIS based emission proxy as described in
Sec. 3.2.5. We filtered for days with TROPOMI coverage of at least 50% of each study
area. AIS data indicates that the number of ships passing per month through the Strait
of Gibraltar has reduced from March 2020 onwards relative to 2019 (Fig. 3.10(a) and Sup-
plementary Figure S2(a)). The average speed of the ships passing through the shipping
lanes is lower between May-September 2020 compared to the same period in 2019 as well
(Fig. 3.10(b) and Supplementary Figure S2(b)). This is in agreement with a study by
(Millefiori et al., 2021) who found an increase in container ship speed in May and June
in 2019 which is absent in 2020 leading to a relative decrease. Finally, Fig. 3.10(c) shows
the relative change in AIS deduced emission proxy from 2019 to 2020. Similar results for
the shipping lane in the Mediterranean can be found in Fig. 3.A.5 and Supplementary
Fig. S3.

Several studies report changes in ship activity in 2020 using AIS data. Additional to the
5% decrease in ship speed in the Mediterranean between March and April 2020 compared
to 2019 mentioned above, Millefiori et al. (2021) reported global mobility of container
ships to have decreased by 10% between March and June 2020 compared to the previous
year. March et al. (2020) find increases in traffic density for January and February 2020
with decreases in March-June, with Western Europe showing very strong reductions. Both
studies show strong variations by vessel category and geographical distribution. Doumbia
et al. (2021) find a global decrease of container ship port calls in 2020 of 7%, with a
monthly local reduction of 20% for Europe in June. The timing and magnitude of reduc-
tions reported in these studies agree with our findings: On average, AIS data indicates a
reduction of 9% (2%) in April-December for Gibraltar (Mediterranean). The TROPOMI
based emission estimates agrees in timing, but shows larger magnitude in reduction (20%
and 10%) in April-December for the shipping lanes in the Strait of Gibraltar and the
Eastern Mediterranean, respectively.

While the top-down emission reductions show a larger magnitude compared to the bottom-
up emissions, they largely agree within the margin of uncertainty on a month-to-month
basis. The difference in the mean reduction magnitude might be due to chemistry. The 3
values used here are calculated on a coarse grid (0.5°-0.67°). Additionally, we assume the
chemical conditions in 2019 and 2020 to be similar to 2006 for when the [ values were
calculated. Furthermore, lateral transport complicates the choice of NOy background as
a discrimination between land and ship emissions is not possible. The NO, background
in turn has a large influence on the top-down emission estimate. These factors are all
considered in our uncertainty estimates of the top-down emission changes. Other possi-
ble sources of uncertainty lie in the different temporal and spatial sampling of AIS and
TROPOMI data and the simplified emission proxy. However, this is not expected to lead
to a systematic bias.



3.4 Discussion and Conclusion 49

3.4 Discussion and Conclusion

We used tropospheric NO5 column observations from the TROPOMI sensor to optimally
monitor ship NOy pollution and study the changes in ship NO, emissions over European
seas in 2019-2020. Satellite observations of tropospheric NOy columns provide valuable
information on ship air pollution over open seas, which can be used to inform compli-
ance monitoring by flag states and national authorities. We evaluated the high-resolution
TROPOMI NO, retrievals for its potential to better detect ship NOy pollution. In Eu-
ropean waters alone, TROPOMI finds 6 new lanes with enhanced NOy ranging from the
Aegean Sea to the Skagerrak between Denmark and Norway, which are not detected by
OMI, and which have not previously been reported in the literature. These newly found
lanes of pollution coincide with busy sailing routes and bottom-up emission proxies.

To better understand the recent detection of an individual ship’s NO, plume under condi-
tions of sun glint, we examined how sun glint viewing geometries affect subsequent steps
in the TROPOMI retrieval procedure. We find that sun glint drives higher apparent scene
reflectivity, which enhances the signal strength from spectral fitting of NO5 columns along
the average light path by 20-30% over clear-sky shipping lanes. In such situations, the
vertical sensitivity to NOy within the marine boundary layer increases by up to 60%.
This effect is especially strong when sea surface wind speeds are low, but non-zero. When
winds are strong, the wash causes sunlight to be reflected in other directions than di-
rectly towards the satellite, leading to little gain in vertical sensitivity. We find that the
TROPOMI NO, algorithm accounts for these effects, so that data within and outside of
sun glint geometries can be used with confidence. Nevertheless, our work clearly indicates
that optimal spectral fitting can be accomplished for small scattering angles (<15°) and
sea surface wind speeds of 1.5-3 m/s. Although selecting a subset fulfilling these sam-
pling criteria reduces the amount of available data sharply, our findings indicate that sun
glint conditions are beneficial for quantifying previously undetectable small NO, emis-
sions sources over open sea, and holding promise for also detecting other trace gases with
UV /Vis satellite instruments over water, where surface reflectivity and vertical sensitivity
is generally small.

In November 2020, KNMI implemented an improved FRESCO+ cloud retrieval called
FRESCO-+wide in the operational TROPOMI NO, algorithm. We find here that this
new FRESCO+wide cloud retrieval provides some 50 hPa lower cloud pressures which
agree better with coinciding cloud top heights from the VIIRS sensor than the standard
FRESCO+. We show that the improved cloud pressures lead to a more realistic de-
scription of vertical sensitivities in the TROPOMI NO, algorithm, and at least partly
address the known low bias in the tropospheric NOs product prior to November 2020,
thus not only solving a known issue in the TROPOMI NO, retrieval but also increasing
signal strength. We then trained a neural network on a limited data set of simultaneously
available standard and improved cloud and NO, retrievals. Based on 4 different training
sets, the neural network learned the statistical relationship between standard FRESCO+
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cloud pressures and other parameters and the new tropospheric NOy columns. We used
the neural network to predict updated NOy columns for the entire 2019-2020 TROPOMI
NO; record. The neural network predicts a general increase in tropospheric NOy columns.
Increases are particularly strong (up to 4-10'5 molec-cm™2) in the most polluted regions of
Europe in wintertime. Our predicted (v2.1p) TROPOMI dataset enables the consistent
analysis of temporal changes in NO, during the COVID-year 2020 and is useful to other
data users until the TROPOMI NO, reprocessing scheduled for 2022 has been completed.
We compared changes in our v2.1p TROPOMI NOy columns between 2019 and 2020 to
changes in the number of ships, their speed and their size obtained from AIS data in the
main European traffic lanes. From April 2020 onwards, TROPOMI observes 25% less
NO; pollution than in the year before, in step with a 10% reduction in the number of
ships and a 5% speed reduction relative to 2019. Accounting for non-linearity in local
NO, chemistry, we infer an average 20% reduction in top-down NO, emissions in the
Strait of Gibraltar from ships during months in which COVID-measures were in force in
Europe, and global mobility decreased as a result of the pandemic. For future research,
a full chemical transport modelling of AIS-based emissions and strict co-sampling of AIS
and TROPOMI data can help understanding the observed differences in top-down and
bottom-up emission changes and reduce the error margins.

We showed that TROPOMI is a superior instrument to analyze relatively small enhance-
ments in NO, pollution over dark European seas. Its vertical sensitivity to ship pollution
is substantially enhanced for small scattering angles under cloud free conditions and low
wind speeds. Such sun glint scenes should allow improved detection of other pollutants,
such as formaldehyde and SOs, as well. KNMI’s operational TROPOMI NOy product
is subject to continuous improvement, which causes step changes in the publicly avail-
able data record until the official reprocessing has been finalized. Our improved (v2.1p)
TROPOMI dataset offers a consistent alternative that can be used over Europe in and
after 2019, and may be applied to other regions of the world where consistent NO, time
series are needed.
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3.A Appendix

3.A.1 Zoomed in NO; maps
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Figure 3.A.1: Summertime mean (May-September) tropospheric NOs columns from
TROPOMI (left panel) and summertime mean NO,, emissions from the CAMS/STEAM emis-
sion inventory (right, Granier et al. (2019); Johansson et al. (2017)).



52 Improved monitoring of shipping NO; with TROPOMI

3.A.2 NTROP,geo

We calculate a geometric tropospheric vertical column density Nyop geo usSing

Ntrop,geo = s,trop/Mgeo (5)

where Nj 0p is the tropospheric slant column density which can be calculated from the
TROPOMI files using

Ns,trop = IVstot — Ns,st'rat = Ns,tot - Nfu,strat * Mstnzt (6)

where M, N, and N, mean air mass factor, slant column density, and vertical column
density, respectively. The subscripts trop, tot, and strat indicate troposhperic, total, and
stratospheric columns, respectively. Mg, can be calculated using the solar zenith angle ¢
and the viewing zenith angle 6y as M., = 1/cos(0)+1/cos(fy). The resulting tropospheric
column is shown in Fig. 3.A.2.

0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8
NO2, geo [10% molec cm™2]

Figure 3.A.2: Mean of NOy columns calculated with geometrical AMF for summer 2019
(May-September), land areas have been whitened for clarity.
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3.A.3 Spatial correlation to emissions
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Figure 3.A.3: Scatter of binned summertime (May-September) 2019 tropospheric NOg
columns vs emissions from CAMS/STEAM for the same period at 0.1°x0.1°in the Mediter-
ranean. Error bars indicate the standard error of the bin. Left panel: TROPOMI, right panel:
OMI.
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3.A.4 Cloud fractions

The improved (v2.1) and old (v1.2) cloud fractions have strong correlation (R?=0.99),
but v2.1 cloud fractions are 5% lower on average, see Table 3.A.1. The spatio-temporal
correlation between TROPOMI v2.1 and the well-established OMI QA4ECYV cloud frac-
tion product is also very high (R?=0.78), with TROPOMI v2.1 cloud fractions 3% lower
than OMI on average. TROPOMI v2.1 shows high correlation (R?*=0.66) and somewhat
lower cloud fractions (-11%) compared to the co-sampled effective VIIRS cloud fractions.
TROPOMI cloud fractions are especially lower for partly cloud-covered scenes, possi-
bly resulting from biased surface albedo’s assumed in the TROPOMI retrieval (from the
GOME-2 climatology at 0.5° resolution, see Table 3.1). We find similar high correlation
and small differences between TROPOMI and independent data over the Mediterrenean
Sea and Northwestern Europe as shown in Table 3.A.1.

Table 3.A.1: Evaluation of TROPOMI v2.1 cloud fractions over European shipping lanes
(1-6 July 2018) against reference data.

Shipping lane Mean bias RMS R? Regression
Biscay TROPMI v2.1 vs. 1.2 -0.020 0.036 0.99 0.95x
TROPOMI v2.1 vs. OMI QA4ECV  0.002 0.124 0.78 0.0140.97-x
TROPOMI v2.1 vs. VIIRS -0.062 0.181 0.66 -0.01+0.89-x
Mediterranean ~ TROPMI v2.1 vs. 1.2 -0.009 0.017 0.99 0.96-x
TROPOMI v2.1 vs. OMI QA4ECV  0.00005 0.09 0.67 -0.01 4+ 1.05-x
TROPOMI v2.1 vs. VIIRS -0.050 0.147 0.60 0.024-0.65-x
NW Europe TROPMI v2.1 vs. 1.2 -0.015 0.046 0.95 0.94-x
TROPOMI v2.1 vs. OMI QA4ECV  -0.038 0.111 0.76 -0.014-0.91-x

TROPOMI v2.1 vs. VIIRS -0.026 0.156  0.64 0.044-0.74-x
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3.A.5 Cloud pressures

Table 3.A.2: Evaluation of TROPOMI v2.1 cloud pressures against reference data for Eu-

ropean shipping lanes.

Median cloud  10th/90th Geometric
pressure [hPa] percentile [hPa] mean [hPa]
Mediterranean TROPOMI v1.2 980 684/1010 920
TROPOMI v2.1 947 653/978 889
OMI QA4ECV 781 509/903 739
VIIRS 935 743/976 896
NW Europe TROPOMI v1.2 839 504 /969 785
TROPOMI v2.1 861 590/955 812
OMI QA4ECV 740 474/862 712
VIIRS 863 702/993 853
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Figure 3.A.4: (a) Scatterplot of TROPOMI v1.2 (uncorrected) vs. actually retrieved v2.1
TROPOMI NO2 columns observed over Europe in the 4 test periods. (b) Scatterplot of DNN-
predicted vs. actually retrieved v2.1 TROPOMI NOy columns observed over Europe in all
areas and periods under study.

An artificial Neural Network allows us to predict v2.1 columns for the full TROPOMI
mission period up to December 2020. We find the predicted v2.1 columns to be close
to actual retrieved v2.1 in a testing data set. Figure 3.A.4 illustrates the skill of the
DNN approach to reliably predict v2.1 data: as a reduced major axis regression shows,
the DNN-predicted v2.1 (hereafter v2.1p) NOg columns agree substantially better
with the retrieved v2.1 NOy values (Ny21true = 0.98 - Ny21prea + 0.03 - 10'5 molec
«em™2, R?=0.98, n=56219) compared to the originally retrieved v1.2 NO, columns
(Ny21 = 0.87 - Nypo + 0.09 - 10'® molec -em™2, R? = 0.91). The improvement from
TROPOMI v1.2 to v2.1 is driven by the improved cloud pressures and associated changes
in the tropospheric AMFs.

We trained the artificial Deep Neural Network (DNN) using the Python package
Keras (Chollet, 2015) with three hidden layers. We divided the combined v1.2 and v2.1
data sets in 3 random subsets for training (60%), validation (20%), and testing (20%).
The input parameters to predict TROPOMI (pseudo) v2.1 NOs columns are N, 1.2,
Mirops feis Do, all viewing geometry parameters, surface albedo, and the qa value (all from
v1.2). The DNN was then trained to minimize the mean absolute difference between the
predicted and actually retrieved v2.1 NO, columns from the training set. This means
our prediction does not use FRESCO+wide cloud pressures for dates outside the training
set period. Rather, the DNN has been trained to predict new NOy columns based on the
old FRESCO+ cloud pressures and other parameters. Our DNN application succeeds in
reducing the mean difference between the predicted and retrieved v2.1 NOy columns to
< 0.01-10" molec-cm™2 (original v2.1 — v1.2 mean difference was 0.12 - 10> molec-cm™2)
over the 3 areas of study during the 4 periods, suggesting considerable skill in the DNN
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approach. Our improved data set consists of the original L2 TROPOMI NETCDF files
with the predicted change in troposhperic NOs columns as additional variable.

To show that DNN is capable of capturing seasonal variations in NOy corrections and,
more broadly, that we can use a generic DNN to correct historic TROPOMI v1.2 data, we
train a DNN based on 3 seasons (Summer, Winter, and Spring) and tested its predicted
NO; columns against actually retrieved v2.1 data in Autumn. This analysis is done for
the 3 testing areas defined in 3.3.3. After application of DNN, the mean discrepancy
between predicted and retrieved v2.1 NOy columns reduces to < 0.01 - 10'® molec-cm ™2
(original mean discrepancy: 0.09 - 10'® molec-cm™2) and R? improved from 0.82 to 0.97.
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3.A.7 Ship NO, emission reductions during the COVID-19 pandemic
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(a) Relative change in monthly mean of daily number of ships passing the

Mediterranean shipping lane between 2019 and 2020. (b) Same but with average ship speed.
(c) Relative change in emission proxy (v3- L?). (d) Relative change in TROPOMI shipping

NOg, the error bars indicate the sensitivity to changes in the area of study.

(e) Monthly

B values as discussed in Sec. 3.2.4. Error bars represent uncertainty originating from the

temporal and spatial variability (see discussion in the text). (f) Relative change in top-down

emissions from shipping. Error bars represent the propagated uncertainties in TROPOMI

shipping NOy, beta and differences in meteorological conditions between 2019 and 2020 (see

discussion in the text).
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3.S Supplement

3.5.1 NECA and SECA guidelines

Inside the so-called Nitrogen Emission Control Areas (NECAs), the amount of maximum
allowed NO, emitted per engine kWh output is regulated by IMO guidelines. The limit
of allowed NO, emissions per ship is based on the building year of a ship (Table 5.S.2).
Globally, all new ships have to comply with IMO’s Tier II NO, standard. Since 1 January
2021 , the stricter Tier III standard applies to new ships operating within the European
NECA, which is expected to reduce per ship emissions by 75% relative to Tier II. The
new Tier III guidelines have been in place for American NECAs since 1 January 2016.
The Sulphur Emission Control Area (SECA) has been in place in Europe since May 2005.
The amount of sulphur allowed in the ship’s fuel is capped by MARPOL Annex VI at
4.5% globally, but with progressively tighter limits after that date. Within SECA zones,
the amount of fuel sulphur content has been tightened from 1.5% in 2005 to 0.1% after
2015. On January 1st 2020, the amount of sulphur allowed outside SECAs has been
sharply reduced (Table 3.S.2).

Furthermore, the number of SECA areas is being expanded. For example, late 2021 it
was decide to assign a Mediterranean SECA starting 1 January 2025.

Table 3.S.1: NECA guidelines according to MARPOL Annex VI. These guidelines apply to
newly built ships operating within an emission control area (ECA).

Total weighted cycle emission limit
NO-+NO; (g/kWh) for engine speed n
(revolutions per minute)

n =130 n=1000 n = 2000

Tier I 1 January 2000 17.0 11.3 9.8

Tier I 1 January 2011  14.4 9.0 7.7

Tier III 1 January 2021 3.4 2.3 2.0

Ships built after
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Table 3.S.2: SECA guidelines according to MARPOL Annex VI. These guidelines apply to
all ships.

Maximum fuel sulphur Maximum fuel sulphur
Date of enforcement content allowed outside content allowed inside

SECA (in %) SECA (in %)
May 2005 4.50 1.50
July 2010 4.50 1.00
January 2012 3.50 1.00
January 2015 3.50 0.10

January 2020 0.50 0.10
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3.S.2 Scattering Angle

The scattering angle © can be calculated as
© = arccos [cos 0 cos 0y — sin 0 sin Gy cos (¢ — )] (7)

where 6 and 6, are the solar and viewing zenith angles and ¢ and ¢q the solar and viewing
azimuth angles, respectively.

Figure 3.S.1: Sketch of satellite and solar geometry. The thick and thin yellow lines indicate
the incoming and directly reflected solar light, respectively. The blue arrow indicates the light
scattered in the direction of the satellite. The large blue arc is the Earth’s surface. In green
we show the difference of the viewing (satellite) and solar azimuth angle, orange and purple
show the viewing and solar zenith angles, respectively. The thick black arc is the scattering
angle, i.e the angle between the reflected sunlight and the viewing direction.
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Figure 3.S.2: Left: Monthly mean of daily number of ships passing the Strait of Gibraltar in
2019 (light blue) and 2020 (darker blue) as defined in Section 3.2.4 for the main text. Center:
Same but with average ship speed. Right: Monthly shipping NOy for 2019 (grey) and 2020
(black) from TROPOMI in arbitrary units for the area shown as purple rectangles in Fig. 1
(c) of the main text.
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Figure 3.S.3: Left: Monthly mean of daily number of ships passing the Mediterranean
shipping lane in 2019 (light blue) and 2020 (darker blue) as defined in Section 3.2.4 for the
main text. Center: Same but with average ship speed. Right: Monthly shipping NOs for
2019 (grey) and 2020 (black) from TROPOMI in arbitrary units for the area shown as purple
rectangles in Fig. 1 (c) of the main text.
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3.5.4 Top-down emission uncertainties

For Figures 10 and F1 (e-f) we considered the following sources of uncertainty: o4.eq = 5%,
Ometeo = 20% and o5 = 0.15.

To determine o,,.., We performed a sensitivity analysis, making the cross sections used
to calculate the TROPOMI shipping NOy 20% smaller. As the difference in the relative
changes between this and the default calculation was 5%, we use 04 = 5% as the
uncertainty of TROPOMI shipping NO,.

Ometeo 18 the Root Mean Square of the differences between Vertical Column Densities
with the same emission strength but different meteorology on a monthly average between
2019 and 2020. This is estimated to be 16% for Gibraltar and 11% for the Eastern
Mediterranean. For this we used monthly mean NOy columns in the CAMS European
Air Quality Forecasts ensemble mean (METEO FRANCE et al. (2020)) for 2019 and
2020 for the areas of study. This forecast represents a business-as-usual scenario where
the meteorological conditions are taken into account, but emissions are not corrected for
possible reductions due to COVID-19.

As we take 3 values for 2006 for changes between 2019 and 2020, we estimate a temporal
variability in 8 from the 2005-2006 difference found in Vinken et al. (2014b) and combine
this with the standard deviation of all 5 values from Verstraeten et al. (2015) in the area
of study as monthly o = 0.15.

Other sources of uncertainty are considered to be of minor importance. For example,
while single TROPOMI columns have large (random and systematic) uncertainties these
cancel out largely when taking the relative differences between 2 years. The large spatial
and temporal sampling smoothens the random error while the systematic errors cancel
out largely in the relative changes studied here.
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Abstract

The sensitivity of satellites to air pollution close to the sea surface is decreased by scat-
tering of light in the atmosphere and low sea surface albedo. To reliably retrieve tropo-
spheric nitrogen dioxide (NOg) columns using the TROPOspheric Monitoring Instrument
(TROPOMI), it is therefore necessary to have good a priori knowledge of the vertical
distribution of NO,. In this study, we use an aircraft of the Royal Belgian Institute of
Natural Sciences, equipped with a sniffer sensor system, measuring NO, (= NO + NO,),
COq and SO,. This instrumentation enables us to evaluate vertical profile shapes from
several chemical transport models and to validate TROPOMI tropospheric NOs columns
over the polluted North Sea in the summer of 2021. The aircraft sensor observes multiple
clear signatures of ship plumes from seconds after emission to multiple kilometers down-
wind. Besides that, our results show that the chemical transport model TM5-MP, which
is used in the retrieval of the operational TROPOMI NO, data, tends to underestimate
surface level pollution - especially under conditions without land outflow - while overes-
timating NO, at higher levels over the study region. The higher horizontal resolution in
the regional CAMS ensemble mean and the LOTOS-EUROS model improves the surface
level pollution estimates. However, the models still systematically overestimate NO, lev-
els at higher altitudes, indicating exaggerated vertical mixing and overall too much NO,
in the models over the North Sea. When replacing the TM5 a priori NO, profiles with the
aircraft-measured NO, profiles in the air mass factor (AMF) calculation, we find smaller
recalculated AMF's. Subsequently, the retrieved NOy columns increase by 20%, indicating
a significant negative bias in the operational TROPOMI NO, data product (up to v2.3.1)
over the North Sea. This negative bias has important implications for estimating emis-
sions over the sea. While TROPOMI NO, negative biases caused by the TM5 a priori
profiles have also been reported over land, the reduced vertical mixing and smaller surface
albedo over sea makes this issue especially relevant over sea and coastal regions.
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4.1 Introduction

Satellite data of air pollutants is increasingly used for policy making, which requires reli-
able retrievals. This paper evaluates TROPOMI tropospheric NOy columns by comparing
aircraft measurements of NOy profiles over the polluted North Sea to chemical transport
models, and studying uncertainty and bias in the TROPOMI NO, retrieval from modeled
profile shapes.

Nitrogen oxides (NO, = NO+NO,) decrease air quality, having negative impact on hu-
man health and environment. NO, is known to cause cardiovascular and respiratory
diseases (Luo et al., 2016). Depending on chemical regime, nitrogen oxides also lead to
surface O3 formation which in turn harm the human respiratory system and plant growth.
The international shipping sector is responsible for at least 15% of anthropogenic nitrogen
oxides emissions globally (Crippa et al., 2018; Eyring et al., 2010; Johansson et al., 2017)
while causing 3% of anthropogenic COy emission (International Maritime Organization,
2020; European Comission, 2024).

While NO, emissions from most anthropogenic sectors have been decreasing in recent
years in western countries (e.g Zara et al., 2021; Fortems-Cheiney et al., 2021; Jiang
et al., 2022 and references therein), intensity of ocean-going ships has been and is ex-
pected to keep rising (International Maritime Organization, 2020) and individual ships’
NO,. emissions have been observed to increase (Van Roy et al., 2022b). NO, emissions
from shipping can lead to high background pollution levels in often densely populated
coastal areas, limiting the impact of reductions in land-based emissions. For all the above
reasons, international regulations for (newly build) ships constrain emissions with incre-
mental limits. For example, the NO, Emission Control Area (NECA) in the North and
Baltic Sea came into effect on 1st January 2021, requiring that newly build ships sailing in
these seas comply with International Maritime Organization (IMO) Tier I1I, which should
result in 75% lower NO,, emissions compared to ships build since 2011 (International Mar-
itime Organization, 2013). Details in emission limits depend on engine speed. For these
regulations to be effective, monitoring of ship emissions is essential. Current monitoring
routines include airplanes equipped with sniffer sensors (Van Roy et al., 2022b) or other
remote sensing devices. Aircraft monitoring is costly, time consuming and practically fea-
sible in coastal regions only. For a consistent, temporally and spatially complete approach
current and upcoming satellite remote sensing missions offer promising options.
TROPOMI (TROPOspheric Measurement Instrument) on the European Sentinel-5 Pre-
cursor (S5P) is one of these satellite instruments and has been used to study NO,, emissions
patterns within cities (Beirle et al., 2019; Goldberg et al., 2020; Lorente et al., 2019) as
well as urban OH concentrations (Lama et al., 2022). While NO, over shipping lanes
and its trends were previously studied on long-time averages of TROPOMI’s predecessors
GOME, SCTAMACHY & OMI (Richter et al., 2004; Beirle et al., 2004; Vinken et al.,
2014b), the higher spatial resolution and lower noise of TROPOMI make single ship
plume detection possible (Georgoulias et al., 2020). Recent studies succeeded to discrimi-
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nate NOy ship plume signatures from the background using TROPOMI tropospheric NO,
columns (Kurchaba et al., 2021; Finch et al., 2022). However, the validity of TROPOMI
NO, and its uncertainties needs to be studied further to be able to reliably determine a
ship’s emissions and monitor compliance.

