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Abstract

Ships are an important source of pollutants along busy waterways. Depending on the

type of ship, sea going or inland vessel, different key pollutants are emitted. In all cases,

ships equipped with combustion engines are strong emitters of NOx (NO + NO2) and

other pollutants emitted by combustion processes. Additionally, sea going ships are also

strong emitters of SO2. Generally, NOx and SO2 are key parameters of air quality. These

pollutants can be monitored by different kinds of instruments, e.g. in-situ instruments

and remote sensing instruments.

In the first part of this thesis, the capabilities of active remote sensing to monitor ship

emissions will be presented. A LP-DOAS instrument specifically designed by the company

Airyx to monitor ship emissions will be presented and compared to a scientific LP-DOAS

instrument. To highlight the opportunities offered by LP-DOAS measurements for the

monitoring of ship emissions, one year of LP-DOAS measurements made across the river

Elbe close to Hamburg are evaluated. Elevated concentrations of NO2 and SO2 are as-

signed to individual ship passages and a method to derive emission rates of SO2, NO2, and

NOx using a Gaussian plume model is presented. More than 7000 individual ship passages

have been monitored and their respective emission rates have been derived. The emission

rates have been analysed in the context of ship type (inland or sea going), length, and

speed over ground. The emission rates were compared to emission factors from previous

studies and show good agreement.

In the second part, ship emission rates of individual inland vessels are derived from several

years of measurement in the lower Rhine area, specifically in Duisburg and Neuss. The

emission rates were derived from on-shore in-situ measurements using an improved version

of the algorithm presented in the first part. Elevated concentrations of NOx were assigned

to the corresponding source ships and each ship passage was simulated a Gaussian-puff

model to derive the NOx emission rate of the respective source ship. In total over 32900

ship passages have been monitored in a time frame of four years of measurement. The

emission rates were analysed in the context of the ship size, ship speed over ground, ship

speed in water, and direction of travel. Comparison of on-board and on-shore emission

rates for selected ships participating in the EU Life project CLINSH showed good agree-

ment between both methods. The derived emission rates also agree with emission factors

from previous studies. In most cases, the ships comply with emission regulations.
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1 Motivation

According to the World Health Organization (WHO), 99 % of the global population

breathe air with high levels of pollution, leading to 7 million deaths per year (WHO,

2023). Air pollution can be caused by different sources, these can be anthropogenic or

natural. Anthropogenic sources are e.g. fossil fuel combustion, biomass burning, industrial

production, mining activities or intensive agriculture. Natural sources are e.g., volcanoes

or forest fires.

Ships are an important source of air pollution, especially in coastal regions and harbour

cities. Within the last decades, the global fleet steadily grew and the amount of goods

transported by ship has more than quadrupled since 1970 (Löschke, 2021). With the

increase in fleet size, also the emissions caused by the shipping industry increased. Most

air pollution by international shipping takes place within 400 km of land (Eyring et al.,

2010), making it relevant for air quality on shore. The most important air pollutants

emitted by ships are SO2, NOx, black carbon (BC), volatile organic compounds (VOC),

particulate matter (PM) and greenhouse gases.

There are regulations in place to limit the amount of pollutants emitted by the shipping

sector. For sea going ships, these regulations are set by the International Maritime Orga-

nization (IMO) and are defined within the MARPOL Annex VI protocol (International

Maritime Organization, 2019). In addition, emissions from ships are also regulated by na-

tional and international law, e.g. by EU regulations. Currently, these regulations focus on

SO2 and NOx emissions. For inland ships, different regulations exist. In Europe, the first

regulations were established by EU Directive 97/68/EC, later superseded by EU Regula-

tion 2016/1628 (European Parliament and European Council, 1998, 2015). Appropriate

monitoring systems are required to monitor compliance with these regulations.

In this thesis, the emissions of both, sea going and inland ships are investigated. The first

main objective was to evaluate the performance of a newly developed long path DOAS

(LP-DOAS) system, specifically designed to monitor ship emissions, and compare the

new system to a scientific LP-DOAS. The comparison of both systems aims to determine

whether the new instrument is suitable to monitor ship emissions and delivers similar

data quality as the scientific instrument. For the comparison, both systems were set up

at a measurement site at the river Elbe, close to Hamburg. At this point the Elbe serves

as passage way from the North