Prior knowledge of the state of the atmosphere during satellite remote sensing of trace
gases such as NOs is key for the retrieval process. This includes surface radiative proper-
ties, radiative transfer in the atmosphere and vertical distribution of the trace gas. Much
attention is therefore given to improve these aspects: recent updates in the cloud retrieval
used for the TROPOMI NO, column retrieval lead to better agreement with independent
data and reduce the known negative bias in tropospheric NOy columns (Van Geffen et al.,
2021; Riess et al., 2022). Likewise, Riess et al. (2022) have shown that columns retrieved
under sun glint conditions are reliable and enhance the instruments sensitivity to low
altitude NO,. Glint conditions are therefore in principle beneficial for the monitoring of
NO, emissions over sea. On the other hand, a priori profiles remain a source of uncer-
tainty. The profiles from the Transport Model 5 (TM5-MP) with a resolution of 1°x1°
used in the operational TROPOMI NO, product are very coarse compared to the ground
pixel size of the measurements (3.5x5.5 km? at nadir) while NO, profiles close to spatially
confined emission sources such as ships are expected to vary significantly within kilome-
ters (Douros et al., 2023; Griffin et al., 2019; Talongo et al., 2020; Chen et al., 2005).
Additionally, uncertainties in the vertical mixing and thus in the a priori profile shapes,
combined with the satellite’s non-linear decreasing sensitivity towards the surface, pose
a source of error. Furthermore, the model assumes temporally averaged emissions which
does not hold for varying emission sources such as moving ships, adding to uncertainties
in the a priori NOy profiles.

The TROPOMI NO, product allows the user to replace the a priori profiles with their own
modelled or measured profiles (e.g. Visser et al., 2019; Douros et al., 2023). Douros et al.
(2023) used the high-resolution CAMS ensemble mean NO, profile to replace the TM5-
MP a priori NO, profiles in the calculation of the air mass factor (AMF) and to create an
improved European TROPOMI NO, product. They found significant changes in resulting
tropospheric columns with increases at hot-spot regions of typically 5-30%, depending on
location and time. A similar study found a 20% increase in tropospheric columns over
Europe when using LOTOS-EUROS profiles as a priori (Pseftogkas et al., 2022). For
the above reasons, validation of these modelled a priori profiles is very important. In
the past, validation has focused on land (Ialongo et al., 2020) and clean background over
sea (Boersma et al., 2008; Shah et al., 2022; Wang et al., 2020). However, evaluation over
and near shipping lanes is missing from literature.

In this study, we investigate aircraft-based in-situ measurements of NO,, (and more) over
the polluted North Sea with major shipping routes and nearby industrial and densely
populated centres. We combine ten spiral flights with three horizontal scans to obtain
vertical NOs profiles in the lower 1.5 km of the troposphere. The aircraft is routinely used
by the Belgian coast guard for compliance monitoring of ship emissions and is equipped



4.2 Materials 69

for measuring NO, over sea. The aircraft measurements of 3-D NO, distributions over
the North Sea provide a new means for satellite and model NO, validation. The aircraft
profiles are representative of areas comparable to the TROPOMI ground pixel size. We
compare the profiles to (temporally and spatially) coinciding modelled profiles from TM5-
MP (as used in the operational TROPOMI NO, product), CAMS ensemble mean (as used
in the European TROPOMI product by Douros et al., 2023), and LOTOS-EUROS. As
a contrasting case, we show co-sampled model profiles over land close to the Cabauw
tower in the Netherlands and compare the lowest 200 m to measured NO,y concentrations,
highlighting the special challenge of satellite trace gas retrievals over sea. In the last step,
we present re-calculated TROPOMI NO, columns replacing the TM5-MP a priori NO,
profile with the aircraft measured profile, accounting for the vertical sensitivity of the
NO, retrieval and quantifying the error caused by a priori profiles modelled using coarse
spatial resolution and time-averaged emissions.

4.2 Materials

The following section gives an overview of the data used and their sources, starting with
the TROPOMI instrument in Sect. 4.2.1, followed by the aircraft, LOTOS-EUROS model
data & ship location data in subsections 4.2.2, 4.2.3 & 4.2.4, respectively.

Table 4.1: Overview of the TROPOMI products used and their key differences.

NO2 Retrieval Processor  Period covered A priori profile Adjustment of
version surface albedo
Operational product v1.4 April 2018 - July 2021 TM5 1°x1° No
v2.2 July 2021 - November 2021
Reprocessed PAL v2.3.1 April 2018 - November 2021  TM5 1°x1° Yes
TROPOMIcams v2.3.1 April 2018 - November 2021 CAMS 0.1°x0.1°  Yes

4.2.1 TROPOMI NO, satellite data

Table 4.1 lists three different TROPOMI tropospheric NOy column data products used
in this study. TROPOMI (Veefkind et al., 2012) is the single payload of S5P, which
was launched in October 2017, and provides retrievals of various trace gases, including
NO,, since April 2018. S5P is flying in a sun-synchronous, ascending orbit with an
equator overpass time of 13:30 local time. With a swath width of approximately 2600 km
TROPOMI has near daily coverage at the equator. At the latitude of the North Sea (52°N)
S5P frequently overpasses the same ground scene twice per day. The spatial resolution
is 5.5 x 3.5 km? for nadir pixels, and 5.5 x 14 km? for pixels at the edge of TROPOMI’s
swath.

The retrieval of tropospheric NOy columns follows a three-step procedure: retrieval of a
slant column density (N,) with the DOAS-method (Platt and Stutz, 2008) in the visible
spectrum (405-465 nm), separation of the stratospheric and tropospheric contributions
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(N5 trop), and conversion of the tropospheric slant column into a vertical column (N, tr0p)
by application of the air mass factor (AMF, M): N, 40p = Nstrop/M. The single-pixel
slant column detection limit (0.5-10'® molec/cm?) is determined by the uncertainty in
the spectral fitting procedure and has been validated in Tack et al. (2021). Of most
interest for this study is the calculation of the tropospheric AMFs, which is the dominant
error source in the retrieval (Lorente et al., 2017; Boersma et al., 2018). The AMF
depends on the solar zenith angle, on the satellite viewing zenith angle, on the scattering
properties of the atmosphere and the surface, and on the vertical profile of the NOy in
the troposphere (Martin et al., 2002; Boersma et al., 2004). For the TROPOMI NO,
retrievals used here, the AMFs are calculated with the DAK radiative transfer model
v3.3 (Lorente et al., 2017), based on pixel-specific input data on viewing geometry, surface
albedo, cloud fraction and height, and the a priori vertical NO, profile. Scattering of light
in the atmosphere together with the low sea surface albedo in the visible part of the
spectrum decrease TROPOMTI’s sensitivity to NOs close to the sea surface (e.g. Eskes
and Boersma, 2003; Vinken et al., 2014b). Good knowledge of a priori profiles as well
as cloud coverage and surface albedo are therefore key for a good quality retrieval. In
the recent version, the surface albedo is adjusted for individual scenes where the cloud
retrieval gives negative cloud fractions using the original albedo database (van Geffen
et al., 2021). While the cloud algorithm used in the TROPOMI operational NO, retrieval
has recently been modified to provide a more accurate cloud pressure estimate for partially
cloudy scenes (FRESCO+ wide) (Riess et al., 2022; Van Geffen et al., 2021), the a priori
vertical NO, profiles remain a major source of AMF uncertainty, especially over sea.

4.2.2 Aircraft campaign over the North Sea

The Britten Norman Island (BN2) aircraft from the Royal Belgian Institute of Natural
Sciences, operating from Antwerp airport, flew six missions over the North Sea between 2
June and 9 September 2021. The missions provided unique sampling of the marine mixed
layer, intercepting outflow from land, and vertical profiles within the lower troposphere,
from the sea surface (<30 m) to 1500 m.

The aircraft is equipped with a sniffer sensor system measuring NO,, SOs, and CO,. This
system is developed for the purpose of monitoring the compliance by ships to emission
regulations (Mellqvist et al., 2017), specifically the MARPOL Annex VI regulation 13 on
NO, emission strength and MARPOL Annex VI regulation 14 on sulphur fuel content
from ships. The detailed technical setup is described in Van Roy et al. (2022b,a,c). Of
interest to our study is the NO, sensor (Ecotech Serinus 40), which operates with two
separate paths to determine the NO and NO, concentration almost simultaneously and
is in use since 2020. In the first path, the concentration of NO in the air sample is
determined from the observed chemiluminescent intensity emitted by activated NOo*,
which is produced when the air sample passes through a reaction cell filled with O3 and
proceeds through NO+O3; — > NOy*+ Oy (Ecotech, 2023). The NO, concentration in
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the air sample is determined by first converting all NOy; to NO, and then letting the
total NO (NO + converted NOs) in the second path react with ozone in the reaction cell,
resulting in a chemiluminescence signal from activated NOy*. The NOy is then calculated
as the difference between NO, and NO over the measurement time interval of 10 s. A
delay loop is installed between the two loops to ensure they sample the same air mass.
A small mismatch can however not be ruled out. With an aircraft ground speed of 30-
50 m/s, the horizontal scale at which NO, gradients can be detected is on the order of
several hundred meters. The reported detection limit of the chemiluminescence analyser
is 0.4 ppb (Ecotech, 2023). The sensor is equipped with an optical bandpass filter to
avoid the measurement of interfering species and has successfully been used in previous
scientific studies (e.g. Wong et al., 2022; Namdar-Khojasteh et al., 2022; Van Roy et al.,
2022b).

The aircraft NOs, campaign served two purposes. The first goal was to obtain vertical
profiles of NO, in the vicinity of ships sailing the North Sea. The software on board the
BN2 aircraft showed the live locations and tracks of ships within AIS range, as well as the
expected location of the ship’s exhaust plume based on wind conditions and the speed and
course of the ship. After visual detection and approaching of a ship, at least one transect
through the ship’s plume was flown, followed by a spiraling climb from < 30 m to 1500 m
altitude, continuously measuring NO and NO, concentrations with a temporal resolution
of 10 s. These vertical spirals were executed such that they coincide within 30 minutes of
the TROPOMI overpass time on that day. The second goal of the campaign was to sample
the horizontal distribution of air pollution within the lower marine boundary layer. On 8
September 2021, three zig-zag patterns were flown through the exhaust plume of ships at a
constant altitude of approximately 40 m, where the aircraft would usually find the center
of the plumes and the gradient between in-plume and outside-plume are the largest. The
measurements of NO, during these in- and out of plume patterns serve the purpose to
better understand the spatial representativeness and distribution of NO, concentrations
in the presence of emitting ships at the scale of a TROPOMI pixel. Fig. 4.1 shows an
overview of the campaign: The left panel shows the spatial extend of the flights as well
as the NOy range measured, the right panel shows the mean measured NOy profiles as
well as co-sampled model profiles. A detailed description of the weather and chemical
conditions during the flights can be found in the supplementary materials S1.

4.2.3 LOTOS-EUROS model simulations

We use LOTOS-EUROS version 2.2.002 (LE, Manders et al., 2017; Thiirkow et al., 2021)
at 2x2 km? resolution with 12 vertical levels (of which 7 are typically below 1500 m alti-
tude) reaching up to around 9 km altitude. This model setup is similar to the model ver-
sion operated within the CAMS ensemble and typically performs well in intercomparison
studies, and is typically near the ensemble mean. The runs were performed over/around
the Dutch North Sea for an area between 50.5-54.5°N and 1.5-5.0°E with a spin up time
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Figure 4.1: Left: Routes of all aircraft flights during the campaign. The 30 second mean
NOs mixing ratio is shown as color for measurements in flight heights below 200 m. Blue
circles indicate the locations of the spiral flights. Right: Mean vertical NOy profiles for the
aircraft data (black), co-sampled TM5 (blue, Williams et al., 2017; Eskes and van Geffen,
2021; Huijnen et al., 2010), CAMS (yellow, METEO FRANCE et al., 2022; Marmer et al.,
2009) and LOTOS-EUROS (green, Manders et al., 2017). The light gray dots indicate the
number of 10 second NOy measurements at each height in the top x-axis. The aircraft profiles

and their mean can be found in the dataset associated with this publication (see below).

2021-09-08 14:38:01 2021-09-08 14:45:21
53.14 53.14
53.12 53.12
- - V:..o""
— 53.10 -~ — 53.10 -\
o 53.08 oo o 53.08
© 00 ©
- oo® -
53.06 ~ -~ 53.06 -~
53.04 TROPOMI pixel 53.04 TROPOMI pixel /
53.02 ship route 53.02 « ship route
' ship plume ' e ship plume
- r 4 - -~ - - - -~ -
4.30 4.35 4.40 4.45 4.30 4.35 4.40 4.45
10 m/s = Lon [o] 10 M/s == Lon [o]
B
5 10 15 20 25 5 10 15 20 25
NOx [ppb] NOx [ppb]

Figure 4.2: Two snapshots of one of the horizontal scans: Black and blue dots show ship
path and plume center location at the moment indicated by the timestamp, respectively, with
lighter colors indicated older locations. In pink we see the flight path with the color indicating
the measured NO,, concentration. The light blue lines show the edges of TROPOMI pixels
for the coinciding orbit. An animated version - illustrating the dynamics and highlighting the
match between expected and observed plume location - is available in the supplement.
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of one month. To ensure appropriate boundary conditions the model was nested within a
LOTOS-EUROS run covering a part of north-western Europe (1-16°E, 47-56°N), which
itself was nested within an European domain (15°W-35°E, 35-70°N), both run for a sim-
ilar period and spin-up time.

Key characteristics of LOTOS-EUROS and other model data used in this study can be
found in Table 4.2.

Table 4.2: Main characteristics of the model products used.

Model LOTOS-EUROS CAMS TM5

Horizontal 2x2 km? 0.1°x0.1° 1°x1°

resolution

Emissions CAMS-REG-AP_v5.1 CAMS-REG-AP see Williams et al. (2017)

Meteorology ECMWEF Integrated IFS ERA-Interim re-analysis
Forecasting System (IFS)

Vertical mixing See ECMWF (2015) Model-dependent See Holtslag and Boville (1993)

scheme with Monin-Obukhov

length calculated as in
Golder (1972)
Full description ~ Manders et al. (2017) Marécal et al. (2015), Williams et al. (2017),
METEO FRANCE et al. (2022) Eskes and van Geffen (2021);
Huijnen et al. (2010)

4.2.4 Ship location and course

To interpret the measured data we use AIS (Automatic Identification System) data on ship
location, speed and heading together with the aircraft-measured wind data to predict the
location of pollution plumes. The IMO requires all large ships (;, 300 tonnes) to broadcast
static (e.g. identity) as well as dynamic (position, speed) data, which can be received
by other ships, shore stations, and satellites (International Maritime Organization, 2014).
The historic AIS data set used here was made available to the Dutch Human Environment
and Transport.

4.3 Aircraft NO, interpretation and representation
at the scale of a TROPOMI pixel

The comparison of satellite retrievals with aircraft measurements requires that differences
in sampling characteristics are reconciled first. Individual flights were not uniformly
stretched out over a TROPOMI pixel, and the measured horizontal patterns in NO,
concentrations reveal substantial variability within the spatial extent of a TROPOMI
pixel, see Fig. 4.2. The observed spatial heterogeneity of NO, within a pixel is driven by
the fraction of time the aircraft spent within ship plumes, and by the age of the plume
at the moment of intercept (e.g. Chen et al., 2005). Additionally, the chosen aircraft
operation and instrumentation requires post-processing of the measured data as detailed
in the following section and Supplement S3.




74 To new heights by flying low

Table 4.3: Overview of vertical profile flights taken during this campaign. Times are in UTC.
Latitude and Longitude columns indicate the center of the profile.

Profile Date Time TROPOMI TROPOMI Latitude [°N] Longitude
number  (dd.mm.yyyy) orbit  overpass [°N] [°E]
#1 02.06.2021 11:03-11:18 18842  12:00:15 51.59 2.33
#2 02.06.2021 11:36-11:50 18842  12:00:15 51.90 2.74
#3 22.07.2021 10:42-11:01 19551 11:23:04 53.13 4.35
#4 22.07.2021 11:16-11:33 19551  11:23:04 53.17 4.55
#5 22.07.2021 13:00-13:19 19552  13:02:56 53.22 4.44
#6 22.07.2021 13:36-13:54 19552  13:02:56 52.92 4.29
#7 08.09.2021 11:13-11:34 20232  11:23:15 52.96 3.35
#8 08.09.2021 11:51-12:12 20233  13:03:07 53.38 3.65
#9 08.09.2021 12:44-12:59 20233  13:03:07 53.38 4.65
#10 09.09.2021 15:56-16:10 20247  12:44:11 51.72 2.34

4.3.1 Representativeness of NO, vertical profile measurements

Pixel-scale aircraft NO, profiles

We first take care to ensure the representativeness of the aircraft NO, profiles at the
scale of a TROPOMI pixel. The coastguard flights approached ships and their plumes in
order to measure the composition of the exhaust. The measurements are therefore not
necessarily representative of the mean NOy concentrations over the pixel: the aircraft
may have spent a relatively large fraction of its measurement time within ship plumes
compared to the fraction of the pixel filled with those plumes. Such a situation would
lead to an overestimation of mean NOy concentration in a pixel. For each vertical profile
flight listed in Table 4.3, we therefore calculated the ratio of the predicted fraction of the
pixel covered by ship pollution plumes to the proportion of in-plume to overall time spent
by the aircraft in a pixel. Fig. 4(a) illustrates the approach: the predicted plume-covered
area is taken as the ratio of the grey area to the overall (grey and white) area, and the in-
plume aircraft proportion is taken as the ratio of the time spent in the plume (red) to the
total time spent below 100 m (all solid lines). Ideally, the two ratios would be identical,
and a correction would not be needed. Using the AIS data we can calculate the expected
presence of ship plumes in the lowest 100 m for all profile flights. No ship plume signatures
where observed at higher altitudes. With the help of the three horizontal scans we predict
the plume-covered area. On average, we over-sample plumes by a factor of 1.9 (0.0-5.7,
median 1.1), meaning we spend disproportionally much time in the plume. We apply
these as multiplicative correction factors to the in-plume and out-of-plume NOs values
to improve the spatial representativeness of the vertical NOy profile for the TROPOMI
pixel.

Plume NO,-to-INO; conversion

The NO,; measurement values are taken from the differences between the Ecotech-sensor’s
NO, and NO concentrations. However, near the edges of plumes, we find unrealistically
high or even negative NO, concentrations due to small time-delay between the NO, and
NO sampling in the Ecotech instrument, as mentioned in Sec. 4.2.2, and illustrated in
Fig. 4.3 (right panel). When the aircraft samples background air, the NO, values inferred
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Figure 4.3: Sketches of profile flights visualizing the corrections. Left: The grey area indi-
cates the part of the 2D-plane covered by a plume and the thick line the aircraft measurements
in the polluted layer, with red showing in-plume measurements and blue indicating background
sampling. The mismatch between the fraction of time spent in-plume and the fraction of the
area covered by the plume is apparent. Right: The blue dashes indicate intervals of mea-
suring NO,, while the orange dashes indicate NO-intervals. For the situations highlighted
by the green circles NO is measured partly in-plume while NO, is measured fully in-plume
(left circle) or out-of-plume (right). This will lead to negative or extremely high NOg values,
respectively.

from NO, - NO are still reliable in spite of the small delay. But when the aircraft
samples the plume, we can not necessarily rely on NO, - NO and instead convert the NO,
concentration measurements into NOy concentrations via local NO5:NO,, ratios simulated
with the PARANOX plume chemistry model which has been used before by Vinken et al.
(2011) for ship plume modelling. PARANOX NO,:NO, ratio’s depend strongly on the
age of the plume, as NO, in the early stages after emissions is mostly present as NO,
but the NO, portion typically increases to 0.45 within some 15-30 minutes after emission
following entrainment of Oz, and subsequent NO, formation via the NO + Oz reaction in
the plume. More details on PARANOX can be found in Supplement S2.

Zero-level offset calibration

The Ecotech sensor is capable of detecting clear in-plume NOy enhancements of several
ppbs, but since near-zero, background air NOy levels differed by a few ppb between
flights on different days, we re-calibrated the aircraft NOy concentrations to ensure that
the measured near-zero NO, levels at altitudes above 250 m are on average consistent
with NOy values from the CAMS simulations. The calibration offset is applied as an
additive correction to the entire profile, and its value is consistent for multiple profiles
measured on the same day, as anticipated from the daily calibration routine executed
prior to flight. The calibration offsets vary between 0 and 4 ppb between the different
days, and we assume a uncertainty of the bias correction of 0.5 ppb. Using only values
above 500 m for the offset calculation leads to slightly different offsets that fall within the
assumed uncertainty range.
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For a more detailed description of the three corrections,

4.3.2 Observed vertical NO, profiles
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Figure 4.4: Profiles of all flights as well as coinciding TM5, CAMS ensemble mean and

LOTOS-EUROS profiles. The red arrows indicate the mean measured wind direction during

the profile flights. The indicaters 'outflow’ and ’clean’ in the subtitles follow the classification

in Sec. 4.3.2.

We now present the vertical NOy profiles obtained from the BN2 aircraft measurements

over the North Sea following the procedure sketched in Sect. 4.3.1. Each of these vertical

NO, profiles is spatially representative for the spatial scale of a TROPOMI pixel. For
time and location of the profiles taken see Table 4.3. Aircraft NOy measurements were

aggregated in 50 m altitude bins, where the reported altitude is the mean of the lower
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Figure 4.5: Mean aircraft-measured profiles as well as coinciding TM5, CAMS ensemble
mean and LOTOS-EUROS profiles for land outflow (left, profiles 1, 2, 7, 8, 9, 10) and clean
conditions/northerly winds (right, profiles 3, 4, 5, 6).

and upper boundary of each bin.

The aircraft data shows the highest NOy concentrations close to the sea surface, strongly
decreasing within the lowest 100 m (Fig. 4.1). This is in agreement with the CO, profiles
shown in S5. To better understand the emissions sources and physical transport pro-
cesses leading to the observed profile shapes, we analyse simulations over the campaign
period from the TM5-MP, CAMS, and LOTOS-EUROS models (see Sect. 4.2.3). The
mean simulated NOy profiles coinciding with the aircraft flights show NO, pollution up
to 200 m and above (Fig. 4.1). In the following, we will investigate the roles of model
vertical mixing, emission strength, and transport of pollution from elsewhere as possible
explanations for the mismatch between the simulations and observations. For that we
need to study the NO, profiles according to their distinct meteorological circumstances.
Fig. 4.4 shows the individual measured and modeled profiles with the numbering con-
sistent to Table 4.3. For uncorrected profiles and the uncertainty estimates see Fig. 4.
Meteorological conditions such as mean wind directions reveal that vertical profiles have
been collected for two distinctly different types of situations over the North Sea: one with
outflow of possibly polluted air from the Low Countries over the North Sea, and one under
pristine conditions with wind from the North and low background NO, concentrations.
Hereafter we classify these profiles as ’land outflow’, and ’clean’, see Fig. 4.5. A more
complete description of the general chemical and meteorological conditions during each
flight can be found in Supplement S1. NO, profiles during land outflow - profiles
1,2,7,8,9, 10

Fig. 4.6 shows the observed and simulated NO, in a situation of outflow from continental
Europe. We see that the profile (indicated by the blue circle) was indeed sampled under
conditions of pollution outflow from land. The corresponding profiles for all outflow cases
in Fig. 4.4 show pollution close to the sea surface (see also the left panel of Fig .4.5).
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Figure 4.6: NOs columns (indicated by the bottom color bar) as seen by TROPOMI and
several model products for the time of the first profile measurement. The aircraft measure-
ments are overlayed in grey for flights above 200 m and in colors below as indicated by the
colorbar on the right. Wind speed and direction at 10 m from ERA5 are indicated by the
arrows in the left panel.

While the aircraft measured NOsy is enhanced only in the lowest 100 m (for the excep-
tion of profile 7 see below), the models - especially LOTOS-EUROS - show elevated NO,
usually up to 200 m and above. This gives an overestimation in the total NOy in the
column. The measured and modelled potential temperature profiles (Fig. 2) show a cold
sea surface with a strong gradient in the lowest 400 m, hinting at a strong stratification.
Together with moderate wind speeds this indicates stable conditions with limited vertical
mixing.

TM5 grid cells are very large and contain a mixture of land and sea surface as can be
seen in Fig. 4.6. This means that emissions within the cell can originate from land-based
sources as well as ships. Likewise, boundary layer dynamics are a mix of sea and land
characteristics. Nonetheless, TM5 profiles show only slightly less NOy in the lowest layer
than the LOTOS-EUROS, CAMS and the measured profiles for outflow cases (see Fig. 4.5,
left). Overall, the coarse TM5 columns show reasonable agreement with TROPOMI re-
trieved columns during outflow conditions with the exception of profile 10 (see Fig. 4.4
and Sb).

On the other hand, the higher horizontal resolution in CAMS and LOTOS-EUROS allows
the separation of sea and land NO, contributions. The resulting columns show massive
outflow of NOs from land, we see plume-like structures from the region of Antwerp and
Rotterdam in CAMS, LOTOS-EUROS and TROPOMI. The aircraft profile 1 shown in
Fig. 4.6 was taken within the outflow of Antwerp pollution. LOTOS-EUROS, and to
a lesser degree also CAMS, show overestimated NOy columns compared to TM5 and
TROPOMI. This is in line with the observed profiles shown in Fig. 4.4 and 4.5: While
surface NOj levels in LOTOS-EUROS and CAMS are in reasonable agreement with obser-
vations overall, the polluted layer is significantly deeper than in the observations, leading

to a high bias in LOTOS-EUROS and CAMS NO; columns in these outflow cases. Addi-
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tionally, CAMS and LOTOS-EUROS show two strong emission plumes in the North Sea
(e.g. around 53.3°N, 2.5°E), which are not visible in TROPOMI or TM5. These likely
originate from gas platforms, but the missing plumes in the TROPOMI observations point
at large overestimations of the emission strength in the CAMS inventory (=0.2 kg/s for
these two sources). TROPOMI and modelled NOy columns during the other profile flights
can be found in Supplement S4.
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Figure 4.7: Left: Measured and modeled Vertical distribution of NO2 along the flight path
indicated on the right. This is not a vertical profile in the strict sense, as the sampling took
place over ~70 km horizontal extend. During part of the flight the airplane instrumentation
was operating in a different mode so that no NOs data is available. However, NO, (gray)
was sampled throughout the whole flight and indicates a thin pollution layer between 300 and
400 m.

A special case is profile 7 on September 8th. This is the only profile with clearly enhanced
NO; above 100 m (see also S5 for the COq profile). In fact, the profile agrees reasonably
well with TM5 and CAMS data, whereas LOTOS-EUROS again shows a too deep mixing
layer and too much NO; in the column. This enhanced NOy observed between 100 and
300 m altitude might be caused by polluted air masses originating from the Netherlands
and transported over Sea while rising above the stable surface layer. This hypothesis is
supported by parts of the flight on June 2nd, when enhanced NO, was observed at an
altitude of 300 m descending towards Antwerp airport into the land outflow after taking
profile 2. A vertical profile for this part of the flight and the flight path can be seen in
Fig. 4.7. The observed NO, layer at 300 m is also present in the co-sampled LOTOS-
EUROS profile (as a thicker NO, layer around 500 m) but not in CAMS. These findings
also demonstrate that the aircraft instrumentation is able not only to detect high NO,
values in fresh plumes but also to capture diluted NO, pollution from land. Additionally,
this suggests that at least for profile 2 (which was sampled right before) enhanced NOs
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seen at 200 m in the models are unlikely to be caused by land emissions, as pollution
originating from land would be expected higher in the atmosphere. Finally, this indicates
that land outflow often observed by TROPOMI over the North Sea can be located in
higher atmospheric layers, where TROPOMI has a higher sensitivity (see Sect. 4.4) and
thus possibly masking the low-level NOy from ships.

In summary, all models successfully simulate the occurrence of outflow and match the
observed surface pollution reasonably well, but especially CAMS and LOTOS-EUROS
overestimate the (vertically integrated) amount of NO,. From our observations it remains
unclear whether the high NO, in LOTOS-EUROS and CAMS is caused by overestima-
tions in land-based emissions, timing of the emissions in the models, advection, too long
NOy lifetimes or vertical mixing. Similar to the other models, TM5 shows too high NO,
at 200 m and above, hinting at uncertainties in the vertical mixing. The low surface pollu-
tion of TM5 in profile 10 likely showcasts the limitations of a coarse resolution. The very
shallow pollution layer visible in the NO, measurements is also visible in the uncorrected
and simultaneously measured CO, data (see S5) and therefore unlikely to result from the
non-simultaneous measurement of NO, species and our corrections.
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Figure 4.8: As Fig. 4.6 but now for the third profile. Profile 4 is taken in collocation with
the same TROPOMI orbit and its location is shown in Fig. 5.

NO, profiles during clean conditions - profiles 3, 4, 5, 6

Fig. 4.8 shows the observed and simulated NO; in a situation without outflow from conti-
nental FEurope. Profiles 3 to 6 have all been taken on the same day, 22 July 2021. On this
day northern winds were prevailing, transporting clean air into the North Sea, resulting
in low NOs columns as observed by TROPOMI in Fig. 4.8 and Fig. 1. The potential
temperature profile on 22 July 2021 (see Fig. 2) indicates a well mixed marine boundary
layer of 800 m depth. All modelled NOy profiles show little pollution at the surface and
NOsy concentrations are slightly decreasing towards higher altitudes. While the profiles
were taken right above the shipping lane, marked by the blue circle in Fig. 4.8, in CAMS
and LOTOS-EUROS the shipping pollution can be seen south of the profile, caused by
the northerly winds. Again, TM5 shows less NOy compared to the other models (see
Fig. 4.5, 4.8 & S5.).
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The observed profiles 4 and 5 (see Fig. 4.4) agree reasonably well with the models, show-
ing little NO5y enhancement close to the sea surface. On the other hand, profiles 3 and
6 show strong NOy enhancements in the lowest 50 m, in contrast to the models. This is
driven by exceptionally high NO, concentration measured in ship plumes (4250 ppb NO,,
for profile 3). In fact, a Monte Carlo approach (see Supplement S3 & Fig. 4, leading to a
more multi-profile-average ’in plume’ NO, concentration) shows very similar surface NO,
values of 221.5-10'" molec/m? for all 4 flights on that day. This shows the presence of ship
plumes in all 4 profiles, while in two cases the plume was either not captured well due to
the temporal sampling of the Ecotech sensor or the ships in profiles 4 & 5 were emitting
significantly less.

The mean clean profile in the right panel of Fig. 4.5 shows that none of the models cap-
tures the clear enhancement in the lowest 50 m due to NO, emissions from ships. The
ship NO, emissions - while captured by the aircraft - are spatially diluted over the area
of the model grid cell, especially for the coarse TM5 model, and throughout the well-
mixed boundary layer and advected with the prevailing wind. Additionally, the models
represent ships with averaged, constant emission fluxes in the model grid cells along the
ship tracks, whereas in reality a ship might be in a given model grid cell for a short time
with a higher emission flux. Therefore, in reality strongly localized emission levels are ob-
served as sharply defined plumes, not resolved by the CTMs. These observations indicate
the weakness of temporally and spatially averaged emissions in the models which fail to
capture high pollution levels in the vicinity of strong and moving emitters. Overall, the
models seem to underestimate the influence of ship emissions, likely due to temporal and
spatial averaging of emissions and instant dilution thereof in the grid cell.

4.4 Validation of TROPOMI NO, over the North
Sea

4.4.1 Recalculate AMF's

With the observed vertical NOs profiles we can calculate a modified TROPOMI NO,
column, replacing the coarse TM5 a priori in the retrieval with aircraft-measurement
based vertical profiles. As the measured NO, profiles only extend to 1400 m, we use TMb
profiles to fill the gap to the tropopause. The combined aircraft-TMb5 profiles have then
been interpolated and sampled according to the TM5-MP vertical levels. The adjusted
tropospheric AMF Mj,op apy can be calculated using the AMF from the a priori Mi,p ms,
the averaging kernels of layer | Ayqp,; provided in the TROPOMI files as well as the NO,
column density ;meas Of layer [ from the aircraft data as

L
Zl:l Atrop 1L, meas

L
2151 Timeas

Mtrop LADJ — Mtrop JTM5 *




82 To new heights by flying low

where L is the highest TM5 layer below the tropopause. Replacing the a priori with the
measured NOs profiles and recalculating the AMFs is explicitly advised in the TROPOMI
NO; documentation (Eskes and van Geffen, 2021) and has been done to improve satellite
observations and validations previously (Visser et al., 2019; Douros et al., 2023). The ad-
justed vertical, tropospheric column can then be calculated as Ny trop Ans = Ns/Mirop ADJ-
Too low NO, concentrations in TM5 close to the surface are expected to lead to a negative
bias in the TROPOMI NO, retrievals, since the sensitivity to NOy close to sea surface is
generally small as indicated by the averaging kernel (see Fig. 4.9). The shallow boundary
layer depth over sea in combination with the low surface albedo values (/0.04) emphasize
the difficulty to detect air pollution over sea with satellite remote sensing, despite the
high signal-to-noise ratio and resolution of TROPOMI NO,.

4.4.2 Tropospheric columns

We compare vertical tropospheric columns of NOs retrieved by TROPOMI (opera-
tional, PAL & CAMS) as well as measured columns. Lastly, we add the new product
TROPOMIAp; which includes a re-calculation of the AMFs and vertical tropospheric
NOs columns using the measured profiles following Sect. 4.4.1.

Table 4.4 shows the mean columns densities of all datasets mentioned above as
well as their Pearson correlation coefficient and Root Mean Squared Error (RMSE)
against the aircraft data. The ten aircraft measured NOy column densities aver-
aged at 3.37-10" molec/cm?.  This is significantly higher than the coinciding op-
erational TROPOMI (2.42-10" molec/cm?) and TROPOMIpyy, (2.47-10% molec/cm?)
data. Using the re-calculated AMFs an average column density Ny tropaqj Of 2.89 (2.71-
3.23)-10' molec/cm? is determined. This is &~ 20 (12 — 33)% higher than the TROPOMI
products and brings the satellite retrievals closer to the columns determined from the air-
craft measurements, showing a significant negative bias in operational TROPOMI NO,
columns. The TROPOMI¢ans dataset (see Sect. 4.2.1) is closer to the measured columns
at mean columns of 3.03-10'® molec/cm?. Tt should be noted that CAMS NOy columns
(see Figs. 4.6, 4.8 & Sb) are systematically higher compared to measurements and TMS5.
TROPOMIcams and TROPOMIap; also show an increased Pearson correlation coeffi-
cient to the aircraft columns of 0.87 and 0.91, respectively, compared to 0.82 of the
operational product. Lastly, the RMSE of the TROPOMI columns towards the aircraft
columns is reducing going from the operational (1.26-10' molec/cm?) to TROPOMIcams
(0.99-10% molec/cm?) data and smallest for the aircraft-adjusted columns at 0.77-10%
molec/cm?.

Given the large uncertainty and corrections involved at the lowest level NOy concentra-
tion, the sensitivity of the recalculated AMFs to that value was tested. A 20% change in
the NOy number density leads to a change in AMF of less than 5%, and even a change
of 50% in surface level NO, changes the AMF only by 10%. This supports the finding
of a negative bias caused by the a priori profile as the differences in AMFs can not be
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explained by the surface level NO, alone.

Table 4.4: Tropospheric NOs columns measured by the aircraft and different TROPOMI
products. For TROPOMIapj, the values in the bracket give the average of the lower and
upper estimates based on on the uncertainties shown in Fig. 3.

Product Mean tropospheric NO2 Correlation to  RMSE to aircraft column relative difference to

column [10'% molec/cm?]  aircraft column [10'® molec/cm?] aircraft column [%)]
Aircraft 3.37 - - -
TROPOMI 2.42 0.82 1.26 -28
TROPOMIpar, 2.47 0.83 1.24 =27
TROPOMI¢ams 3.03 0.87 0.99 -10
TROPOMIapy 2.89 (2.71-3.23) 0.91 0.77 -14

4.4.3 The land-sea contrast in TROPOMI NO, retrieval

As a contrasting case, Fig. 4.9 compares the sea NOy profiles to NOy profiles during
the TROpomi vaLldation eXperiment (TROLIX) in 2019 (Sullivan et al., 2022) over
the Netherlands (51.97°N, 4.93°E). The left panel shows mean TM5 NO, and averaging
kernel profiles over land and sea at the time of the aircraft measurements as well as the
mean aircraft-measured profiles. While modeled surface pollution levels over land are
on average close to those over sea, the boundary layer is significantly more evolved with
elevated pollution levels in the models reaching 400 m and above. At the same time, the
averaging kernel over sea is smaller compared to land throughout the entire boundary
layer. The right part of the same figure shows midday NO, concentrations measured
at Cabauw tower as well as coinciding TM5 and CAMS profiles co-sampled during the
TROLIX campaign which took place at a different time than the aircraft measurements,
but under similar meteorological conditions. No measured profile data are available at
Cabauw for the days of the aircraft campaign. The measurements confirm a well mixed
lowest 200 m, in contrast to the presented profiles over sea. Even if the models would
overestimate vertical mixing over land, the higher mixed layer over land would lead to a
smaller relative difference between modeled NO, concentration and observations compared
to over Sea. This - together with the lower surface albedo (<0.04 for the North Sea vs
0.05 for land) causing a lower sensitivity to NOy close to the surface - emphasizes the
challenge of accurate satellite retrieval of NOs over sea compared to over land. For more
details, see Supplement S6. Overall, we find on average 20% lower tropospheric AMFs
over the North Sea compared to land given similar overall retrieval conditions.

4.5 Discussion

We evaluated the TROPOMI tropospheric vertical NOy column retrieval over the North
Sea. For this, we measured ten vertical NOy profiles in the immediate vicinity of ships
emitting air pollutants coinciding with the TROPOMI overpass, compared them to mod-
eled profiles and studied the impact of a priori profiles on the TROPOMI NO,y column
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Figure 4.9: Left: The solid blue line shows mean TM5 profiles coinciding with the aircraft
profiles (black). The dashed blue line shows simultaneous TM5 NOg profiles at the Cabauw
tower in the Netherlands. Additionally, the mean TROPOMI averaging kernel profiles for
land (sampled for all TROPOMI pixels within 51.90°N-52.04°N and 4.86°E-5.00°E) and sea
(co-sampled with the aircraft profile measurements) are shown. The figure on the right shows
mean measured (black) and modeled (TM5 in blue and CAMS in yellow) profiles at the
Cabauw tower in the Netherlands for 6 cloud free days in September/October 2019 during the
TROLIX-19 campaign (Sullivan et al., 2022).

retrieval.

Flying down to below 30 m above the sea surface allowed us to fully capture ship plumes
and NOs pollution over the North Sea. While our measurements suffer from the indirect
measurement, of NO,, the horizontal zig-zag patterns and applied corrections lead to pro-
files that are truly representative at the time and scale of a TROPOMI pixel.

Our measurements strongly hint at systematic negative bias in TROPOMI NO; columns
over the polluted North Sea. Using the aircraft profiles to recalculate the AMFs and
tropospheric NOy columns, the TROPOMI columns are ~ 20(12 — 33)% larger on average
compared to TROPOMIp,;, data using TM5 for a priori profiles. This is in agreement
with earlier studies (Douros et al., 2023) for point sources. The vertical profile measure-
ments over the North Sea reveal a very shallow boundary layer of 100-150 m above sea
level, where the averaging kernel is the smallest. With one exception our measurements
show no significant pollution above 150 m. This finding is supported by co-sampled CO,
profiles presented in S5. The low pollution layer is in contrast to model profiles and could
be attributed to an overestimated vertical mixing in the models compared to observations
on four summer days in 2021. The mixing schemes for vertical transport in the boundary
layer used in TM5 (Williams et al., 2017; Holtslag and Boville, 1993) are known to over-
estimate vertical mixing for stable conditions (Kéhler et al., 2011) which prevailed during
several of the campaign days (see Sect. 4.3.2). The updated K-diffusion based on Monin-
Obukhov length used in LOTOS-EUROS (ECMWF, 2015) is expected to result in more
shallow stable boundary layers. However, we still find a high bias in LOTOS-EUROS in
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the mixed layer height. Hints towards uncertainties in the vertical mixing of the LOTOS-
EUROS can also be found in Escudero et al. (2019), who show a positive bias in boundary
layer height (BLH) over Madrid in summer as well as overestimated vertical mixing in
the boundary layer using the LOTOS-EUROS mixed-layer scheme. Additionally, they
find more gradual vertical mixing and a better correlation of ozone surface measurements
when increasing the number of vertical layers. Likewise, Skoulidou et al. (2021) connect
underestimated surface NO, levels in Athens to problems in the temporal evolution of the
BLH in LOTOS-EUROS, which is taken from the ECMWF operational weather analysis.
The very shallow mixed layer observed during the flights is in agreement with the observed
strong gradient in potential temperature and indicates stable conditions. The reasons the
models fail to reproduce the shallow mixed layer over the North Sea remain unclear and
need further studies.

Next to the overestimated mixing, the TMb5 profiles during clean conditions show less
pollution close to the surface than the aircraft data and the other model simulations.
This is likely an effect of the coarse TM5 resolution of 1°x1° where ship emissions are
smeared out over a larger area and time. The exaggerated vertical mixing and under-
estimation of the lowest part of the profile in TM5 leads to high-biased AMFs which in
turn decreases the vertical column density via N, = N;/M. While the higher spatial
resolutions of CAMS and LOTOS-EUROS increase the surface level NO; (in fact, for 8
out of 10 profiles, the surface pollution in these model product agrees reasonably well
with observations), the overestimated pollution layer height, giving a substantial overes-
timation of the total NOs in the columns. This may be caused by overestimated NO,
emissions, their timing in the models, exaggerated advection or too long NO, lifetimes,
and shows that increased horizontal resolution does not necessarily give more accurate
profile shapes. While TROPOMI columns using CAMS profiles as a priori are higher
and show better correlation and lower RMSE to the aircraft columns than using TM5,
this is caused rather by the higher NOy column than by a correct profile shape. The
TROPOMIcams product, essentially, demonstrates improved agreement with the aircraft
column compared to the operational product. However, using the aircraft profiles in the
AMF calculation exhibit the highest correlation and lowest RMSE.

Furthermore, we conclude that TM5, CAMS and LOTOS-EUROS are unable to fully
capturing the spatially and temporally confined ship emissions over sea and that the pol-
lution levels as a result of land outflow dominate the model results. This is supported
by profiles 3-6, which were measured in clean conditions without land outflow. Observed
and modeled temperature profiles indicate a well mixed atmosphere up to ~800 m and we
see little NO5 enhancement in all model products while we observe strong enhancements
in profiles 3 & 6 as discussed before. The observed enhancements can be directly linked
to fresh ship plumes that show to be vertically confined to the lowest 50 m and are not
present in the models. Better results can be expected with plume resolving models, in-
corporating ship plumes using AIS and ship specific data for their location and emission
strength (e.g. from Jalkanen et al., 2016), or from a climatology of representative NO,
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profiles observed over shipping routes. The presented profiles can be the starting point
for such a climatology.

More validation flights over polluted sea are desirable, especially spanning different loca-
tions, seasons and meteorological conditions as this study was limited to 4 days over the
North Sea in summer. Six out of the ten profiles (on three of the four days) were taken un-
der land outflow conditions. Being close to major polluting areas in the British Islands and
North-Western Europe, land outflow happens frequently and we therefore expect these
sampling conditions to be representative for the North Sea. While this study presents
a cost-efficient way of measuring NOy profiles utilizing an aircraft already equipped for
emissions monitoring, direct NOy measurements with a temporal resolution of 1 Hz or
higher and higher accuracy could have reduced post-processing and uncertainties. Better
calibration, a more sensitive sensor and expanding the flights to higher altitudes can fur-
ther reduce the dependence on model simulations.

Overall, this study shows the bias arising from using modelled and uncertain a priori pro-
files. This is true especially over sea where the boundary layer is less developed than over
land and the surface is darker. The observed negative bias in TROPOMI has important
implications for the application of TROPOMI NO, columns for ship emission monitoring.
As advised in Eskes and van Geffen (2021) the recalculation of AMF's using more realistic
a priori profiles is beneficial.

4.6 Conclusion

This study clearly shows the need for additional evaluation of vertical NOy profiles over
sea for both model and TROPOMI validation while providing a recipe for such an analysis.
We present ten vertical profiles of NOy over the North Sea in Summer, which - due to
the low-altitude sampling (j30 m) and the location over busy shipping routes - present
a unique opportunity to evaluate TROPOMI vertical NOy columns and model profiles
(TM5, CAMS & LOTOS-EUROS) that was previously missing from literature.

We find that on average the coarse resolution of TM5 leads to too low NOy concentrations
near the surface while overestimating NOy above 100 m. The higher model resolution of
CAMS and LOTOS-EUROS results in more accurate surface NOy values, while at the
same time vertical mixing is exaggerated compared to our observations. Additionally,
CAMS and LOTOS-EUROS vertical NOy columns are too high compared to aircraft and
TROPOMI data.

Furthermore, the comparison between observed and modeled vertical NOy profiles, along
with the examination of TROPOMI averaging kernels over land and sea, stresses the
significant challenges involved in accurately retrieving satellite NOy columns over sea,
where vertical sensitivity to NOy is 20% lower than over land, because of lower surface
albedo and confinement of NOy pollution in a thin marine boundary layer.

When replacing the TM5 a priori profiles with the aircraft-measured NOy profiles in the
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TROPOMI AMF calculation, we find a significant increase of the retrieved vertical NOs
columns of ~ 20 (12 — 33)%, showing substantially improved agreement with aircraft-
measured columns. Our findings align with previous studies (e.g. by Douros et al., 2023;
Pseftogkas et al., 2022; Lorente et al., 2017), highlighting the importance of precise vertical
a priori profiles for satellite-based trace gas retrieval.
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4.S Supplement

4.S.1 General weather and chemical conditions

Figure S4.S.1 shows the flight paths for the 10 profiles and 3 horizontal scans overlayed
over the coinciding TROPOMI NOs columns. Fig. 4.5.2 shows the measured and modeled
potential Temperature profiles for the 10 vertical profiles.

Below we summarize the general weather conditions relevant for interpreting the aircraft
data during the four flight days.

2 June: Moderate winds from the east/southeast, over the North Sea around 10 m/s, wind
gusts similar, and mostly cloud free. Warm weather, temperatures over the Netherlands
>25°C. Air pollution from the Randstad is blown onto the southern North Sea with a
east-southeast to west-north-west orientation.

22/23 July: Light, mostly northerly winds mostly, with wind speeds of 3-7 m/s, wind
gusts similar, mostly cloud free with some shallow cumulus and stratocumulus clouds
over the North Sea. Pleasant weather, maximum temperatures over the Netherlands
20°-25°C. Chemical conditions are clean and northerly flow causes air pollution from the
Netherlands to be blown away from the North Sea with a east-southeast to west-north-
west orientation.

8 September: Light to moderate winds east/southeasterly, wind speeds 5-10 m/s, wind
gusts similar. Nearly cloud free warm weather, maximum temperatures over the Nether-
lands >25°C. Air pollution from the Randstad is advected onto the southern North Sea.
9 September: Light to moderate winds from the south, wind speeds 5-10 m/s, wind gusts
similar. Scattered low clouds and some stratocumulus fields, indicative of increasing atmo-
spheric instability. Warm weather, maximum temperatures over the Netherlands >25°C.
Air pollution from the south-western Netherlands is blown onto the southern North Sea
with a north-south orientation. The Southernmost North Sea is relatively clean with a
southwesterly flow.



4.S Supplement

89

02 June 2021

2°E  2.5°E 3°E 35°E 4°E 4.5°E

4°E  4.5°E

22 July 2021

2°E 2.5°E 3°E 35°E 4°E  4.5°E

» o
P <

08 September 2021

2°E 2.5°E 3°E 35°E  4°E  4.5°E

0.40
NO, [molec/cm?]

22 July 2021

2°E 2.5°E 3°E  35°E 4°E  4.5°E

: # 1600
53.5°N . ' . 4 53.5°N
53°N ' #3 )= 53°N
- | o :
52.5°N \ = 4 52.5°N 1400
b - ¥
2N - 52°N
| - o
51.5°N 4 bt 51.5°N
. <d .
ey
51°N 'y = 3 51°N 1200
2°E  2.5°E  3°E 3.5°E 4°E 45°E
08 September 2021
2°E

25°E 3°E 35°E 4°E  45°E

- ~ 3 9 Fi7,
53.5°N = .S a
"

1000

M @
2N 800
51.5°N
600
09 September 2021
2°E  2.5°E 3°E 35°E 4°E 4.5°E
400

200

1lelé

Altitude [m]

Figure 4.S.1: Overview of flight paths for ten vertical profiles (1-10) and three horizontal
scans (A-C). Shown are the NOg column densities over the North Sea measured by TROPOMI
at time of flight and the route of the aircraft as well as ECMWEF 10 m wind indicated by the

arrows.
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Figure 4.S.3: Relationship NO2/NO, ratio to binned plume age for PARANOX modeled
plume for conditions during profile flight 1.

The PARANOX (PARametrization of Aircraft emitted NOX) model is a Gaussian plume
model based on work from Vila-Guerau de Arellano et al. (1990) which was successfully
used for the parameterization of aircraft emissions and later for ship emissions Vinken
et al. (2011). PARANOX simulates the dispersion of a plume in 10 concentric elliptical
rings and the chemical evolution of the concentrations of several atmospheric trace gases
inside it.

In this study we use the weighted average NOy/NO, ratio of the simulated aging plumes
for neutral stability. For each of the 10 profiles a separate simulation was performed,
using coinciding wind speeds from ERAS5 reanalysis data, and background NO, and Og
values from the CAMS ensemble mean. For all simulations, the NOx emission strength
was set at 60 g/s with 94% of the NO, emitted as NO in line with Eyring et al. (2005).
Fig. 4.5.3 shows the simulated NO,/NO,, ratio for profile 1.
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4.S.3 Spatial representativeness of profile flights and other corrections

Table 4.S.1: Post-hoc calibration of the measured profiles.

Post-hoc NO2

Profile number MUMM flight date . .
calibration [ppb]

#1 21082 02.06.2021 3.28
#2 21082 02.06.2021 4.44
#3 21116 22.07.2021 -0.04
#4 21116 22.07.2021 -0.02
#5 21117 22.07.2021 -0.80
#6 21117 22.07.2021 0.02
#7 21133 08.09.2021 -3.96
#8 21133 08.09.2021 -3.28
#9 21133 08.09.2021 -3.60
#10 21135 09.09.2021 -2.68

1. Calibration. We apply a post-hoc calibration of NOy mixing ratio C to fit

the CAMS ensemble mean in the clean troposphere (above 250 m). The cor-
rected volume mixing ratio C,umm 18 the sum of the measured mixing ratio
Cneas and the post-hoc calibration b: C/ . = Cpeas + b with b such that

X (Creas +0)oosom = X (Coanrs)sasom Where X is the mass density. The table
above shows our post-hoc calibration values b for every flight. The biases are

largely consistent during each day, consistent with the daily calibration routine
executed prior to flight. Given the spread of calibrations during individual days, we
assume a uncertainty of the bias correction of 0.5 ppb (mean of standard deviations
for days 02.06., 22.07., 08.09.)).

. In-plume bias. We expect any given area (e.g. a TROPOMI pixel) to be covered

partially by a plume and partially by NOy background values. The coastguard
flights actively approached ships and their plumes (see Sect. 2.2 in the main
text) in order to measure the composition of the exhaust. Our measurements
are therefore not necessarily representative of the mean concentrations over the
entire area. Therefore, we use the representative random sampling of the transect
flights to calculate an expected fraction of time in the plume for the lowest part of
each profile (if it would have been a random sampling) and correct the observed
measurements to fit this.

To tackle this, we use 20-sec interpolated AIS ship location and the wind speed
measured by the aircraft to calculate plume locations. We define an area of interest
(AOI) which spans a rectangle from the minimal to maximal longitude/latitude.
We use plume locations based on the AIS information on ship position and speed
for all ships sailing within a distance of 0.5° margin on both latitude and longitude
within 2 hours before the end of an aircraft profile. We use the mean wind direction
and wind speed measured by the aircraft below 100 m to predict the presence of
the plumes from any ship within the vicinity. We apply the projection method that
was introduced by Georgoulias et al. (2020): the location of a plume at time t is
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simply the projected ship location from time ty multiplied with the wind speed in
the direction of the wind: Xpe, = Xars + u - (t-tp). We then count the number N
of expected 20-second plume locations in the AOI and divide it by the size of the
AOI A to calculate a so-called in-plume fraction fao;r = Naor/Aaor-

Taking the three transect flights (where the whole horizontal plane was sampled
and therefore have a representative image of the area), we look at the NO,
measurements and define a measurement to be ‘in plume’ if the mixing ratio is at
least 8 ppb above a background given by the 25 percentile of all NO, measurements
in said transects. Similar values for the threshold have been tested and yield
similar results. From that we calculate the fraction of in plume measurements r
as: rior = N]\’;t% . Next, we assume a linear relationship between f and r and
perform a linear fit through the three transect flights, yielding » = ¢; * f + ¢¢. This
is our in-plume bias correction fit.

Using ¢y and ¢; from this fit, we calculate the expected r.,, for the lowest
100 m of each profile based on faso;. Additionally, we calculate the actual
Tactuar from the measured data. To correct each profile with the in-plume bias
correction fit obtained from the transects we then calculate corrected mixing

ratios C” pmumm.inptume = Cmumm.inplume * r;tﬁ for in-plume measurements and
" _ / 1—7Texp
C" mumm noplume = mumm,noplume * Toreors for measurements out of the plume.

Since the linear fit is based on three data points only, we assume an uncertainty of
20% on Teyp.

To test the reliability, we additionally use a Monte Carlo simulation to calculate
the NOy concentration in the lowest 50 m. Here, we first calculate the expected
ratio of in/out of plume measurements 7., as above and then draw random values
of in/out of plume measurements of all profile flights, using the same in/out of
plume definition as above. For every profile, we run 100 such simulations, using
20 measurements each (of which 20*r.,, are drawn from the ’in plume’ pool).
The 100 results give a range of expected values for the lowest 50 m and are
largely in line with the first approach. The Monte Carlo approach gives a more
multi-flight representation of the in- and out-of-plume measurements and might
thus overestimate or underestimate NO, concentrations in plumes of weak or strong
emitting ships, respectively.

3. NO,/NO, ratio correction. The NO, values are not directly measured but taken
from the difference between NO, and NO. If the two are not measured completely
simultaneously but slightly shifted, a (strong) gradient in NO, concentrations will
lead to strongly negative NO, if the aircraft is measuring NO while in the plume,
and NO, when outside the plume. Similarly, when NO, is measured in-plume
and NO out-of-plume, the NO, values will be overestimated in respect to the
measurement interval. To avoid such extreme NO, values, we run the Gaussian
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plume model PARANOX (see Supplemente S2) with NO, and Oj background
levels similar to those during measurements. The modeled NO,/NO, ratios for
rings 1 (center of plume), 5, 10 (edge of plume) and a volume weighted average for
conditions during profile 1 are shown in Fig. 4.S.3.

All NOy measurements in-plume with negative NOy or NO5/NO,, ratios above 0.8
are then corrected to fit the weighted modeled ratio according to the plumes age.
We assume an uncertainty for the modeled NOy/NO, ratio of 0.1.

Fig. 4.5.4 shows the uncorrected and corrected profiles including the uncertainty estimate
for the corrected data as well as the Monte Carlo simulations for the lowest level. Gener-
ally, the calibration bias dominates as can be seen from the offset between the gray and
black bold lines. Below 150 m, the other corrections come into play, making the surface
pollution more or less pronounced.
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Figure 4.S.4: Aircraft measured profiles. The bold gray line shows the raw measured data,

the bold black line the corrected profile, the dashed black lines the uncertainty estimate and

the blue lines show the Monte Carlo simulation for the lowest 50 m.
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4.5.4 Additional NO; maps

Fig. 4.5.5 shows the TROPOMI and modeled NOs column during the profile flights not
presented in the main manuscript as well as the flight path and aircraft NOy measurements
below 200 m.
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Figure 4.S.5: NOg columns as seen by TROPOMI and several model products for the time
of the second profile measurement as indicated by the bottom colorbar. Overlayed are the
aircraft measurements in grey for flights above 200 m and in colors below as indicated by the
colorbar on the right as well as wind speed and direction by the arrows in the left panel.
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4.S5.5 CO, profiles
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Figure 4.S.6: CO2 enhancement profiles for the ten spiral flights. As the CO2 sensor was
not calibrated, the 300-350 m value is subtracted to visualize the enhancement in the mixed
layer.

Fig. 4.S5.6 shows the CO5 enhancements in the mixed layers measured for the ten profiles.
The observed mixing layer height of | 150m agrees well with the observations in the NO,
profiles. The CO, concentrations are measured directly with a temporal resolution of
1 Hz and no corrections are applied here.
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4.S.6 Sea-land contrast
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Figure 4.S.7: Normalized distributions of cloud fraction, surface albedo, TM5 a priori
columns and normalized tropospheric AMF over land (yellow) and sea (blue).

We compare tropospheric AMFs over sea at the time and location of the aircraft
measurements to AMFs over land at the Cabauw tower in the same TROPOMI orbits.
For this analysis, we normalize tropospheric AMFs for viewing and solar geometry by
dividing the topospheric AMFs provided in the TROPOMI files by the geometric AMF's.
To make sure the observed differences are caused by the differences in surface properties,
we include only scenes with similar a priori columns and cloudiness levels. Fig. 4.S.7
shows the distribution of cloud fractions, albedo, a priori columns and AMFSs for the
land and sea scenes. We find on average 20% lower tropospheric AMFs over the North
Sea compared to land given similar overall retrieval conditions.
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Abstract

Maritime transportation is a substantial contributor to anthropogenic NO, emissions
and coastal air pollution. Recognizing this, the International Maritime Organization
(IMO) has steadily implemented stepwise stricter emission standards for ships in recent
years. However, monitoring emissions from sea-bound vessels poses inherent challenges,
prompting the exploration of satellite observations as a promising solution. Here we use
TROPOMI measurements of NOy plumes together with information on ship position and
identity, and atmospheric models to quantify the NO, emissions of 130 plumes from in-
dividual ships in the eastern Mediterranean Sea in 2019. Because most of the emitted
NO, is in the form and NO, which is not immediately converted into detectable NOs,
plumes show their NO; maximum some 15-30 km downwind of the ship’s stack. Fur-
ther downwind NO, decreases because of plume dispersion and photochemical oxidation.
Background ozone and wind speed play a significant role both in detectability of the NO,
plume and the relationship between NO, emissions and observed NOs, explaining the
good detection conditions in the eastern Mediterranean summertime, where ozone levels
are high. Taking such effects of emissions, dispersion, entrainment, and in-plume chem-
istry in full account, we find emission strengths of 10-317 g (NOy) s~*. We then calculate
emission factors of the detected ship plumes using AIS and ship specific data and find that
newer Tier II ships ahave higher emission factors compared to older Tier I ships. This is
especially the case when running at lower engine loads, which is the most frequently ob-
served mode of operation in our ensemble. Additionally, at the time of detection around
half of the emission factors detected for Tier II ships lie above the IMO weighted average
limits. The presented method sets the stage for automated ship emission monitoring at
sea, contributing to better air quality management.
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5.1 Introduction

International shipping is responsible for the transport of 90% of traded goods world-
wide (OECD, 2024) and for contributing 13 % of anthropogenic nitrogen oxides (NO, =
NO + NO,) emissions (International Maritime Organization, 2015). NO, plays an impor-
tant role in atmospheric chemistry by influencing the formation of tropospheric ozone, a
potent greenhouse gas and air pollutant, and producing hydroxyl radical (OH), the main
oxidant in the atmosphere. It therefore perturbs the oxidative capacity of the atmosphere,
impacting the lifetimes of many pollutants and greenhouse gases. In the marine bound-
ary layer, nitrogen oxides interact with halogen chemistry (e.g. Elshorbany et al. (2022))
which is not included in most current models. Accurate knowledge of anthropogenic NO,,
emissions in maritime regions is crucial to better understand atmospheric chemistry in
the marine boundary layer. NO, is a toxic gas itself, and it leads to the formation of
aerosols, causing and worsening human respiratory diseases and damaging plant growth.
Nitrogen deposition associated with ship emissions further worsens the issue of eutrophi-
cation, particularly in offshore regions (Neumann et al., 2020). Overall, NO,, emitted by
ships degrade air quality in many coastal areas with serious consequences for human and
ecosystem health, causing up to 800000 premature deaths per year (Sofiev et al., 2018).
To mitigate the health impact of the growing maritime transport, the International Mar-
itime Organization (IMO) has implemented standards for NO, emissions by ocean-going
vessels (OGV) in the MARPOL Annex VI, grouped in three engine tiers: emissions from
ships build in or after the year 2000 have to follow Tier I limits, stricter Tier II limits
apply to ships build after 1 January 2011 and the most stringent NO, regulations are
required from ships with a keel-laying date of 2016 or later sailing in so-called Emission
Control Areas (ECAs). Ships build prior to 2000 are unregulated. However, there is in-
sufficient understanding and verification on how ship characteristics and operations such
as size, age, speed, and engine load influence the emissions. Recent studies indicate that
while SO, emissions of ships are decreasing, NO, emissions of OGVs are not decreasing as
anticipated (Van Roy et al., 2023; Comer et al., 2023), highlighting the problem at hand.
Those studies require the availability of in-situ or ground-based NO, measurements and
are therefore spatially limited. Satellite remote sensing of NO,, on the other hand, offers
a global perspective.

Nitrogen oxides are emitted in combustion processes such as in ship engines, mainly as
nitrogen monoxide (NO). Conversion of NO to nitrogen dioxide (NOs) requires the pres-
ence of sufficient O3 in the plume. This conversion takes some time, especially when Oj
is titrated in the early stages of the plume (Vinken et al., 2011), so that NOg columns
are expected to have their highest magnitudes several kilometers downwind of the ship
source. Whether NO, columns originating from individual ships are actually detectable
from space depends on the strength of the NO, emissions, and on the NO,:NO, ratio in
the plume. This ratio is driven by the chemical regime, i.e. the abundance of O3, radiation
and atmospheric dynamics within and near the plume. Therefore, accurate knowledge of
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these parameters is needed to interpret satellite observations of NOy column plumes in
terms of the underlying NO, emissions from individual ships.

The TROPOMI instrument on board of the Sentinel-5p satellite for the first time allowed
detection of NOg plumes from individual ships with satellites (Georgoulias et al., 2020).
While previous studies with the GOME, SCTAMACHY, and OMI sensors (Beirle et al.,
2004; Richter et al., 2004; Vinken et al., 2014a) identified major shipping lanes and stud-
ied trends in maritime NOs, those satellite instruments were incapable of detecting single
ship NO, plumes. The higher spatial resolution (3.5 x 5.5 km?) NO, measurements of
the European TROPOMI-sensor therefore sparked research into automated (ship) plume
detection (Kurchaba et al., 2022; Finch et al., 2022; Kurchaba et al., 2023).

Here we combine tropospheric NOs columns from TROPOMI and coinciding data on
ship position and identity from the automatic identification system (AIS) to attribute
NO, plumes to individual large ships. We investigate the main chemical and meteorolog-
ical drivers of the relationship between a ship’s NO, emission strength and its observable
NOs plume. Using the observed NO, plumes we then quantify the NO, emission strength
of 130 OGVs in the eastern Mediterranean Sea in 2019 via an inversion framework ac-
counting for atmospheric dynamics and in-plume NO,-VOC-Os-chemistry. Finally, we
derive emission factors and evaluate these across ship’s engine tiers and IMQO’s regulatory
standards.

5.2 Methods & Materials

5.2.1 Data
5.2.1.1 TROPOMI NO, data

TROPOMI (Veefkind et al., 2012) is a polar sun-synchronous spectrometer on board
of Sentinel-5Precursor (S5P), launched in 2017. S5P crosses the equator at 13:30 lo-
cal time, and covers the earth daily, with overlapping orbits at the Mediterranean.
The spatial resolution is 5.5x3.5 km? for nadir pixels, and 5.5x14 km? for pixels at
the edge of TROPOMI’s swath. Here we use TROPOMI L2 tropospheric NO, vertical
columns densities of version 2.4 over the eastern Mediterranean (31°N-36°N, 18°E-30°E,
see Fig. 5.1) between April and November 2019, freely available via the Copernicus Data
Space (https://dataspace.copernicus.eu ). Only pixels with ga < 0.75 are used through-
out the manuscript, therefore excluding cloudy pixels. The retrieval of tropospheric NO,
consists of 3 steps: (1) the spectral fitting of modelled to observed reflectance spectra,
providing the NO, slant column density, (2) the subtraction of the stratospheric contribu-
tion from the NOj slant column, resulting in the tropospheric NOy slant column estimate,
and (3) the application of the tropospheric air mass factor (AMF) to correct for the effects
of satellite viewing geometry and reduced vertical sensitivity to NOy, which provides the
tropospheric vertical column. For the calculation of the AMF, a priori information of the



5.2 Methods & Materials 105

AY 7 T
Emission [g/s]
o 32
O 317

39°N

37.5°N

36°N

34.5°N

33°N

31.5°N

17.5°E 20°E 22.5°E 25°E 27.5°E 30°E 32.5°E
1.0 1.2 1.4 1.6 1.8 2.0 2.2

NO; column [molec/cm?]

Figure 5.1: Map of vertical tropospheric NOgy columns over the eastern Mediterranean in
April-November 2019. We averaged cloud-free TROPOMI v2.4 data with ga < 0.75. The
blue circles indicate the position of the ships of which the plume was detected and their size
is proportional to the estimated emission flux causing the plume. The blue triangle indicates
the entrance of the Suez Canal. Land surface is indicated by the darker color. Circles in
other colors indicate plumes shown throughout the manuscript (red: Fig. 5.3, green: Fig. 5.5,
magenta: Fig. S10)

vertical distribution of NOj is needed. The a priori NOy profile in the TROPOMI retrieval
is modelled with TM5, at a resolution of 1x1°, smearing out ship plumes and leading to
an underestimation of in-plume NOs columns. We therefore multiply all in-plume pixels
with a factor of 1.2 to correct for low bias caused by a priori vertical profiles, motivated
by forward model simulations of ship plumes presented in Supplement A, and in line with
findings in (Riess et al., 2023). For the emission estimates (see subsection 5.2.3.1), we use
these adjusted TROPOMI NO, columns to calculate the NOy enhancement of the 3h-long
ship plume over the background as presented in detail in supplements B and C.

5.2.1.2 AIS and ship specific data

To relate the TROPOMI NO, plumes to shipping activity, we use data from the auto-
matic identification system (AIS) for shipping. Since 2005, the International Maritime
Organization (IMO) requires all ships with a gross tonnage over 300 and all passenger
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ships to carry an AIS transponder. These transponders broadcast static (e.g., identity)
and dynamic (e.g., position, speed, course) information of the ship, which can be received
by other ships, shore stations, and satellites (International Maritime Organization, 2014).
Here we use historical AIS data available to the Dutch Human Environment and Trans-
port Inspectorate (ILT). Furthermore, we retrieve information on ship dimensions, design
speed and engine power from Lloyds List Intelligence and the official ship registrations
(https://gisis.imo.org/Public/Default). We use the IMO number as primary key, and
MMSI when IMO number is not available in AIS data. For 7 ships, information on the
maximum engine power was missing. For these 7 vessels, we used a regression to predict
engine power based on design speed, length, keel laying year and ship type, using the
registration of 40550 ships as training data.

5.2.1.3 Atmospheric composition and meteorological data

To interpret the observed NOy observations from TROPOMI we need to know the chem-
ical and meterological conditions under which the NO, emissions occured. For that, we
use NO, NO, and O3 data for levels 0 m, 50 m and 250 m from the European Air Quality
Reanalysis ensemble median data set provided by the Copernicus Atmospheric Monitor-
ing System (CAMS) to determine the NO, and O3 background for observed ship plumes
and use those for model forward runs and as features in the emission estimations. The
data is available via the atmospheric data store (https://ads.atmosphere.copernicus.eu).
Furthermore, we use wind information at 10 and 100 m from ERAS5 reanalysis data
as well as temperature data from the lowest 3 levels to determine the stability
class via the temperature gradient, all available via the CAMS climate data store
(https://cds.atmosphere.copernicus.eu).

5.2.2 Models

To estimate NO, emissions from individual ship plumes visible in the TROPOMI data,
we use two atmospheric models - PARANOX and microHH - and the machine learning
tool XGBoost introduced in the following.

5.2.2.1 PARANOX

PARANOX (PARAmetrisation of NOX) is a Gaussian Plume model (GPM) based on work
from Vila-Guerau de Arellano et al. (1990) first used to model aircraft emissions (Meijer,
2001) and later adjusted and used for ship plumes (Vinken et al., 2011; Riess et al., 2023).
PARANOX accounts for entrainment and detailed chemistry (43 species in 98 reactions)
in 10 concentric, elliptical half-rings. The rings expand over time with plume growth
- enabling entrainment of fresh air- depending on wind speed and Pasquille Stability
Classes, using the dispersion parameters for over sea as proposed by Hanna et al. (1985).
PARANOX is capable of simulating ship NO, plumes to reasonable accuracy as has been
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validated using aircraft observations from Chen et al. (2005) (Vinken et al., 2011). Here,
we use PARANOX to create a library of plumes, varying the following forward parameters:
NO,, emission strength in g/s (95% of NO,, are released as NO), NO, and O3 background
concentrations, Pasquille stability class, wind speed, ship speed, the angle between ship
and wind direction, coordinates of the ship and date of emission. For each library member
we compute several simulations with PARANOX, emitted every 15 minutes and create a
superposition of these plumes, representing the NOy at 13:30 local time as it would be
observed by TROPOMI. In supplement D the PARANOX model is introduced in more
detail and supplement E shows the plume library.

5.2.2.2 MicroHH

We use MicroHH for a validation of the PARANOX model. MicroHH is an open-source,
fluid dynamics model, supporting Large Eddy Simulations (LES) (Van Heerwaarden et al.,
2017). LES are used to model turbulent flow which is characterized by a wide range of
length and time scales. In LES, the goal is to capture the larger, energy-containing eddies
explicitly, while parameterizing the effects of the smaller, dissipative eddies. Recently,
non-linear atmospheric chemistry has been added to MicroHH, enabling the modeling
of NO, plumes (Krol et al., 2024). The simulations used in this research have been
performed at a horizontal resolution of 50x50 m? with 128 vertical layers. The boundary
conditions for the MicroHH simulations are from ERA5 and CAMS data as in van Stratum
et al. (2023). Emissions are simulated as moving Gaussian blob with o, = 0, = o,
=25 m at z=50 m (Raznjevi¢ et al., 2022). In the comparison to PARANOX we find a
good agreement for the dominantly stable conditions observed in the marine boundary
layer, especially when compared at TROPOMI resolution. The NOs plumes simulated
by MicroHH are slightly wider and show a higher NO, peak but are shorter lived. Using
a plume simulated with MicroHH as input in the PARANOX-based inversion framework
presented in Section 5.2.3.1 results in an emission estimate that is 10 % higher than

the MicroHH input. More details on the model comparison can be found in supplement
F.

5.2.2.3 XGBoost model

To infer NO5 emission estimates of individual ships based on TROPOMI NO, data, and
meteorological and chemical conditions from ERA5 and CAMS (see 5.2.1), we use three
XGBoost models fed with the PARANOX plume library: For Pasquille stability classes
neutral (D), slightly stable (E) and stable (F) a separate XGBoost model is trained to
learn the relationship between NO, emission and TROPOMI NO, observation given the
forward parameters using the python package xgboost (Chen and Guestrin, 2016). To
that end we calculate the 3h plume enhancements Fs, as the NO, enhancement caused
by the ship in the three hours before observations relative to the background NOy (see
supplement B for details) for all library members and detected plumes. The other fea-
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Figure 5.2: Schematic of ship plume chemistry: The vast majority of NO, is emitted by
the ship in the form of NO. The fresh plume is therefore dominated by NO. NOg formation
requires ozone, which is titrated in the early stages of the plume. The peak in NOs becomes
visible only a few kilometers downwind, when ozone increases through the entrainment of
ozone-rich background air. NOs can be oxidized by OH, the major sink of NO,. Like ozone,
OH is depleted in the fresh plume but entrained in the aging plume.

tures used in the XGBoost model are the forward parameters introduced in 5.2.2.1, of
which ozone and wind speed turn out to have the highest impact (see supplement G).
We use 60% of the plume library members for training and 20% for tuning of the hy-
perparameters. Using a grid search scored on the negative mean squared error, we find
the optimal hyperparameter settings for the models, as n_estimator= 3000, max_depth=
5, learning rate =0.02, subsample = 0.8, colsample_bytree = 0.9 for all three stability
classes.

The remaining 20% of the data are used to evaluate the performance of the models. The
average relative error of the models are 10%, 9% and 8% for classes D, E and F, respec-
tively. For emission fluxes above 80 g/s, the average relative error reduces to 4%, 4% and
3%, respectively. We see that the model is successful in reproducing accurate predictions
of the emission flux for our data set. For more details, see supplement B, C, and G.

5.2.3 Data processing

5.2.3.1 Emission estimates

We quantify NO, emissions from the observed NOy plumes using a three-step approach:
first, we generate a library of 40,000 virtual NO, plumes for a wide variety of NO, emission
strengths and forward model parameters with the Gaussian Plume model PARANOX (see
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above). PARANOX agrees well with MicroHH (see supplement F'), and is computation-
ally fast. The forward parameters included in our inversion are the relevant chemical and
meteorological conditions at the time of measurement such as background ozone, wind
speed, stability class (i.e. entrainment strength) and radiation in the marine boundary
layer. The model explicitly accounts for the effects of O3 titration and entrainment, as
well as NO, formation and oxidation as depicted in Figure 5.2. Thus, the PARANOX-
library shows that NO, plume magnitudes increase with NO,, emission strength, and with
boundary layer O3 concentrations (see supplement E).

In step 2, the plume library is fed to an XGBoost model (see subsection above) to learn
the relationship between NO, plume magnitude and underlying NO, emission strength
given the environmental conditions under which the observations were done. Our XG-
Boost model is capable of reproducing strong NO, emission strengths from simulated NO,
plumes with an average relative error below 5%.

In step 3, we apply our XGBoost model on the observed TROPOMI NO, plumes in com-
bination with the actual environmental conditions during emission (obtained from CAMS
and ERA5 data, see 5.2.1, and supplement B) and quantify the NO, emissions.

5.2.3.2 Uncertainty estimation

Several uncertainties of the estimated emission fluxes need to be considered: (a) uncer-
tainties introduced by the model choice, (b) the XGBoost model, and (c) the uncertainty
of features of the XGBoost models. The uncertainty (a) introduced by the use of a Gaus-
sian Plume model can be estimated by inverting a MicroHH simulation. This has been
done using the MicroHH simulation of the plume discussed in supplement F, resulting in
an emission flux that was 10% higher than the input. (b) has been determined using part
of the training data as discussed in 5.2.2.3. Uncertainty (c) is harder to assess. The plume
enhancement is by far the most important feature of the XGBoost model (see supplement
G). Within its calculation the determination of the background level, the ship sector
(mainly due to wind information) and lastly the TROPOMI retrieval itself are the largest
uncertainty factors. We use three different definitions of the background and ship sector,
using five different methods to calculate plume enhancements (see supplement B). The
standard deviation of inversions of these 5 enhancements combined with the presented
PARANOX and XGBoost uncertainties make up the total uncertainties. Uncertainty (c)
is on average about 20% of the estimated emission flux and therefore the dominating
uncertainty for most plumes.
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Figure 5.3: NO; plume of a ship sailing in the Mediterranean on 5 June 2019. (a) Observed
TROPOMI data, (b) MicroHH simulation resampled at TROPOMI grid using an emission
strength of 120 g s71, (c) like (b) but with realistic instrument noise, (d) like (c) but with half
the emission flux and (e) like (d) but with half the background ozone. The pink dots indicate
the AIS position of the ships in the three hours before overpass at 11:42 UTC as indicated
by the right color bar, the black dashed line shows the wind-shifted track, which is the ship
location displaced by the distance d = Vying * 0t as in  Georgoulias et al. (2020). Uying iS
the 10 m wind speed and 4t the time between AIS time of the ship position and TROPOMI
overpass. The choice for halving the emission is motivated by the emission limit of Tier III
ships (see supplement I), the choice for halving the background ozone is motivated by the
difference in ozone levels between the eastern Mediterranean and the North Sea. The NO,
emissions given here and reported elsewhere in this manuscript are given as mass of NOs,
meaning that an emission of 46 g s™! equals 1 mol s~ 1.

5.3 Results

5.3.1 Nitrogen dioxide hotspots over the eastern Mediterranean

We identified 130 clear ship plumes in the Eastern Mediterranean (31.°N-36.°N, 18.°E-
30.°N) in daily TROPOMI NO, columns (see methods section for data selection) between
April and November 2019. Figure 5.1 shows the 9-month average NO, map with region-

ally strong NOs pollution around Athens, Alexandria and Israel, originating from urban

activity and industrial emissions with average columns of up to 2.2x10'® molec cm~2. The

map also reveals the the effect of NO, emissions from the Atherinolakkos power plant at

the south-east of Crete. Figure 5.1 shows enhanced NO, columns of up to 1.2x10'® molec
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cm~? between the Suez Canal and Sicily, representing dense traffic in this shipping lane.
Most NOy plumes detected between April and November 2019 are found near this shipping
lane.

5.3.2 Nitrogen dioxide plume attribution to single ship

Figure 5.3 (a) shows an NOs plume originating from a container ship sailing in south-
easterly direction on 5 June 2019. The prevailing northwesterly winds predict the pol-
lution from the container ship to be displaced to the southeast, which is exactly where
TROPOMI imagery shows an NOy column plume. Such close-up analysis has been done
for all ships, boundary layer wind and TROPOMI NO, data available to us. Whenever the
predicted location of the pollution enhancement coincided with a single TROPOMI NO,
plume, the observed NOy enhancement was attributed to that particular ship. Through
careful manual inspection, we thus identified a total of 130 plumes between April and
November 2019 caused by 119 different vessels, with 9 vessels being observed twice and
one three times. Occurrences of plumes in the vicinity of multiple wind-shifted ship-tracks
were excluded to select unperturbed single ship plumes.

5.3.3 Characteristics of environmental conditions and observed ships

(a) Month (b) Ship type (c) Tier
] Ship plume
0.25 0.8 I Not detected 0.5
[ Detected
>~‘0.20 0.6 0.4
>
v 0.15 0.3
c
(] 0.4
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0.00 4 5 6 7 8 9 10 11 0.0 Cont. Tanker Bulk Other 0.0 Tier | Tier Il pre-Tier

Figure 5.4: (a) Percentage of plumes in each month, (b) type and (c) tier of ships. Plumes
that were detected are shown in light green and not detected ships in the studied area and

time are colored in purple.

We compare characteristics of ships whose plumes were detected and the environmental
conditions in which they sailed to those that were not detected in Figure 5.4 and Table 5.1.
85% of all ships detected are container ships that are some two times longer and six times
heavier than the fleet average. Additionally, detection is most likely for ships sailing
at speeds above 5 m s™!. This is in line with the 10 knots limit found in (Kurchaba
et al., 2024), and the ships exposed here represent the fast-travelling end of the fleet.
Additionally, ozone abundance in the marine boundary layer is positively correlated with
the detectability of ship plumes, which is further discussed in Section 5.3.4. Furthermore,
we found that ship NOs plume detection is most likely in summer months over the eastern
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Table 5.1: Median and interquartile range (in brackets) of conditions and ship characteristics
of detection and non-detection of ship plumes in the eastern Mediterranean during TROPOMI
overpasses in April-November 2019. Oz and NO,, come from coinciding CAMS data, wind from
ERAS and ship characteristics from ship registrations matched with AIS data.

Not detected Detected
05 [ppb) BT 531063
NO, [ppt] 246 (185) 401 (125)
Ship length [m] 183 (110) 366 (76)
Ship speed [m s™] 9 (2.8) 0(2.2)
Gross tonnage 24800 (40800) 145600 (81200)
Wind speed [m s™!] 9 (3.2) 6 (2.2)

Mediterranean, with most plumes being detected in July and August. In summer, fewer
clouds are present over the Mediterranean than in other seasons, which favours satellite
detection of NOy plumes in the marine boundary layer. The detected ships have more
recent keel laying years and larger engines than typical for the Mediterranean fleet. This
shows that our ship ensemble consists mostly of Tier I rather than Tier I ships compared
to the Mediterranean fleet as a whole (Fig. 5.4 (c)). Lastly, we find that ship plume
detection is more likely with tailwind than with headwind (see Supplement H).

5.3.4 Emissions and ozone levels drive observable plumes

While NO, plume detection is most likely when a ship’s NO, emission is strong and skies
are clear, there are other factors that influence the detectability of a ship NOs plume. Fig-
ure 5.3(a) shows the NO, plume from a large container ship (370 m) sailing at high speed
(10 m/s) in southeasterly direction on 5 June 2019 over the Mediterranean, as observed by
TROPOMI. We performed a high-resolution simulation of the pollution plume from this
large container ship with the turbulence and chemistry-resolving model MicroHH (van
Stratum et al., 2023; Krol et al., 2024). Assuming that the ship emitted NO, at a rate of
120 g s~!, MicroHH simulates the ship’s NO, plume at the same location and of similar
magnitude as TROPOMI, providing confidence in our attribution method. We then eval-
uated to what extent emission strength and ozone entrainment drive the detectability of
the ship’s NOy plume. Figures 5.3(c)-(e) illustrate that reducing emissions by 50% and
reducing boundary layer O3z concentrations by 50% in the MicroHH simulations leads to
lower detection probability, as evident from the much less prominent NOy column en-
hancement (see Methods) in the simulations.

Figure 5.2 shows the main processes that determine the evolution of the NO, plume, ex-
plaining the TROPOMI NO, plumes. Ships emit NO, mainly as NO. However, because of
ozone titration in the fresh plume, the conversion of NO to NO, is delayed. Once sufficient
ozone is entrained into the plume, the reaction of NO with ozone forms NOy, making the
NO, peak detectable several kilometers downwind of the ship’s stack. During the day,
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Figure 5.5: Comparison of observed and modeled ship plume on 11 July 2019. (b) The ship
plume observed by TROPOMI, which our inversion framework estimates to be caused by an
emission flux of 130 g s™!. (c¢) The plume simulated by PARANOX, using this inverted flux
and forward parameters from CAMS and ERA5. The pink dots in both plots indicate the
ship position in the 3 hours before overpass, the black dashed line show the expected plume
position. (a) NOgy columns of the ship plume as a function of distance from the stack. In
black, the 3-pixel-wide mean of TROPOMI data is shown. In red, the 3-pixel-wide mean of
mean simulated observation is shown. The uncertainty band shows the standard deviation
of 500 applications of realistic TROPOMI noise, resulting from the single-pixel uncertainty
of 0.3*10' molec cm™2 as well as spatially correlated uncertainty of 0.15¥10'% molec cm™2
caused by the albedo database.

NO; can undergo photolysis and form back NO and Oz. NO, cycling is terminated by
reaction of NOg with the hydroxyl radical (OH) to form HNOj;. Both the rate at which
NO, is formed as well as the ratio between NO and NO, thus depend on the abundance
of ozone in the plume. With its high summertime ozone levels in the marine boundary
layer, the eastern Mediterranean provides optimal conditions for the detection of ship
NOs plumes compared to other marine regions with generally lower ozone levels.

5.3.5 NO, emission estimates

NO, emissions have been quantified for 130 ships sailing in the Eastern Mediterranean
in 2019. Ships in our ensemble emit between 10 and 317 g s™! in the hours right before
the TROPOMI overpass. Krause et al. (2021) reported NO, emission strengths of some
5 g s~! for sea-going ships at the Elbe River, where ships are generally smaller and sail

1

at slower speed. The larger ships in their ensemble emitted up to 115 g s™", more in line
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with our findings here. (Chen et al., 2005) observed emission strengths of 13 and 20 g
(N) kg™! fuel for ships off the Californian coast, corresponding to 100-150 g s™! for large
ships. Our study’s emission fluxes are likely at the higher end of these values because
only a fraction of plumes can be detected and attributed from inherently noisy TROPOMI
NO, imagery. Therefore, we do not expect the TROPOMI-based emission estimates to
be representative for the ship fleet ensemble but rather its upper end of emitters.

Figure 5.5 shows the comparison of a forward run of PARANOX using the estimated
emission NO,, flux of 130 g s ~! and the TROPOMI NO, plume for one of the investigated
ships observed on 11 July 2019. The forward simulation agrees with TROPOMI to within
their uncertainties in terms of plume enhancement (0.6 x10' molec cm™2) and shape
(maximum some 30 km downwind of stack), indicating that our inversion resulted in an
accurate emission strength of 130 g s ~*.

Plumes from 10 vessels have been detected more than once from separate orbits. These
offer the possibility to study the consistency of emissions by one and the same ship. This
is especially true for two NOy plumes from the same ship observed on 14 November 2019
in two consecutive orbits, as discussed in supplement J. The overpasses are ~1 h 40 min
apart, and the ship sailed at the same speed so we expect comparable emission strengths.
We find emissions of 126 + 26 and 112 4 19 g s~! for this ship, well within the estimated
range of uncertainty. Emission estimates for other plumes originating from one and the
same ship also show a higher degree of consistency with one another than estimates from
plumes originating from different ships, even after accounting for differences in speed and
size.

5.3.6 Estimates of NO, emission factors

From an atmospheric science standpoint, emissions are conventionally quantified as the
mass emitted per unit time, such as our reported emission strengths in grams per sec-
ond (g s™'). However, from an engineering perspective, it is more appropriate to express
emissions relative to the amount of power (or fuel) used. Thus, IMO emission limits are
formulated in grams per kilowatt-hour (g kWh™!). Here, we focus on emissions originat-
ing from individual ships operating their engines across a spectrum of real-world power
levels. We derive emission factors from our emission strength estimates and knowledge
about the identity of the ship and the power used by it’s engine at the time of observation.
Figure 5.6 shows the distribution of emission factors (in g kWh™!) grouped by tiers and
estimated engine loads as well as the MARPOL Annex VI limits. We find that several
Tier I and around half of Tier II ships emit above the limit set for weighted average
emissions by the IMO!. In the median, the emission factors are 11.5 g kWh=!. This is
comparable to the 12.6 g kWh™! found by Van Roy et al. (2023) in the North and Baltic

LA ship’s emission factor, calculated as the weighted average of emission factors at 25%, 50%, 75%
and 100% engine load, weighted with a weighting factor of 0.15, 0.15, 0.50 and 0.20, respectively, are
subject to MARPOL Annex VI limits.
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Figure 5.6: Estimated NO, emission factors grouped by engine tier and engine load. The
dashed lines show the IMO/MARPOL emission limit for each tier assuming engine rated speed
< 130. We calculate the emission factor as the ratio of emissions and power used (Pyseq), with
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speed from AIS data and vgesign the design speed of the vessel. The white numbers written in
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outliers.

Sea in 2020. Surprisingly, newer Tier II ships also have higher emission factors than Tier
I ships, a finding in line with recent reports by Van Roy et al. (2023) and Comer et al.
(2023). This is true especially for low engine loads. With increasing engine load, the
emission factors of Tier II ships reduce significantly. Only at > 75% engine load are
the detected Tier II ships cleaner than Tier I ships on average. Ship engines are likely
optimized for fuel consumption, sacrificing NO, emission reductions. Simulations of ship
engines show that they have longer combustion times and lower engine efficiencies when
running at low engine loads, which can lead to higher NO, emission factors. This effect
is especially pronounced with large Tier II engines running in slow-steaming mode (An-
dreadis et al., 2011; Cheng et al., 2017). We also find that the small number of detected
older, unregulated pre-Tier ships have significantly higher NO, emission factors than Tier
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I and Tier II ships (see Supplement K), in line with expectations.

5.4 Discussion

We demonstrated that it is possible to quantify NO, emissions from individual large
ships using satellite measurements of NOy plumes over the Mediterranean Sea. We
combined the AIS-information on ship position and speed with wind speed and direction
to trace the plumes back to their stacks of origin and infer the corresponding emission
rates. The detected plumes are mostly from large container ships that sail at firm speed
under clear-sky circumstances.

The interplay of atmospheric chemistry and plume dispersion is crucial for understanding
the complex relationship between observable NOy enhancements and the underlying NO,,
emissions. The plumes show maximum NO, at 15-30 km downwind of the ship engine’s
stack because the chemical conversion of emitted NO into detectable NOy requires the
entrainment of Oz into the plume, which takes time. Further downwind, the NO5 plume
recedes into the background due to dispersion and in-plume oxidation of NO,. The
models MicroHH and PARANOX as well as the conditions under which we detect ship
NOy plumes from space point out the special importance of ozone. This explains the
good detection conditions in the Eastern Mediterranean in summer compared to other
busy waterways, as in the Mediterranean a significant ozone background is present
alongside the frequent clear-sky conditions.

Taking plume dispersion, entrainment, and chemistry into full account, we infer emission
strengths of 10-317 g s~ for the large ships in our ensemble. From our knowledge of each
ship’s identity and inferred engine power supplied at the time of observation, we estimate
the NO, emission rates in g kWh™! and find that half of these Tier II ships exceed the
limits set for weighted average emissions set by the International Maritime Organisation
at the time of detection, and that the presumably cleaner Tier II engines emit more NO,
per kWh than Tier I engines, except at high engine loads. Our remote sensing-based
emission factors are consistent with those from in-plume analysis (Van Roy et al., 2023;
Comer et al., 2023), and both imply that MARPOL ANNEX VI regulations are lacking
real-world effect. While those studies were conducted in the North and Baltic Sea, this
study shows that higher Tier II emissions are observed in the Mediterranean, too, and
are caused by ships running at low engine loads. A possible explanation is that new ships
are optimized for high engine loads and minimized fuel consumption, sacrificing NO,
emissions when sailing slower (Cheng et al., 2017). While these ships could nonetheless
be compliant with the weighted average emission limit, in which weighting factors for
emissions at high engine loads are highest, real world operating conditions lead to
higher emissions from these ships. With the long turnover times of the maritime fleet,
the international shipping sector might therefore become the largest contributor to
atmospheric NO, emissions in the future.
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Our work also show an inherent limitation of the current MARPOL Annex VI limits for
NO, emissions of Tier II vessels. Even with our accurate emission estimates, compliance
can not be monitored by atmospheric measurements during the voyage alone: The limits
depend on engine rated speed and are formulated in g kWh=! which required us to
estimate the power used from the engine capacity and speed. Furthermore, the limits
depend on the engine rated speed, which we have assumed for all detected ships to be at
or below 130 rpm, where emission limits are the least strict. To be compliant, a vessel
has to be below the limit not at every moment but on a weighted average along different
engine loads. Knowing the emission strength of a vessel at a given time is therefore not
enough, but three additional prerequisites need to be met: The engine load at time of
emission needs to be known, the engine’s rated speed needs to be known, and the vessel
needs to be observed over a range of different engine loads to calculate the weighted
average emission. In practice, this is impossible outside a laboratory. One way to solve
this shortcoming is an IMO-defined not-to-exceed limit for the emission flux of a Tier
IT vessel, as exists for Tier III and for SO, emissions. Additionally, requiring vessels to
send their current and past engine loads as well as their engine’s rated speed along with
the AIS data should be considered. However, comparing our estimated emission factors
to the respective average limits can inform a pre-selection by inspection agencies of ships
to monitor more closely.

Some of the limitations of our method lie in the coarse spatial resolution and NO,
detection limit of the TROPOMI sensor. These could be addressed in the future by using
higher resolution NO, satellite data from the upcoming CO2M or TANGO missions.
The detection limit of the satellite retrievals could be improved by better accounting
for Raman scattering in liquid water interfering with NO, absorption features in the
satellite spectra, by correcting for directional reflectance effects over oceans and by
higher resolution of a priori profiles. A lower detection limit would increase the number
of ship plumes that can be distinguished from the background and bring also smaller
ships under scrutiny.

With the availability of hourly NO, observations from the geostationary GEMS and
TEMPO sensors (over Asian and North American waters), or, soon from Sentinel-4
(over European seas), it will become possible to track a ship’s emissions regionally from
one hour to the next, when cloud cover remains low. Hourly observations of the same
ship will allow for more robust emission estimates. Currently, because TROPOMI’s
local overpass time of 13:30 hrs, our estimates are restricted to ship emission strengths
around noontime. It will remain challenging to discriminate between overlapping plumes
from multiple ships sailing close together at the TROPOMI overpass time. Improved
disentangling methods, including knowledge of stack height and precise information on
wind speed, or higher spatial resolution of future satellites are required to resolve this.
Overall, this study takes a step towards near real-time ship NO, emission monitoring.
Satellite remote sensing can be used to identify ships with high emission rates as
candidates for on-board inspection. Our method can be used for other areas and time
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periods as well and become part of a more effective effort to ensure global measures to
reduce air pollution deliver on expectations.
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5.S Supplement

A TImpact of a-priori profiles

The TROPOMI NO; columns are dependent on modelled vertical NOy profiles, for which
validation over sea are sparse and have been shown to cause a 20% negative bias in NO,
columns over the North Sea (Riess et al., 2023). We therefore revise the air mass factor
calculation in the TROPOMI NOs retrieval by replacing the original TM5-MP (1°x1°)
NO, profile with plume-specific PARANOX vertical NOs profiles in the plume of one of
the observed ships (as presented in Fig. 3 in the main manuscript). These are simulated
using the initial emission estimate as input parameters. The updated data is then used
to arrive at a 2nd emission estimate. This step can therefore be conducted in a iterative
matter with increasing emission fluxes. We find lower AMFs, increasing the in-plume
NO; columns by 20%, leading to an emission increase from 90 g/s in the initial inversion
to 120 g/s after 3 iterations. A fourth iteration gave no significant further increase. Fig-
ure 5.5.1 shows the change of the NOy columns by using the final recalculated AMFs for
the ship plume presented in Fig. 3 in the main manuscript.

The extensive validation of marine NO, profiles in Riess et al. (2023) indicated that
TROPOMI NO; columns in the marine boundary layer need to be revised upwards by
20%, and that, together with the findings from Fig. 5.S.1, this suggests a generic mul-
tiplication factor of 1.2 for in-plume retrievals, thus avoiding forward simulations in the
inversion. In-plume pixels are defined as the 90-percentile of all pixels in the ship sector.
All emissions given in the manuscript are based on these bias-corrected column values,
with the exception of Fig. 5 where we compare TROPOMI data to a forward using the
inverted emission strength.
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Figure 5.S.1: Recalculated NOy columns (with plume-resolved AMFs) versus the original
TROPOMI v2.4 NO3 columns (with TM5-MP 1°x1° AMFs) for a plume on 5 June 2019. The
black dashed line shows the 1:1 line, the red dashed line a line of slope 1.2 and the vertical
gray dotted line the background column.
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B Determining XGBOOST features for the inversion

While all features are well known in the training data of the PARANOX library, their
calculation in real plumes is not trivial.

e Wind speed This is derived from ERA5 data as the 3-hour average in 10 m wind
speed around the ship track. We also calculate this for the 100 m wind in ERA5
and manually adjusted wind values if the discrepancy between the two layers was
large to better fit the observed plume locations.

e Wind direction As wind speed.
e Ship speed As the average in 3h of AIS data.
e Ship direction Same as ship speed.

e 3h enhancement, i.e. the NO; column enhancement caused by emissions from a
ship in the 3 hours before and up to the observation relative to the background NO,
. Calculated from TROPOMI data. For the calculation we need:

— Ship sector This is defined as a circle sector around the net plume direction

of length ¢, (see C). We assume a 25 degree uncertainty in wind direction,
the sector is therefore 50 degrees wide.

— NO; background Is defined in an iterative process as the median of all pixels
in the ship sector excluding pixels that are considered part of the plume (defined
as 0.5¥10' molecules/cm? above the initial median). As this is a somewhat
arbitrary choice, we also calculate two additionally background levels, one as
above but with a threshold of 0.4*10' molecules/cm? and one with as the

median of all pixels in a 50 km radius around the last ship position.

The three-hour enhancement Ss;, is then calculated as the sum of all pixels in the
ship sector minus the background level multiplied with the area of the pixels. Ad-
ditionally, we assume an uncertainty in 4,q, of 10.8 km (corresponding to an un-
certainty in wind speed of 1 m/s), and calculate two additional ship sectors. In
total, we thus end up with 5 different Ej3;, values. Typical values for E3j, are of the
order of 3 - 10%" molecules with a standard deviation of the five different values of
0.6 - 10?" molecules. The uncertainties given in the main manuscript is the stan-
dard deviation of the inversion of these 5 values, combined with PARANOX and
XGBoost uncertainties.

e Ozone background From CAMS as the 3h-average in the lowest 250 m of the
atmosphere in the vicinity of the ship track.

e NO, background From CAMS as for ozone.

e Stability Derived from the vertical temperature gradient in 3h-averaged ERA5
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data.
e Latitude The latitude of the ship location at TROPOMI overpass time.

e Month The month in which the observation was done.
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C Simple metrics to quantify plumes

To characterize the modeled plumes and compare to TROPOMI observation, we coarsen
the PARANOX output for all the simulations in the plume library to a grid of 5 km x
5 km, in the same order as typical TROPOMI pixel sizes. We define 5 metrics to quantify
the plume: (i) The 3h-plume sum Ssy, (ii) the 3h-plume enhancement sy, (iii) the plume
length [, (iv) the plume peak N,,., and (v) the location of the plume peak relative to the
ship d,,.: and test their performances to describe the plume as possible features used in
the XGBoost inversion framework.

S, is defines as the sum of all columns N in the center of the plume from the ship location
to a distance Yy = 3h * Uesr, which marks the distance of the 3-hour old plume from
the stack. Here, U,ss is the effective wind speed Ui = Uyinag — Uship » With Uying and Uspip
being wind and ship speed, respectively. S3;, can be calculated as

Ymazx

Sap, = Z N; (1)

and thus all the NOs in the 5 km-wide centerline of the freshest 3 hours of the plume.
Likewise,

ymax

Eg, = Y _(Ni = Nyy), (2)

1=0

where Ny, is the background column. The plume length is defined as
[ = max(i; N; > 1.25N,,) * bkm (3)

marking the length of the plume that is expected to be significantly enhanced over the
background and thus visible in TROPOMI observations. Finally,

Nz = mazx(N;) (4)

and
Az = (1, whereN; = Npaz) * Bkm (5)

These 5 metrics have in common that they are easy to compute on both modelled and
observed plumes. We study the influence of model forward parameters on the metrics.
As our goal is a NO, emission inversion, we are looking for a metric strongly correlated
to the emission flux, while only slightly influenced by the other parameters. Additionally,
the metric should be insensitive to TROPOMI noise and exact pixel size. In the following
section, the metrics are compared regarding there sensitivity to model forward parameters.
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D PARANOX

PARANOX is a Gaussian Plume Model (GPM). A GPM is a plume model, following the
evolution of an air parcel (here the plume) over time. For the comparison to TROPOMI,
we are interested in a snapshot of a plume emitted at different points in time, experiencing
different radiation intensities and therefore different photochemistry. We compute several
simulations with PARANOX, emitted every 15 minutes and create a superposition of these
plumes. The 15-minute-interval was chosen to keep the computational costs low without
sacrificing the superposition-character of the plume. For our simulations, we emit 95% of
NO, as NO and 5% as NO,.

Using the effective wind speed

17eff = Uwind - 77ship (6)

where Uyng and Uy, are wind and ship speed, respectively, we can translate the output
into an Eulerian space, creating a typical plume shape. The Eularian Space outside of
the rings (and therefore the plume) is filled with a background profile from CAMS. We
then integrate the 3D NO, field, creating a TROPOMI-esque column view.

To understand driving factors in plume shape, we create a large library of simulated
plumes, capturing a wide range of atmospheric conditions. To that end, we span a wide
space of input parameters, changing both plume dispersion (wind speed, ship speed,
their relative angle, Pasquille stability class, Boundary Layer Height (BLH)) and plume
chemistry (NO, background, O3 background, radiation (latitude, month)), and the NO,
emission strength. As TROPOMI overpasses always occur at the same local time, the
time of day was not needed to vary. The range of the models forward parameters can be
found in the Fig. 5.5.2.
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E The PARANOX plume library and important model parameters

Partial Dependence Plots for Plume enhancement

le28 le28 1le28

-
5
=
wn

Partial dependence
5
¢ -

1.5

00—

0.5 0.5 0.5
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
100 200 300 400 40 60 80 500 1000 1500
NO, emission [g/s] 03 [ppb] NOy [ppt]
le28 le28 le28
(]
o)
C
Lis 15 15
C
<3
D 1.0 \ 1.0 1.0
©
©
5 0.5 0.5 0.5
—
©
o 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 11 1 1 1 1 1 L1
50 7.5 10.0 125 75 10.0 12.5 15.0 -1.0 -05 00 05 1.0
Wind [m/s] Ship speed [m/s] Angle [deg]
1e28 1e28 1e28
(]
[}
C
Lis 15 15
C
<3
O 1.0 1.0 10 —m ™
©
©
5 0.5 0.5 0.5
—_
©
o 1 1 1 1 1 1 1 1 | IR I | | IR S N B | 1 1 1
35 40 25 50 7.5 100 125 40 45 50 55 6.0
Latitude [deg] Month Stability class

Figure 5.S.2: Partial dependence of E3j,. All parameters were randomly co-varied in the

model runs.

In total 40880 model runs with PARANOX were performed. We find that the 3h plume
enhancement Fsj, (see above) to be the most promising metric for characterizing plumes
for the purpose of emission inversions. Fig. 5.5.2 shows the partial dependence plot of the
resulting Fj3;, on different forward model parameters.

We see a strong, almost linear dependence on the emission flux. Other important pa-
rameters are the background ozone levels and the wind speed. For ozone, we observe an
elevated plume enhancement with increasing ozone. This can be understood from the
NO, null cycle. Here, the ozone level defines both the rate by which the emitted NO is
reacting to the NOy observable from satellites and the steady-state balance of the two
subspecies. At very high background ozone levels the dependence curve flattens. This
can be interpreted as a shorter but more pronounced plume, caused by the fast NO-to-
NO, conversion but shorter lifetimes at very high ozone levels. Higher wind speed leads
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a more dispersed plume, accelerating the entrainment of background air, including the
hydroxyl radical OH and ozone, thus leading to a faster destruction of NO,. The plume
enhancement is remarkably robust with regard to the other forward parameters, only
slight dependencies can be observed. It should be noted, that due to the non-linear chem-
istry the dependencies co-vary with other parameters. E.g. for small emission fluxes, the
ozone dependency will flatten earlier and the background NO, will become more impor-
tant. Furthermore, we ignored that many of the parameters have a seasonal dependence
(e.g. winds are higher in winter), and studied only the effect of radiation changes in
different months.

Other tested metrics such as the 3h plume sum S35, peak NOy N,,.., location of peak

Partial Dependence Plots for Plume sum Partial Dependence Plots for Plume peak
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Figure 5.S.3: Partial dependence of plume sum, distance of the peak location to the stack,
length of the visible plume and maximum column density. All parameters were randomly

co-varied in the model runs.

NOs relative to the stack d,,.., and plume length [ also show a strong dependence on the
emission flux but are more sensitive to other model parameters, as shown in Fig. 5.5.3.
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For example, the distance between emission stack and plume NO, peak decreases with
higher ambient ozone, as the conversion of emitted NO to visible NO, is sped up with
higher entrainment of ozone. This is also visible with the increase of the distance with
more stable conditions. We conclude, that - besides for emission flux, ozone background
and wind speed - model parameters affect the shape of the plume, but not the integrated
NO, amount.

For the inversions to be the most robust, we are looking for a metric that is strongly
dependent on the emission flux but ideally insensitive to other parameters, which are
retrieved from reanalysis data. For example, we retrieve the stability class from the tem-
perature gradient in the lowest three levels in ERA5 data. As stability classes are discrete,
a slight inaccuracy in ERA5 oculd lead to a large bias in an emission estimate if based
on the plume sum, which is strongly dependent on stability class. Overall, the 3h-plume-
enhancement Fj;, is the least sensitive to these parameters and therefore our choice of
metric for this study.
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F Comparing PARANOX and MicroHH simulations
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Figure 5.5.4: TROPOMI scene with clear ship plume on 5 June 2019. Overlayed in circles
are the ship locations in the hours before overpass taken from AIS data. The black dashed
line is the wind-shifted ship track, indicating the expected location of the plume.

We take a closer look at a ship plume observed on 5 June 2019, shown in Fig. 3 and
Fig. 5.5.4. This plume was selected as it is aligned with the TROPOMI swath, simplify-
ing a comparison of model to satellite data. We start with a comparison of PARANOX
runs of different stability classes and a MicroHH simulation with the TROPOMI obser-
vation. For an analysis of the impact of a-priori profiles see supplement A.

In the presented inversion method, the XGBoost model is trained with PARANOX runs.
As GPMs rely on parametrizations, we test here how realistic the resulting plume is. As
we use the model runs to analyze TROPOMI retrievals at &5 km resolution, the compar-
ison of the models at TROPOMI resolution is essential. However, to understand possible
differences in the model runs, we also compared the models at their native resolution.
We compare the modelled plume of a ship sailing in the Eastern Mediterranean, with a
constant emission flux of 120 g/s on 5 June 2019. The resulting plume is oriented mainly
in east-west direction as shown in Fig 5.5.5. Fig 5.5.6 shows the NO, enhancement as
a function of distance from the ship. The turbulent structure of the MicroHH becomes
immediately clear, whereas PARANOX gives a very smooth curve as is expected for a
Gaussian model. We also see that situations with more stability in the PARANOX sim-
ulations result in longer in-plume NO, lifetimes, implying longer NOy plumes. This is
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Figure 5.S.5: Ship plume modelled with MicroHH on 5 June 2019. We show the NOs column
as the averaged output of 7 timesteps, each 5 minutes apart.

caused by less mixing in of fresh air, thus less O3 to form NO, in the early stages of the
plume and less OH, which cleans the air of NO,. Overall, the agreement is reasonably
good, especially the neutral case (D) matches the MicroHH run reasonably well. Com-
paring the cross-sections shown in Fig. 5.5.8 we see that all PARANOX simulations are
exhibiting a slightly wider plume than MicroHH. This is probably due to different aver-
aging times: a turbulent plume will always exhibit meandering, which leads to a wider
plume in long-time averages. A Gaussian Plume model is designed to catch such a time-
averaged plume. As we are interested in using TROPOMI data, these small spatial scales
are of less interest: The cross-sections clearly show that even at an older stage (e.g. after
40 km), most of the NOs is still within a width of 5 km and thus the typical size of a
TROPOMI pixel. Overall, the PARANOX simulation of stability F comes closest to the
observation, while the run with stability D is closest to MicroHH. ERA5 data on the
other hand indicates a temperature gradient belonging to stability E. Using the MicroHH
simulation - regridded to TROPOMI resolution - as an input for the XGBoost inversion
results in an estimated emissions of 133 g/s, some 10% higher than the actual emissions
used for the MicroHH runs of 120 g/s.

Figure 5.5.7 shows the evolution of the NO, plume for the observed data as well as model
simulations regridded to TROPOMI resolution. The PARANOX run agrees well with
TROPOMI data (see Table 5.5.1). Furthermore PARANOX agrees reasonably well with
MicroHH. We conclude that PARANOX is a suited tool to simulate ship plumes evaluated
at a resolution of several kilometers and use PARANOX to create a plume library used
in our inversion.
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Figure 5.S.6: NOs enhancement of the plumes with distance from the ship. Blue shows the
MicroHH plume, PARANOX simulations of stability class D, E and F are shown in different
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Table 5.S.1:

TROPOMI columns.

Comparison of PARANOX and MicroHH simulation to the recalculated

simulation

R

RMSE

residuals

MicroHH

0.14

7.07e+14

2.78e+15

PARANOX D

0.27

7.39e+14

8.20e+15

PARANOX E

0.47

4.80e+-14

3.4le+15

PARANOX F

0.64

4.04e+14

3.64e+15
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Figure 5.S.7: Similar to Fig. 5.5.6 but the model output is gridded to the TROPOMI pixels,
corresponding to Fig. 2 in the main text. MicroHH is shown in blue again, red shoes the
PARANOX run of stability class E, grey dots are the TROPOMI columns and in black the
recalculated TROPOMI columns using the PARANOX a priori profiles. The shaded areas
indicate the 3-hour-plume-enhancement Fj3j used in the inversion.
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Figure 5.S.8: Cross section of the plume simulated with MicroHH (full line) and three
different stability classes in PARANOX at different distances from the source.
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Figure 5.5.9: SHAP value for the XGBoost model for stability class D. The absolute SHAP
value is an indication of the importance of the model features on the output, a feature with a
positive SHAP value has a positive impact on the output, a negative value indicates negative
impact. We see that the plume enhancement (no2_plume), ozone background and wind speed
are the most relevant parameters when determining the emission flux.

In Fig. 5.5.9 we show the SHAP (SHapley Additive exPlanations) value of the model for
stability class D, indicating the importance and influence of the forward parameters on
the XGBOOST output (i.e. the emission flux). As expected, the NO, in the plume has
the largest influence, followed by the ozone background and the wind speed. High ozone
values lead to lower emission estimates as the NO, is formed more efficiently, compare
also Fig. 5.5.2.




134 Estimating NO, emissions of individual ships

H The role of the head wind strength
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Figure 5.S.10: Box plot of estimate emissions binned for strength of the headwind (the
negative tangential part of the wind).

We find that the detected plumes of ships sailing with the winds are caused by lower
emissions on average (see main text). We argue this is an artefact of biased selection,
caused by more elongated plumes in case of headwind, making the enhancement per
pixel smaller and thus harder to detect given the noise level of TROPOMI. To test this
we use a plume observed on 6 October 2019 with a strong tailwind, leading to a very
compact plume almost staying directly above the ship. We run PARANOX simulation
for this plume with the estimated emission flux of 40 g/s with the real wind as well as
a headwind. The two simulations are shown in Fig. 5.5.11. In the headwind figure, the
plume becomes invisible, while in the tailwind case, the plume of the size of only two
pixels is clearly visible, confirming our hypothesis.
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Figure 5.S.11: PARANOX simulation of a ship with an emissions flux of 40 g/s with tailwind
(a) and headwind (b). The plume is much more compact in the tailwind case but invisible in
the headwind case.
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I IMO MARPOL Annex VI nitrogen emission regulations

Table 5.S.2: NECA guidelines according to MARPOL Annex VI.

Total weighted cycle emission limit of
NO-+NO; (g/kWh) for engine speed n

Keel laying date after i !
(revolutions per minute)

n = 130 | n=1000 | n = 2000
Tier 1 1 January 2000 17.0 11.3 9.8
Tier IT | 1 January 2011 14.4 9.0 7.7
Tier III | 1 January 2016 3.4 2.3 2.0

The amount of allowed NO, emitted per engine output in g NOy/kWh is regulated by
International Maritime Organization (IMO) MARPOL Annex VI. The limits depend on
the keel laying date of a ship (Table 5.S.2) and must be adhered to based on a weighted
cycle average. Globally, all ships build since 1 January 2000 have to comply with Tier I
NO, standards, while ships build in or after 2011 have to comply with Tier II standards.
Since 1 January 2021, the stricter Tier III standard applies to ships build after 1 January
2016 operating within the European Nitrogen Emission Control Areas (NECAs) in the
North and Baltic Sea, which is expected to reduce per ship emissions by 75% relative
to Tier II. The new Tier III guidelines have been in place for American NECAs since 1
January 2016.

While the Mediterranean Sea will become a Sulphur Emission Control Area (SECA) in
2025, the introduction of a Mediterranean NECA is still under discussion.



5.S Supplement 137

J Plumes from the same ship in consecutive orbits

On 14 November 2019 a ship’s plume was observed in two consecutive TROPOMI orbits,
as shown in Figure 5.S.12. In the main manuscript, we discuss the emission estimates,
agreeing within the range of uncertainty.
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Figure 5.S.12: Observed plume 14-11-2019 of the same ship’s plume in two consecutive
orbits. Between the two overpasses, 1 h 40 m have passed.
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Figure 5.5.13: Similar to Figure 6 in the main text but including pre-Tier ships. Estimated
emission factors grouped by engine Tier. The dashed lines show the IMO/MARPOL emission
limit for each Tier assuming engine rated speed < 130. We calculate the emission factor as
the ratio of emissions and power used (Pyseq), With Pyseqd = Prasx * (%)3 where P,qz 1S
the maximum engine power, Veyrrent the current ship speed and vgesig, the design speed of the
vessel. The white numbers written in the Tier I and Tier II boxes are the number of plumes

in that subgroup.
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Temporal variability in ship NO»
plume detectability from space
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Abstract

Ship NO, plume detection with satellites will enter a new era with the coming of geo-
stationary and high-resolution satellites. As atmospheric chemistry and meteorological
conditions have a strong diurnal and seasonal cycle, it is not trivial what these new
data sources will reveal. In this chapter, we use the Gaussian Plume Model PARANOX
to study the effects of radiation, ozone and NO, background, seasonal cycles of wind
and Pasquille stability class, boundary layer height, and temperature in the marine
boundary layer on plume detectability. We identify the key factors influencing the
detectability of ship plumes over the eastern Mediterranean Sea, namely radiations,
ozone abundance and wind speed. We find that the TROPOMI overpass is already at
the optimal time of day for ship plume detection over the Eastern Mediterranean, when
NO, background is low and ozone levels are high, favoring the conversion of the emitted
NO to observable NO,. Additionally, the short NO, lifetime in the early afternoon make
overlapping of plumes less likely as they are less elongated than for example in the early
morning. We find that the detectability of ship plumes is highest in summer, when the
chemical and meteorological conditions are most favorable, even when ignoring the lower
cloudiness in summer. The new geostationary satellites are therefore expected to pro-
vide more captures of ship NO, plumes and lead to better estimates of ship NO,, emissions.
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6.1 Introduction

In the previous chapter we have demonstrated that satellites can not only detect NO,
plumes but that we understand their evolution and can estimate the emissions causing
the observed plumes by utilizing the Gaussian plume model PARANOX. Furthermore,
we have shown that in the Eastern Mediterranean plumes are most often detected in
summer, likely linked to higher ozone background and smaller scattering angles compared
to other seasons. However, a quantification of the effects leading to this much better
detectability in summer, shown in the previous chapter is missing.

As previous work presented in this thesis was steered by TROPOMI observations, we
focused on plumes around noon local time, when TROPOMI flies over. With the new
geostationary satellites such as GEMS (over Asia), TEMPO (Northern America) and the
upcoming Sentinel-4 (over Europe in 2024), ship plumes might soon also be observable in
other times of the day. Furthermore, future orbiting satellites such as CO2M (expected
launch in 2026, resolution of 2x2 km?) and TANGO (expected launch in 2027, resolution
300x300m?) will provide NO, observations at higher spatial resolution and different
overpass times. Additionally, the polar orbiting Sentinel5 (to be launched in 2025) will
provide similar data to TROPOMI but at 9:30 am local time. All this is especially
interesting because it will likely allow to observe ship plumes at different times of day.
Additionally, chemical compositions and reaction rates in the atmosphere change over
the course of the day. For example, NO, is photolyzed by sunlight. This means, that
at nighttime in the absence of sunlight NO, is present almost exclusively as NO, while
during the day NO, is photolyzed to NO. Furthermore, OH - the main daytime sink
of NO, - is produced by the photolysis of O3. We therefore expect higher NO,y-to-NO
ratios and longer lifetime of NO, during the early morning and late afternoon when the
sun is low and so are the photolysis rates. This is expected to increase detectability of
ship NO, plumes. However, the likely more shallow and stable marine boundary layer in
the morning as well as lower ozone levels might slow down the conversion of the emitted
NO to detectable NOy, thus decreasing detectability. Which of these two processes is
dominant needs to be studied.

In this chapter, we therefore focus on the implications of the diurnal and seasonal
cycles of chemistry and meteorology on (ship) plume detectability. We will study when
the chemical and meteorological conditions are optimal for ship plume detection and
attribution in the eastern Mediterranean Sea and which of the processes detailed above
are dominant. To this end, we will use the same Gaussian Plume Model as in the
previous chapter, PARANOX, and include the temporal variability of the background
concentration of NOy, NO and Os, additionally to the radiation, which was already
changing with daytime in the previous chapters. This is important as we expect more
pronounced changes in the background concentration of these species close to sunset
and sunrise. We then study the diurnal cycle of ship NO; plumes and discuss the
implications for the detectability of ship Nos plumes, anticipating the new and upcoming
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satellite missions. More concretely, we study the effects of radiation, ozone and NO,
background, seasonal cycles of wind and Pasquille stability class, boundary layer height,
and temperature in the marine boundary layer on detectability and identify the key
factors influencing the detectability of ship plumes over the eastern Mediterranean Sea.

6.2 Material and methods

6.2.1 PARANOX

We use PARANOX as introduced in Chapters 4 and 5, simulating a plume caused by 4
hours of emission as a superposition of 15-minute-long snippets from in total 16 simula-
tions. Each of these 16 simulations has been computed with different sun angles, causing
different photolysis rates. We will now extend this model to include the temporal variabil-
ity of the background concentration of NOy, NO and O3 from CAMS regional reanalysis
(see below), instead of using a constant value as input. For wind speed, stability class
and temperature we will use the ERAS reanalysis and provide the value during simulated
observation time.

To produce NOy columns we use the resulting in-plume NO, fields together with back-
ground CAMS data (see Sec. 6.2.2) and regridded to a resolution of 5x5 km?. To simulate
the in-plume low bias caused by the a priori profiles in the TROPOMI retrieval (see Chap-
ter 4), we lower all simulated in-plume pixels - identified by being 0.1-10'® molec/cm?
above the background - by 20% to provide a realistic observation simulation. To judge
the detectability we then count the 5x5km? pixels with a NO, column above the noise
level, which we assumed to be 0.35-10* molec/cm?. Considering the explicit treatment of
the 20% low bias this is in line with the 0.5-10'® molec/cm? given in the TROPOMI NO,
ATBD (van Geffen et al., 2021). All plumes were simulated with a headwind to facilitate
a fair comparison.

6.2.2 CAMS

We use mean hourly data from the Copernicus Atmosphere Monitoring Service
(CAMS, METEO FRANCE et al., 2022) regional reanalysis for the year 2019 at 34°N,
24°E. This dataset provides hourly data of NOy, NO and O3 at 0.1x0.1° resolution. We
interpolate this data to 15-minute resolution and use it as background concentration in
PARANOX. Figure 6.1 shows the resulting diurnal cycles of NO, and O3 for different
months in 2019. We see a clear diurnal cycle in both species, with lowest NO,. concentra-
tion in the middle of the day, when photolysis rates - producing OH - are highest. We also
see that during nighttime virtually all NO,, is present as NOy as there is no photolysis of
NO,. The diurnal cycle is strongest in summer, when daytime NO, reaches the lowest
values. The O3 concentrations peak in the afternoon, with the highest values found in
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Figure 6.1: CAMS NO, (a) and O3 (b) background concentration in 2019 at 34°N, 24°E.
The colors show diurnal cycles for different months (April - November). The vertical dashed
lines indicate sunrise and sunset for each month. The gray area indicates typical TROPOMI
overpasses. For panel (a), the thinner, dotted lines indicate the NOy concentration. Times
are giving in UTC.

June and July. There are two chemical mechanisms that influence ship NOy plume de-
tectability in opposite directions: On the one hand, ship NOy plume detection could be
easiest in summer afternoons, when ozone is high leading to a fast NO to NOy conversion
at higher NO,-to-NO ratios. On the other hand, NO, lifetimes are shortest in the early
afternoon, leading to a fast removal of NO, from the plume, making the plume shorter
and more difficult to detect. Additionally, early morning or late afternoon are of interest
as photolysis rates are low, providing potentially high NOs-to-NO ratios, and low OH
levels lead to long NO,, lifetimes, potentially leading to longer visible plumes.

6.2.3 ERAS5

We use mean hourly data from the European Center for Medium-Range Weather Fore-
casts (ECMWF) ERA5 reanalysis for the year 2019 at 34°N, 24°E. This dataset pro-
vides hourly data of temperature, wind speed, wind direction, cloud cover and boundary
layer height 0.25x0.25° resolution. We interpolate this data to 15-minute resolution and
use it as input for PARANOX. To define the Pasquille stability class, we use the tem-
perature gradient in the lowest 50 hPa layers. We use the definition following NOOA
(https://www.ready.noaa.gov/READYpgclass.php), defining temperature gradients be-
tween -1.5 and -0.5 K/100 m as stability D (neutral), and gradients between -0.5 and 1.5
as stability E (slightly stable).

Figure 6.2 shows the diurnal cycles of wind speed, Pasquille stability class, boundary
layer height and near-surface temperature for different months in 2019. We see a sea-
sonal (and less pronounced diurnal) cycle on 10 m wind speed. Winds were highest in
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Figure 6.2: Wind speed (a), Pasquille stability class (b, months are displaced on the y-axis
for clarity), boundary layer height (c) and near-surface temperature (d) in 2019 at 34°N, 24°E.
The colors show diurnal cycles for different months (April - November). The vertical dashed
lines indicate sunrise and sunset for each month. The gray area indicates typical TROPOMI
overpasses.

May and July but lowest in August. The dominant Pasquille stability class is E, with
D present in autumn. The marine boundary layer in the eastern Mediterranean is thus
considerably more stable than over land, at least during the day. Boundary layers in the
Mediterranean are usually shallow, with a very weak diurnal cycle. This can be explained
with the water surface, which - unlike land surface - is not warmed up much by solar
radiation, thus suppressing the convection observed over land. Highest boundary layers
were observed in November, when the air is cold and the sea surface warm, and lowest in
June when the opposite is true. The near-surface temperature shows a clear seasonal and
weak diurnal cycle, too. The highest temperatures were observed in July and August, the
lowest in November. The effects of these parameters on the detectability of ship plumes
is not trivial. For example, higher wind speeds will lead to faster dilution of the plume,
making detection more difficult. At the same time, more dispersion also leads to faster
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ozone entrainment and subsequently to higher NOs-to-NO ratios. Higher temperatures
will lead to higher reaction rates, leading both to a fast conversion of NO to NO, but also
a shorter lifetime. As seasonal and diurnal temperature gradients in the study location
are low, this effect is likely to be small.
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Figure 6.3: Frequency of beneficial wind directions (a) and cloud free scenes (b) in 2019 at
34°N, 24°E from ERA5. Fraction of occurrences of winds perpendicular to the main ship track.
The colors show diurnal cycles for different months (April - November). The vertical dashed
lines indicate sunrise and sunset for each month. The gray area indicates typical TROPOMI
overpasses.

We also investigate how frequent wind speed perpendicular to the ship lanes occur. These
wind directions make an attribution of plumes to an individual ship easier as they make
an overlap of plumes from several ships in the busy ship track less likely. Figure 6.4 shows
TROPOMI observations above a busy ship track for two distinct wind directions. For
the along-track-wind on the left, the clearly visible plume cannot be assigned to a single
ship but might be caused by several ships sailing (anti)parallel. For the perpendicular
wind direction, four distinct ship plumes are visible and can be assigned to individual
ships, even though several ships sail in (anti)parallel. As the ship track in the eastern
Mediterranean is roughly oriented along 105° we define perpendicular wind direction as
>330°, <60° or between 150° and 240°. Figure 6.3 shows the fraction of time winds were
perpendicular to the ship track for different months and times of day in 2019. We see that
these wind directions are most frequent in the morning and evening and less frequent dur-
ing TROPOMI overpass. We also see that wind directions are more favorable for plume
detection in summer months. Furthermore, the figure shows the frequency of cloud free
conditions. We see that cloud free conditions are most frequent in June - September when
there are almost no clouds, while only 60-80% of the days are cloud free in April, May,
October and November. The diurnal cycle of cloud cover is weak.
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Figure 6.4: TROPOMI observations above the busy ship track for winds along the ship track
(a, 9 May 2019) and perpendicular to the ship track (b, 1 August 2019). The colors show the
NO; column in molec/cm?. The colored circles indicate past ship locations, which each color
representing a distinct ship and the more transparent circles indicating earlier locations.

6.2.4 TROPOMI

We use TROPOMI L2 data of tropospheric NOy, freely available on the Copernicus
website (https://dataspace.copernicus.eu) of version 2.4. From the data we extract qa
values, averaging kernel profiles as well as the scattering angle ©:

© = arccos [cos 6§ cos 6y — sin 0 sin Oy cos (¢ — ¢)] < Omax (1)

where 6 and 6, are the solar and viewing zenith angles and ¢ and ¢ the solar and viewing
azimuth angles, respectively. The scattering angle is the angle between satellite view-
ing direction and sunlight reflected by the earth surface. For a scattering angle of 0°,
a smooth sea surface reflects the sunlight directly into the satellite sensor, leading to a
higher signal-to-noise ratio. As the water surface is not typically completely flat, this
so-called sun glint is also observed for scattering angles up to 20°. For more details on
the scattering angle, see Chapter 3.

Figure 6.5 shows the monthly mean ratio of pixels with qa>0.75, the scattering angle and
the averaging kernel profiles for TROPOMI overpasses in 2019 in the Eastern Mediter-
ranean. We see that clear sky conditions are dominant from June to September, with the
fraction of pixels with qa>0.75 dropping below 70% in May and November. This is in line
with the cloud cover data from ERAH presented in Fig. 6.3. We also see that the lower
sun makes detection of near-surface NOy more difficult in April, October and November
with very low averaging kernels - meaning low sensitivity of the satellite instrument to
NOs; close to the surface- in the lowest layers. This is likely because of longer atmospheric
light paths for low sun angles, leading to more scattering and absorption of the sunlight
above the near-surface layers.
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Figure 6.5: Monthly mean ratio of pixels with ¢>0.75 (a), scattering angle (b) and averaging
kernel profiles (c) for TROPOMI overpass in 2019 at 33.5-34.5°N, 23.5-24.5°E. For the aver-
aging kernel profiles we used a generic pressure profile to translate the provided level pressures
to altitudes.

Table 6.1: Key concepts used in this chapter.

Concept Definition
Background NOy column | the NOy column from CAMS data
Detection limit 0.35-10 molec/cm? above the background column

max NO2 enhancement the maximum NOy column in the simulated NO, field
minus the background column

#significant pixels the number of pixels in the simulated NO, field
with NOy columns above the detection limit

6.2.5 Key concepts

To facilitate the discussion of ship NOsy plume detectability, let us define some key
concepts. First of all, we discuss simulated in-plume NOy columns relative to the out-of-
plume columns. These background columns are taken from a climatology of CAMS data.
We then define the detection limit as NOg columns with values >0.35-10' molec/cm?
above the background column. Together with the 20% low bias introduced in the
simulations, this is in line with the 0.5-10' molec/cm? given in the TROPOMI NO,
ATBD (van Geffen et al., 2021). The maz NOy enhancement is the maximum NO,
column in the simulated NOs field minus the background column. The #significant
pizels are the number of pixels in the simulated NOy field with NOy columns above the
detection limit. Table 6.1 summarizes these key concepts.
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Figure 6.6: Frequency of conditions with winds perpendicular to the major ship lane and
cloud free, calculated as the product of the two subfigures in Fig. 6.3. The dashed vertical
lines indicate sunset, the gray area indicates typical TROPOMI overpasses.

6.3 Results

6.3.1 Frequency of favorable wind direction and cloud-free conditions

Figure 6.6 shows the frequency of conditions with winds perpendicular to the major ship
lane and cloud free conditions. Assuming that plumes can only be detected in cloud-free
and perpendicular wind conditions, this gives a baseline for plume detection likelihood,
ignoring chemical and other meteorological conditions. We see that in the early morning
in June, August and September the baseline conditions are best, with more than 80%
of the ERAS data suggesting favorable conditions. Worst conditions are found in April
May and September in the afternoon when only around 30% of the time conditions are
good for plume detection in the eastern Mediterranean. During TROPOMI overpass,
August and September show the most promising conditions of around 60%, and below
40% are found in April, May, October and November. Overall, ship plume detection is
roughly twice as likely in summer than in spring or autumn, taking only wind direction
and cloud cover into account. These two factors are important for the retrieval (satellites
can not detect NOy below clouds) and plume attribution (winds aligned with the busy
ship lane are difficult to be attributed to an individual ship). In the following, we will
investigate how chemical and additional meteorological parameters influence the plume
detectability.

6.3.2 Simulations with varying chemical conditions

Figure 6.7 shows the diurnal and seasonal cycles of the background NO, column from
CAMS as well as the maximum NOs column in the plume and the maximum enhancement
of NO3 column in the plume from PARANOX, using the 2019 diurnal and seasonal cycles
in the chemical conditions shown in Section 6.2.2 as model parameters. We see that the
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Figure 6.7: Diurnal and seasonal cycles of (simulated) vertical NOs columns. (a) back-
ground NOg2 column (from CAMS), (b) maximum NOg column in the plume, (c) maxi-
mum enhancement of NOg column in the plume, (d) number of pixels elevated more than
0.35-10'% molec/cm? (the noise level) above the background. Together with the low bias
of 20% introduced to the simulations (see Section 6.2.1) this noise level is similar to the
0.5-10'® molec/cm? given in the TROPOMI NOy ATBD (van Geffen et al., 2021). The dashed
vertical lines indicate sunset, the gray area indicates typical TROPOMI overpasses. The sim-
ulations were created with constant meteorological conditions (T = 295 K, stability class = E,
wind speed = 5 m/s, BLH = 500 m) but seasonal and diurnal cycles of NO,,, O3 and radiation.

The emission strength was set to 60 g NOq/s.
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background NOy column shows a clear diurnal cycle, with the lowest values in the middle
of the day, around TROPOMI overpass. As discussed before, day-time NO, values are
lowest in summer, reflecting the low lifetime against oxidation by OH. The maximum
NOs column in the plume shows a similar diurnal cycle, but less pronounced. In contrast,
the plume enhancement is largest in the early afternoon, showing that the NO, in the
background is removed faster than in the plume, in line with findings in Vinken et al.
(2011). This is due to ozone titration in the fresh plume, delaying NOy and suppressing
the availability of OH, which is needed to oxidize the NOs. Likewise, the number of
significant pixels is highest in summer months around local noon time and no pixels are
above the noise level in October and November.

6.3.3 Simulations with varying chemical and meteorological conditions
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Figure 6.8: As bottom row in Fig. 6.7, but simulated with varying meteorological conditions.

Figure 6.8 shows the seasonal and diurnal cycles of maximum enhancements and number
of significant pixels as Fig. 6.7 but with varying meteorological conditions. We see the
same tendency to better detectability around midday/early afternoon in summer months
as above. The NOy enhancements are larger, and we see more significant pixels compared
to the simulations with constant meteorology. Most of this is caused by the influence of
wind speeds: Figure 6.9 shows simulations with changing meteorology but constant wind
speed and is very similar to the simulations with constant meteorological parameters,
thus marking wind speed as the most important meteorological parameter, a finding in
line with the previous chapter.

Figure 6.10 shows the pseudo-observations of a ship plume over the course of a day in
August 2019 used in Fig. 6.9, as well as the chemical conditions within the plume. We see
that the plume appears longest in the morning at 8 and 10 UTC, and significantly shorter
in late afternoon. This is in line with Fig. 6.9. We also see that NO, lifetimes in the
fresh plume are longest, when all OH is consumed by the high NO, levels. After about
2 hours, the lifetime reaches a minimum. This can be explained as the NO, emission
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Figure 6.9: As Figure 6.8, but simulated with a constant wind speed of 5 m/s.

lead to ozone production in the aging plume, while being titrated in the fresh plume,
together with entrainment of O3 from outside the plume. Ozone is the most important
precursor for OH. The lifetime minimum is shortest at 2 h for afternoon plumes when the
high ambient O3 and available radiation lead to the highest OH values. We also see that
lifetimes in the plume center are longer for the fresh plume but reach a lower minimum
as the plume ages. In the plume center, concentrations of NO, are largest, and it takes
longer for O3 and OH to recover. The shorter lifetimes in the plume edges lead to the
observed lower NOy columns at the edges of the aged plumes in early morning and late
afternoon. The NOjy to NO, ratio is lowest in the fresh plume, as 95% of the NO, is
emitted as NO, but quickly approaches around 75% during the day (during nighttime,
almost all NO,, is present as NOy, not shown). The reduction in NO, concentration and
approach of the equilibrium ratio is influenced by the dilution of the plume, entraining
cleaner background air.

Figure 6.11 shows the seasonal and diurnal cycles the number of pixels above the
noise level (0.35-10" molec/cm?) for different emission rates. We see that the number
of pixels above the noise level is highest in the early afternoon, when the plume
enhancement is highest. This is a strong indication that TROPOMI overpass times
are optimal for ship plume detection in the eastern Mediterranean. Trivially, the
number of pixels above the noise level is highest for the highest emission rate, and
the diurnal cycle is similar for all emission rates. For an emission flux of 60 g/s we
find at least 4 pixels above the noise for most of the daytime for all studied months
besides November and up to 9 Pixels in August. For emissions of 50 g/s only June and
August reach more than 4 pixels. For emissions of 40 g/s only at 11 am in August
2 pixels are enhanced significantly above the background. Not only are more pixels
significantly enhanced in summer months, but these enhancements are also visible longer
throughout the day. For example, with an emission rate of 50 g/s, the number of pixels
above the noise level is at least 4 for 5 hours in August, but only for 1 hour in September.
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Figure 6.10: (a)-(e): Pseudo-observations of a ship plume over the course of a day in August
2019 (without noise). The colors show the NOg column in molec/cm?. The dashed red line
indicates the ship track. All simulations are created with a constant headwind of 5 m/s, all
other parameters are taken from ERAS and CAMS data as detailed above. To facilitate an
easier comparison, the color scale is adjusted for the background NOs column. The range
is 1.0-10* molec/cm? for all plots. (f)-(j): Plume chemistry for the same simulations: NO,
lifetime as the NO, concentration divided by the production term of HNO3 as in (Vinken
et al., 2011), middle panel: OH concentration, right panel: NO, concentration. In black, we
show the plume average, in the small gray dots the innermost ring. The red dots in the right
panel show the NOs to NO, ratio.
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Figure 6.11: Seasonal and diurnal cycles of the number of pixels above the noise level for
different emission rates. (a) 60 g NO2/s, (b) 50 g NO2/s, (c) 40 g NOg/s. The dashed vertical
lines indicate sunset, the grey area indicates typical TROPOMI overpasses.
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Figure 6.12: Number of pixels more than 0.35-10~'molec/cm? above the background
columns for different emission rates and wind speeds for headwind (a) and wind from the
side (b). Simulations were performed for 12am UTC in August, with steps of 1 m/s in wind
speed and 5 g/s in emission rate.

6.3.4 Detection dependence on wind speed and emission rate for different
wind directions

Figure 6.12 shows the number of pixels above the noise level for different emission rates
and wind speeds for headwind and crosswind. We see that plume detection is harder
with stronger headwinds: A ship emitting 40 g/s might just be detectable with a slight
headwind of 1 m/s, while strong headwind of 10 m/s requires emissions of almost 70 g/s to
be detectable. This can be explained by stronger headwinds leading to a more elongated
plume, lower enhancements above 0.35-10'® molec/cm?, and therefore lower SNR. With
crosswind, this dependency is less pronounced: An emission rate of 50 g/s gives the same
number of significant pixels for all but very high wind speeds. This is explainable as the
plume is less stretched for moderate crosswinds compared to headwinds. Overall, smaller
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emissions can be detected for crosswinds than for headwinds of the same strength. This is
an additional factor to the easier attribution of the plume to the emitting ship discussed
in sec. 6.3.1. For high emissions above 70 g/s, the number of significant pixels is larger
for headwinds, likely because the headwinds leads to a longer plume. It should be noted
here that we only simulated the plume for 4 hours, giving each plume a finite length and
marking an upper limit for the significant pixels, which is higher in the headwind cases.
The dip in detectability at 5 m/s compared to 4 and 6 m/s in the headwind case is likely
caused by the gridding to 5x5 km? resolution, that - depending on the wind speed - might
lead to a favorable or unfavorable alignment of the plume with the grid.

6.4 Discussion & Conclusion

Overall this study shows that from a chemical perspective, the TROPOMI overpass is
already at an optimal time of day for NO, plume detection over the Eastern Mediter-
ranean, when NO, background is low and ozone levels are high, favoring the conversion
of the emitted NO to observable NO,. Additionally, the short NO, lifetime in the early
afternoon make overlapping of plumes less likely as they are less long than for example
in the early morning. Moreover, measurement geometry is best when the sun is high.
However, as Fig. 6.6 shows the wind direction and cloud cover make morning detections
& plume attribution more likely: as most ships travel along the same ship lane, situations
with perpendicular wind directions make it more easy to avoid overlap of ship plumes and
these conditions are most frequent in the morning.

NO, lifetime in the plume strongly depends on daytime and age of the plume. Overall,
lifetimes are the shortest around 2 h after emission in the (late) afternoon. The center
of the plume experiences shorter minimal lifetimes, while having longer lifetimes in the
fresh plume. This is guided by the titration of O3 and OH that takes time to recover, es-
pecially in the center of the plume where NO, concentration are highest. In the morning,
radiation and ambient O3 are low, leading to longer lifetimes.

We see that even when ignoring the more cloudy conditions occurring outside June-
September (Fig 6.3), chemical conditions are such that with emission fluxes of 50 g/s
or below, detection of ship plumes should not be expected in April, October or Novem-
ber. For emissions of 60 g/s, detection is possible between April and October, but not in
November. Overall, August shows the best detection likelihood for a sensor with similar
resolution and signal-to-noise ratio as TROPOMI.

Besides the influence of chemistry, the wind speed (and direction) plays a significant role:
Inside the plume ozone is typically titrated, limiting the NOy-to-NO ratio in the early
stages of the plume. However, stronger wind also leads to more ozone entrainment and
subsequently to higher NO,-to-NO ratios. On the other hand, higher wind speeds lead to
a more dispersed plume, both in plume direction as well as perpendicular. For emission
fluxes close to the detection limit, this can lead to too low NOs columns to be detectable.
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For higher emissions, high wind speeds produce a longer visible plume, leading to more
significant pixels. This is especially true for crosswinds, that facilitate ozone entrainment
while elongating the plume less than headwinds.

The (last) missing piece in this study is a detailed analysis of radiative transfer for the
diurnal and seasonal cycle for sun zenith angles and how they influence the respective
satellite’s sensitivity to NOy close to the sea surface. However, it is known (and included
in the AMFs) that the lower sun angles especially in the early morning and late after-
noon introduce higher uncertainty and increase noise levels (Lorente et al., 2017), making
plume detection significantly harder and negating the benefits of favorable wind direction
in the morning hours.

While the choice of emission fluxes is in line with those observed in the previous chapter,
the wind direction as headwind is somewhat arbitrary and largely influences the amount
of significant pixels and the presented results should be seen as a lower end estimate for
detectability. However, keeping the wind direction constant facilitates a comparison of
how chemical and (other) meteorological conditions change plume detectability between
different months.

Some new satellites such as CO2M and TANGO will have a higher spatial resolution,
making the disentanglement of plumes easier in theory. How this plays out with the lower
signal-to-noise ratio (SNR) is to be seen’.

Planned upcoming satellite missions will greatly enhance the number of ship plumes ob-
served from space. From a plume-chemistry and dynamics perspective the overpass time
of TROPOMI is already optimal for NOs plume detection. However, the additional re-
trieval times will increase the number of samples of plumes from the same ship and thereby
reduce the uncertainty when using satellite retrievals of NO5 for NO, emission estimates.
This is especially true for large emitters, whose plumes are expected to be observed for a
large part of the day. For example, a plume caused by an emission of 60 g/s is expected
to be observable for up to 10 consecutive hours with a geostationary satellite in summer
months. However, a polar orbiting satellite with overpasses 4 hours prior to TROPOMI
is expected to capture significantly fewer plumes than TROPOMI. While morning hours
exhibit favorable wind directions for plume detection in the eastern Mediterranean, the
low sun zenith angles and chemical conditions are expected to negate that benefit. Over-
all, although one should not expect to detect a ship plume in each scan of a geostationary
satellite but mainly close to local noon, they will greatly contribute to better accuracy in
our estimates of ship emissions, especially for large emitters.

ITANGO will have a spectral resolution of 0.6 nm and an SNR of 400 for NOy, CO2M will have a
spectral resolution of 0.6 nm and aims for an SNR of 1000 vs TROPOMTI’s spectral resolution of 0.55 nm
and SNR of 1500.
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Synthesis
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7.1 Introduction

In this last chapter of the thesis we will take a step back and reflect on thie presented
work in a broader context. To that end we decided to focus on three recurring themes in
the thesis: the satellite retrieval of tropospheric NOy columns, the use of improved or new
methods in ship emission monitoring and atmospheric sciences, and the NO, emissions
from international shipping. There are certainly more themes that could be discussed,
such as atmospheric (plume) modelling, however, we decided to focus on these three
themes as they are likely to be of interest to a broader audience or of potential special
relevance in the future. We will discuss the main findings of the thesis in the context of
these themes and draw implications for the future.

7.2 Satellite remote sensing of tropospheric NO, and
other trace gases

Satellite remote sensing of atmospheric composition with its global coverage and con-
sistent retrieval offers a complementary view on atmospheric composition to in-situ or
ground based remote sensing data. In-situ measurements are time-consuming and expen-
sive, creating a spatial bias towards industrialized, wealthy regions. For similar reasons,
measurements and monitoring of ship NO, emissions on open sea are sparse and limited to
coastal regions close to developed countries. In this thesis, we therefore used TROPOMI
satellite data to study ship emissions in the open sea. However, the use of satellite data
comes with its own set of challenges, which we will discuss in this section. Furthermore, we
will discuss the implication of the findings of this thesis with regard to ship NO, emission
monitoring and the future of satellite remote sensing of atmospheric composition.

7.2.1 This thesis
The TROPOMI retrieval of tropospheric NO, columns

In this thesis we addressed some of the most important error and bias sources in satellite
retrieval of tropospheric NOy columns. In Chapter 3 we investigated retrievals under sun
glint, which have previously been flagged with a lower quality assurance value, but at the
same time have proven promising in detecting ship plumes, as shown by Georgoulias et al.
(2020) and in Chapter 3. We found that retrievals under sun glint have a higher scene
albedo and elevated averaging kernels, meaning a better sensitivity to near-surface NO,.
This benefit is strongest at moderate wind speeds, when the sea surface is sufficiently
wavy to create a large sun glint area, but not so rough that it ceases to act like a mirror.
We found that sun glint gives higher (geometry-normalized) slant columns while the AMF
does successfully account for the increased photon path length.

In the same chapter, we looked at the impact of a new cloud algorithm, that was being
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tested at the time of writing. The improved, or rather repaired cloud retrieval algorithm
was expected to solve the bias in the previous TROPOMI versions v1.2 and v1.3, where
the cloud pressure was too high, causing too low NOs column densities in the retrieval.
We found that the updated algorithm indeed increases cloud height and subsequently the
NOg column densities, which was later confirmed in Latsch et al. (2022) and van Geffen
et al. (2022).

While the retrieval method for satellite remote sensing of tropospheric composition is
consistent globally, the accuracy of the retrieval results are not. In Chapter 4 we inves-
tigate the role of vertical profiles of NO, that are needed as a priori information in the
TROPOMI NOsy column retrieval. We find that over the North Sea, models overestimate
the vertical mixing and marine boundary layer height, giving too low NOy concentrations
near the surface and too high concentrations at 150-400 m altitude. This leads to a sys-
tematic negative bias in NOy columns of 20%. We also stress the specific difficulty with
trace gas retrieval over sea, as the sea surface is dark compared to typical land surfaces,
leading to very low sensitivities to NOs in the near-surface layer. Additionally, in-situ
data for model and satellite validation are sparse over sea. We show that using CAMS
profiles as a priori as in Douros et al. (2023) gives higher TROPOMI NO; columns and
therefore a better agreement with the aircraft-based data over the North Sea, but likely
because of higher a priori columns instead of the correct profile shape.

On the global consistency of satellite data

We conclude that a priori profiles remain an issue for trace gas retrievals and subsequently
emission estimates based on remote sensing data: while the retrieval algorithm is the
same globally, the data quality is not. It depends on atmospheric transport models that
might have larger biases in some regions (e.g., over sea as shown in Chapter 4 and over
mountains (Rotach et al., 2022)) than in others. Additionally, the models are run with
emission estimates that usually come from bottom-up emission inventories with spatially
varying quality (Elguindi et al., 2020; Flerlage et al., 2021). In the case of ship emissions,
these are time averaged and therefore not a satisfactory solution to monitor emissions of
individual ships. Furthermore, the radiative transfer - and thus the satellite’s sensitivity
to near-surface NO, - depends on the surface reflectance.

The TROPOMI NO, product therefore has spatially varying uncertainties. But in an
inversion, even if these factors are fully taken into account, the inverted fluxes will have less
information gain in regions with high uncertainties. It is therefore unlikely that inversion
systems based on TROPOMI or other satellite sensors produce emission estimates of
globally consistent quality. More research efforts should therefore go into regions with
sparse in-situ data and alrge uncertainties in satellite retrievals. Despite this, satellite
remote sensing data might still be the best tool for global atmospheric composition and
inversion studies.
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The detectability of ship plumes

In Chapter 5 we study NOg plumes of individual ships. We find that the observable NO,
- besides the underlying emissions - mainly depend on ozone levels in the background air
and the wind speed. Therefore, the detection limit of ship emission varies with space
and time and the assessment of air quality or underlying emission will, too. This is
further studied in Chapter 6 where we study the diurnal and seasonal cycle of ship plume
detectability. Even when ignoring the more cloudy conditions that prevent high-quality
NO, column retrieval, seasons outside of summer show unfavorable conditions to detect
ship plumes in the eastern Mediterranean.

7.2.2 Outlook
The retrieval of tropospheric NO, columns

In addition to the retrieval aspects touched upon in this thesis, there are further potential
improvements to the TROPOMI algorithm. One example is the impact of vibrational
Raman scattering in liquid water on the slant column retrieval (Lampel et al., 2015;
Richter et al., 2011). In the OMI QA4ECV retrieval this was implicitely taken care of
by the intensity offset (Boersma et al., 2018), which is not included in the TROPOMI re-
trieval (Van Geffen et al., 2020). While this offset does not have a clear physical meaning,
it has been shown to reduce the residual in the NOy retrieval connected to vibrational
Raman scattering, especially over sea (Oldeman, 2018). Furthermore, while the latest
TROPOMI NO, version v2.4 does include directional surface reflectance over land, the
complex reflectance of water surfaces, dependent on wind-induced waves (see Cox and
Munk (1954)), is not treated. Including a more realistic Bidirectional Reflectance Dis-
tribution Function (BRDF) over water that includes such wind and wave effects would
improve the surface albedo and therefore the AMF calculation (Zhou et al., 2010), also
beyond sun glint effects which are already treated appropriately by the current retrieval,
as shown in Chapter 3.

Future mission of satellite remote sensing instruments for atmospheric com-
position

Besides these potential improvements in the TROPOMI algorithm, this decade will see a
lot of exciting changes in the field of space based monitoring of atmospheric composition
and underlying emissions. In 2020, GEMS, the first geostationary satellite to retrieve
NO, columns, has been launched and has operational hourly data over Asia available since
November 2022 (Kim et al., 2020). TEMPO, a comparable satellite launched in April 2023,
will provide hourly NOs over North America (Zoogman et al., 2017). In 2025, Sentinel4
- a geostationary satellite over Europe - and Sentinel5 - a polar orbiting satellite with
morning overpasses - are scheduled to be launched (Ingmann et al., 2012). These satellites
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will significantly enhance the space-based monitoring capabilities by the increased spatial
sampling. This might result in a larger number of ship plumes being captured and a
significant reduction of uncertainties if the signal-to-noise ratios are sufficiently high.
Missions like TANGO - which aim at using a pair of satellites to measure both NO,
and COy - at very high stpatial resolution (200x200 m) will take further steps, using the
good detection capabilities for NOy sensors to detect CO5 plumes (Landgraf et al., 2020).
The Japanese GOSAT-GW satellite, set to launch in 2024, has a similar setup and will
measure NOy columns alongside GHGs, alternating between a wide (10 km resolution)
and focus (3 km) mode (Matsunaga et al., 2022). This will be a significant step towards
monitoring the emissions of greenhouse gases from space as demonstrated in Zhang et al.
(2023), using coinciding TROPOMI NO, and OCO-2 CO, satellite data. For methane, an
operational GHG monitoring system is already in place (Schuit et al., 2023; Maasakkers
et al., 2022). Those instruments and the emission monitoring systems based on them can
play a large role in the global stock take of GHG emissions as part of the Paris Agreement.
However, one of the downsides of satellite-based atmospheric composition and emission
monitoring will remain: these UV /Vis backscatter satellite sensors require daylight and
can therefore not be used to monitor emissions at night. This is less of less importance
for sources like shipping that we do not expect to have a strong diurnal pattern, but more
relevant for urban or biogenic emissions with a clear diurnal profile (Squires et al., 2020;
Visser et al., 2021).

The challenge of higher spatial resolution

If higher resolution satellites have a sufficient signal-to-noise ratio, detection of plumes
will become easier as the contrast between the plume and the background air will increase.
This will make it easier to detect smaller sources and their emissions or distinguish plumes
of two nearby sources, for example ships sailing close to one another. TROPOMI and the
work presented in this thesis represented some steps in the transition from using averaged
satellite data to study long-term emissions and their trends as done in Chapter 3 for ma-
jor shipping lanes, to daily - or soon hourly - emissions of (moving) point sources. This
will also make it easier to pinpoint sources and potentially distinguish between sectors of
emission.

However, the higher resolution will make the radiative transport analysis more difficult,
as a spatial smearing out to neighboring pixels will increase uncertainties caused by 3D
radiative effects such as cloud shadows and horizontal light scattering across pixels (Wag-
ner et al., 2023). This inherent problem sets a practical limit to the spatial resolution
of independent pixels, which depends on the wavelength used and therefore the molecule
studied.
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Figure 7.1: Coverage of the geostationary satellites GEMS, TEMPO and Sentinel-4 as well
as Sentinel-5P/TROPOMI. The latter is a polar orbiting satellite and therefore has a global
coverage. The geostationary satellites are limited to the Northern Hemisphere. Credits: NASA

Atmospheric chemistry and transport models

Furthermore, observations at higher resolution will also increase the need for better models
at higher spatial resolution for the AMF calculation and the interpretation of observations.
Only at higher spatial resolution can we properly capture the interplay of turbulence and
atmospheric chemistry at smaller scales than we addressed in this thesis. LES models
such as MicroHH used in Chapter 5 are a promising tool for this (Raznjevié et al., 2022).
For the time being, computational costs of running global or even regional simulations
using LES are too high to make them feasible for operational use. However, a look-
up-table approach could be used to derive generic corrections for NO, columns close to
point sources. But even that approach produces high computational costs. Additionally,
atmospheric chemistry models should move towards including halogen chemistry in the
marine boundary layer, which can reduce NO, pollution by up to 20% (Li et al., 2021),
leading to underestimations of emission when not included.

The lack of geostationary satellites in the Southern Hemisphere

Looking at these new and upcoming missions in Figure 7.1, the lack of geostationary
satellites and therefore hourly satellite data of trace gases in the Southern Hemisphere
becomes obvious. Its global coverage and consistent retrieval methods are some major
advantages and selling points for the use of satellite data compared to in-situ data. While
polar orbiting satellites will remain as part of the fleet, the Northern Hemisphere will have
a significantly higher temporal sampling of air quality data. New satellite missions will
thus partially re-create a bias towards wealthy countries that earlier missions closed.



7.3 Methodological advances 163

General outlook on satellite remote sensing of atmospheric composition

The amount of data becoming available with the new geostationary or high-resolution
polar orbiting satellites will also require new methods of data processing. Machine
Learning and Artificial Intelligence will likely play a large role in this, as we will discuss
in the following subsection.

All this opens up the question of how the wealth of data from numerous new satellites
can be utilized to significantly improve global emission estimates. While the increased
spatial and temporal resolution will reduce uncertainties of emission estimates, the
inherent challenges that come with the use of satellite data - such as the need for
accurate a priori profiles, the treatment of clouds, and the radiative transfer analysis
- will remain. Additionally, satellite remote sensing needs to go hand in hand with
ground-based and in-situ measurements for validation purposes and process under-
standing at smaller scales. The increasing number of satellites will certainly enhance
the need for cross-validation of the satellite products, too. If these steps are not
forgotten, the future of satellite-based emission monitoring is bright, but the challenges
are manifold and will require a concerted effort from the scientific community to overcome.

7.3 Methodological advances

Having discussed the uncertainties in and future of satellite remote sensing of atmospheric
composition, we will now turn to methodological innovations made in this thesis and fore-
seen for the future. These include the use of Machine Learning and Artificial Intelligence
- arguably the buzzwords of the last years - as well as the use of aircraft data and plume
resolving models for the inversion of NO, columns to NO, emissions. We will end this
subsection with a discussion of future validation and improved AMF calculations for ship
plume monitoring.

7.3.1 Machine Learning and Artificial Intelligence

The last decade has seen a surge in the use of Machine Learning and Artificial Intelligence
in atmospheric and climate sciences (e.g. Ladi et al., 2022; Schneider et al., 2022). More
specifically in the field of remote sensing of atmospheric composition, the large amounts of
data have spurred research not only into automated detection of plumes (Kurchaba et al.,
2022; Schuit et al., 2023; Finch et al., 2022), but also inferring surface concentrations
using NO, column data (Kang et al., 2021; Kuhn et al., 2024).

In this thesis, two Machine Learning algorithms are used: firstly, in Chapter 3 we use
a deep neural network to correct historical TROPOMI NO, data for the updated cloud
retrieval and therefore create a consistent data record, anticipating the scheduled re-
processing of all orbits. Secondly, in Chapter 5 we used an XGBoost model to learn the
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relationship between modelled NO; columns and underlying NO, emissions in order to
invert TROPOMI NO, columns to NO, emissions. To this end, we trained the model
with a large library of simulated NOy plumes, which represent a large set of chemical
and meteorological conditions that influence the shape and magnitude of the observable
plume.

Computational efficiency and generalization

The biggest advantage of Machine Learning in the context of this thesis is the computa-
tional efficiency. Instead of having to wait for a re-processing of the TROPOMI data, we
generalized the effect of the updated retrieval algorithm by identifying the key features of
the cloud retrieval that influence the NOy columns. This allowed us to correct the data
in a fraction of the time it would take to re-process the data, and we could analyze trends
in shipping NO, over a period that was not covered by the same operational TROPOMI
product at the time of publication. In the case of the inversion, we also used a Ma-
chine Learning tool for generalization, now in the relationship between NOy columns and
NO, emissions. We used a 10-dimensional parameter space for the creation of the plume
library, meaning that a classical look-up-table approach would have been computation-
ally infeasible: even with only 5 values per parameter, the library would have contained
519 = 9.8  10% entries. With a simulation time of 2 minutes per run, the look-up-table
would have taken about 37 years to create. The XGBoost model however was able to cor-
rectly interpolate between the nodes in the parameter space with only 40,000 simulations
and estimate the emissions for any plume observed by TROPOMI, as shown by the good
performance of the model on the test data.

The reliance on physical models and domain knowledge

Both our use-cases have in common that we trained the Machine Learning models
with data that was produced with a physical model: the TROPOMI NO, retrieval
using the updated cloud algorithm FRESCO-+wide and PARANOX inputs and outputs,
respectively. This shows that the use of Machine Learning tools will not overcome the
need for extensive validation and physics-based models. While it can speed up the
computation immensely, it can confirm biases inherent to the physical models in the
results as a ground-truth is often missing. We have tried to avoid this pitfall by using
MicroHH for validation of both PARANOX and the trained XGBoost model. As will be
discussed below, an extensive ground-based validation would be beneficial.

Looking at the use of Machine Learning in atmospheric sciences outside this work, models
are often trained with data labeled by humans, which is time extensive, often requires
experts, and is not always objective. Experts are also required to choose the right features
for the model. Another point of attention in the use of Machine Learning in atmospheric
science - and in science in general - is, whether a black box model can actually contribute
to process understanding or if the benefit remains at the computational efficiency. In this
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thesis, we have tried to understand and explain the behavior of Machine Learning models
with our existing knowledge on radiative transfer, satellite retrievals and atmospheric
plume chemistry and dynamics. This shows that when guided by domain knowledge,
Machine Learning can be a very powerful tool in every scientist’s toolbox.

Overall, the use of Machine Learning in the field of atmospheric science is - while
growing rapidly - still a new field, and many questions remain open: are the models in-
terpretable? Do they give physically consistent results? Can models trained on historical
data be used for the future, how accurate will ML-based weather predications be in a
new climate? Can it predict not yet seen extremes? These questions are not unique
to atmospheric science, but are especially relevant in a field where the consequences of
wrong predictions can be severe. However, with the growing data volumes and need to
computations efficiency, they offer unique opportunities.

7.3.2 Using aircraft data to evaluate TROPOMI data over sea

In Chapter 4 we used aircraft data of NOs to create vertical NOs profiles. These profiles
are then used to evaluate the modelled a-priori profiles used in the retrievals as discussed
in Section 7.2.1. To arrive at vertical profiles that are representative at the spatial scale
of a TROPOMI pixel, we combined the raw measured data with information on ship
(plume) density and modelled NO-NO, ratios for plume of various ages. Only then could
we compare the aircraft data to the modelled profiles and find a systematic bias in the
modelled profiles. This method could be used to validate other satellite data over sea,
where in-situ data is sparse.

7.3.3 Plume resolving models

In this thesis we used two plume resolving models: the dedicated (Gaussian) plume model
PARANOX (Chapters 4, 5 & 6) and the LES model MicroHH (Chapter 5). While PARA-
NOX has been used to model (ship) NO, plumes in the past (e.g. Vinken et al., 2011),
the NO, chemistry in MicroHH has only been implemented recently (Krol et al., 2024)
and is used here for ship plumes for the first time. While we mainly rely on PARANOX
for the inversion of TROPOMI NO;, columns to NO, emissions in Chapter 5, MicroHH
is used as a validation for the Gaussian model. Only with the help of these models and
their NO, chemistry could we estimate the NO, emissions of individual ships.

Validation of satellite data and models for ship NO, emission monitoring

To better estimate NO, emissions of ships using current and upcoming satellite data, a
measurement campaign combining several methodologies should be done: (a) installing
NO, measurements at the stack of selected ships, (b) using drones or airplanes to mea-
sure NO and NOs in the aging plume and outside up to several hours downwind and
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taking vertical profiles, (c) MAX-DOAS instruments measuring vertical columns in and
around the ship plumes. These measurements should be done coinciding with satellite
overpasses of TROPOMI and other sensors. (a) can serve as a ground-truth to compare
satellite-based emission fluxes with. (b) is similar to the campaign used in Chapter 4
which could serve as a recipe for the analysis, but should be conducted with higher tem-
poral sampling and measuring NO and NO, simultaneously. The data can then be used
to validate (plume) models such as PARANOX or MicroHH as well as chemical transport
models used for a priori profiles in the retrieval. Furthermore, the campaign should take
place in the Eastern Mediterranean or another region where ship plumes are frequently
observed in TROPOMI NO, data. (c) can be used as an additional validation of the satel-
lite columns. Combining such a campaign with bottom-up estimations of ship emissions
based on engine and ship specifics would provide a rich data set. It would allow for a real
evaluation not only of TROPOMI NO; columns but also of the inferred emission flux.
The proposed campaign would be in addition to ongoing and planned satellite valida-
tion efforts with operational ground based networks. For example, TROPOMI column
data has been heavily validated against networks of MAX-DOAS and TCCON measure-
ments (Verhoelst et al., 2021; Lorente et al., 2021; De Smedt et al., 2021). For the North
Sea, a satellite validation platform is planned, designed to measure vertical distribution
and columns of several trace gases among which NOy and SO, (KNMI, 2024). Compared
to these validations of satellite products, the proposed campaign would have the advan-
tage of being targeted at ship emissions and could additionally be used to validate the
(plume) models and inverted emission fluxes.

Dynamical AMF calculation for ship plumes

Additionally, TROPOMI-based monitoring of shipping NO, would largely benefit from
a dynamical AMF approach: using plume-resolving a priori NO, profiles instead of the
coarse resolution TM5 (or CAMS) data. In these models ship emissions are represented
as time averages along the ship track while in reality emissions are highly variable. Fur-
thermore, the plumes are immediately diluted over the large grid cell. In Chapter 5 of this
thesis we use a PARANOX-simulated NO, profile to recalculate the AMF for in-plume
pixels, arriving at a generic correction factor of 1.2 in line with findings of Chapter 4. This
approach should be extended with a library of ship plumes of varying emission strength
and meteorological and chemical conditions. For each ship plume visible in the slant
columns and coinciding with AIS data, the most appropriate library member could be
chosen based on reanalysis data of the atmosphere and a ship emission model such as
STEAM (Johansson et al., 2017). For in-plume pixels the vertical NOy columns could
then be adjusted using these simulated profiles. Alternatively, one could use AIS data and
STEAM to simulate ship plumes in a high resolution chemical transport model. However,
this has the risk that observed and simulated plume locations do not match, introducing
new biases. To circumvent this problem, wind speed and direction in the transport model
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could be adjusted to match the plume location. Either of these approaches would allow
for a more accurate AMF calculation and therefore a more accurate NOy column retrieval
over sea and subsequently more accurate NO, emission estimates.

7.4 NO, emissions from international shipping

7.4.1 This thesis

The shipping sector is a major source of NO, emissions, especially in coastal regions and
near major ports. In this thesis, we started in Chapter 3 with the detection of major
shipping lanes around Europe using the - at that time - novel TROPOMI data. Some
of these lanes have not been shown in satellite data before, showcasting the abilities of
TROPOMI for ship emission monitoring. In the same chapter we grabbed the opportunity
that COVID handed us in the form of a natural experiment and studied the impact of the
pandemic on ship NO,, emissions around Europe. The inferred reduction of 20% in a single
year was sizeable but smaller compared to reduction in other anthropogenic emissions,
such as car traffic (Guevara et al., 2021). This is not surprising as international trade
decreased less than for example car commutes to work with the strict contact restrictions
that made home office the norm in many jobs, at least temporally. We then compared
these top-down reductions to bottom-up trends, making use of AIS data. We found that
the timing of the reduction was consistent, while the magnitude in the top-down approach
was larger, possibly caused by our simplified treatment of NO, chemistry.

In the computation of the bottom-up emission changes we assumed constant emission
factors of Ocean Going Vessels (OGVs), which is reasonable for the study period of 2
years. On longer timescales and if IMO regulations have the intended effect, we expect
these emission factors to change. The presented methods can therefore be used to study
the effectiveness of IMO regulations on a fleet level: if newer ships are indeed cleaner,
we expect a decrease in emission factors and therefore a decrease in top-down emission
compared to our bottom-up emission assuming constant emission factors.

With Chapter 4 we shifted the focus to individual NOy plumes and the emissions that
caused them. After identifying and matching 130 plumes to individual ships (mainly
container ships of 300-400 m length), we estimated their emissions with values of up to
300 g/s. Additionally, we find that, contrary to expectations (and legislature), newer Tier
IT ships have higher NO, emission factors compared to older Tier I ship, and also higher
emissions per distance travelled. Furthermore, the presented methods set the stage for
a new, potentially global and automated way of monitoring ship emissions from space,
combining satellite data with plume models and Machine Learning.
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7.4.2 Implication and outlook
Emission trends

Many sectors have been decreasing their nitrogen oxide emissions in the past
decades (Krecl et al., 2021; European Environment Agency, 2019a). In fact, nitrogen
oxide pollution is decreasing over Europe by up to 2% annually (Aas et al., 2024). This
trend is likely to continue with the phase out of fossil fuel combustion and the introduction
of renewable energy sources or electric vehicles. In contrast, the shipping sector has had
rather constant emissions (Boersma et al., 2015) and is expected to rise with increasing
trade volumes (Miiller-Casseres et al., 2021). This will make the shipping sector an even
more important source of nitrogen oxide pollution in the future.

As a result, the shipping sector will experience increased pressure to play its part in
cleaning up the air. For example, since the beginning of 2024, GHG emissions from
international shipping are included in the Furopean Union’s Emission Trading System
(ETC) (European Comission, 2024), likely leading to the use of alternative fules with
potentially lower NO, emissions as discussed below. This is reflected in the IMO’s GHG
reduction plans (International Maritime Organization, 2020).

New fuels and abatement technologies

There are several possible alternative fuels to replace the currently common heavy fuel
oils. Al-Enazi et al. (2021) have identified LNG, hydrogen and ammonia as the most
promising candidates. While natural gas is generally cleaner and produces lower emis-
sions of CO,, SO, and NO,, it is a fossil fuel and therefore not a long-term solution.
Hydrogen and ammonia are both carbon-free and can be produced using renewable en-
ergy sources. However, the infrastructure for these fuels is not yet in place and the pro-
duction of hydrogen and ammonia is energy-demanding and currently not carbon-free.
Additionally, hydrogen comes with other obstacles, such as suitable storage. Ammonia
has the advantage that engines can easily be made compatible to it without major mod-
ifications (Al-Enazi et al., 2021). On the other hand, using the traditional Haber-Bosch
process in the production of ammonia creates large amounts of GHG emission, and NO,
emissions during the use of ammonia fuels are high (Gubbi et al., 2023), making the use
of abatement technologies such as exhaust gas recirculation (EGR) or selective catalytic
reduction (SCR) necessary. Furthermore, ammonia is toxic, adding further complication
to the transport and storage (EMSA, 2023). Overall, the low supply - especially for hy-
drogen - combined with long lifespans of vessels (typically 20 to 30 years (Marshallsay,
2023)), the long fleet turnover times of the shipping industry, as well as storage and trans-
portation challenges will make a shift towards clean fuels unrealistic in the short term.
On a longer timescale, NO, plumes seen by satellites might become a less relevant topic
if energy production (and ship propulsion) shifts towards (non-ammonia) renewables and
anthropogenic NO,, emissions decrease.
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Ship pollution in ports and coastal areas

Besides new fuels or abatement technologies there are also low-tech solutions to reduce
air pollution caused by ships: when at berth, cruise ships often have their engines run-
ning to produce electricity to power the ship, producing avoidable air pollution (Lansg
et al., 2023; Hulskotte and Denier van der Gon, 2010; Dragovi¢ et al., 2018). This is
especially problematic when in the harbor of large cities or inland waterways such as
Rotterdam or Venice and can be avoided by using on-shore power supply. The port of
Rotterdam therefore recently presented plans, aiming at 90% of ships using on shore power
by 2030 (Buitendijk, 2024). This is a simple and effective way to reduce air pollution in
densely populated areas.

Even the increasing spatial and temporal resolution of new and upcoming satellites will
not be able to detect all emission sources. In the case of shipping, pollution in ports is
of special interest, as it affects human health and air quality in densely populated areas.
However, in ports typically many ships are close to one another, making it impossible to
distinguish individual plumes using satellite imagery. Additionally, other emission sources
such as road traffic or industry are often close by, further complicating the detection of
ship plumes. For that reason, a combination of satellite data with in-situ or ground based
remote sensing measurements (e.g. Van Roy et al., 2022¢; Ripperger-Lukosiunaite et al.,
2023; Mettepenningen et al., 2024; Krause et al., 2021) will be necessary to monitor emis-
sions from shipping and air quality in these areas. This is true not only for shipping but
for all sectors emitting in industrial areas.

Other coastal areas might be more promising, if emission from other sources are suffi-
ciently far away. Even in busy ship tracks, repeated measurements could decrease the
issue of overlapping or crossing plumes. Firstly, with more observations it becomes more
likely that the plumes of two ships sailing antiparallel to one another are distinguishable.
Additionally, inversions of crossing plumes - while not attempted in this thesis - are not
impossible, but connected to higher uncertainty. With repeated observations provided by
geostationary satellites, this uncertainty would decrease.

Sulfur emissions

The shipping industry is also a prime example on how anthropogenic interference can
have unforeseen and unwanted consequences. With the introduction of the global sulfur
cap in 2020, the sulfur content in marine exhaust had to decrease from 3.50% to 0.50%.
As sulfur oxides are a major source of aerosols, this led to a decrease in the number of
aerosols in the atmosphere, which in turn is observed to have decreased the cloudiness
over the Northern Atlantic and possibly caused record-high surface ocean temperature
anomalies (Diamond, 2023; Yoshioka et al., 2024). While this should certainly not be
used as an argument against air quality regulations, it shows that human influence on the
environment has become so large that even small changes in our behavior can have large
consequences. It also shows that atmospheric processes and climate feedbacks are not yet
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fully understood and emphasizes the care we should use when discussing manipulating
the climate system further.

The (in-)effectiveness of IMO NO, regulations

Our finding that newer ships have higher NO, emission factors than older ships is con-
cerning. This finding is especially true for ships running at lower engine loads, which was
the main mode of operation found in our dataset. While we cannot draw conclusions from
our high-emitting dataset to the whole international fleet, it is a worrying finding: the
IMO regulation was thought to lead to less air pollution and our study provides indica-
tions that regulations are not effective in reducing NO, emissions from ships. This trend
was predicted in Cheng et al. (2017), who show that the optimization of ship engines in
regard to fuel consumption might have the unwanted side effect of higher NO, emissions.
They criticize the high weighting factor of 0.5 for engine loads of 75% in the IMO reg-
ulation, which does not represent the real-world sailing behavior of ships with the trend
to slow-steaming and subsequent lower engine loads for economic reasons (see Fig. 7.2).
This aligns with our finding and shows that the real-world emissions of ships are not well
represented in the current MARPOL Annex VI. The regulation might therefore fail its
goal to limit air pollution.
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Figure 7.2: Weighting factors for NO, emissions of ship main engines in the IMO Tier
IT regulation (black (International Maritime Organization, 2008)) and operational behavior
observed in the Mediterranean in Chapter 5 (red). The highest weight is given to 75% engine
load, while we observe most ships to sail at lower engine loads. The blue dots are proposed
weighting factors that would better represent the real-world operations of ships.
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7.4.3 How to improve the IMO regulation

After having identified the shortcomings of the IMO NO, regulation, we want to end this
section (and thesis) with suggestions on how to improve it.

The easiest and probably most effective change would be to add a not-to-exceed limit on
NO, emission factors for Tier II ships to the existing regulation on a weighted average,
taking a step towards the envisioned lower emissions of these newer vessels as also
recommended in Verbeek et al. (2022). This should be accompanied by the requirement
to send the current power usage along with the AIS data, so that the emission factors (in
g/kWh) can be calculated from inferred emission strength (in g/s), instead of estimating
the power used from design and current vessel speed. This would make it easier to
monitor the compliance with the regulation from space, as we have shown in this thesis,
or using ground-based remote sensing or in-situ data. Currently, the regulation is
almost impossible to enforce outside the laboratory and allows for non-compliance to
go undetected. Furthermore, a regulation that limits effective emissions, for example
per kilogram freight and kilometer travelled would be more sensible than the current
formulation.

If the weighted average and emission factor focussed nature of the regulation is to be
kept, the IMO should at least increase the weighting factors for low engine loads to
fit the real-world operations of ships while reducing the weights for 75% and 100%
engine loads as proposed in Figure 7.2. At the moment, the highest weight is given
to the high engine loads even though this does not reflect real-world operations.
This would make the regulation more effective in reducing NO, emissions, and in this
thesis we have shown that satellite remote sensing is equipped to play its role in this effort.
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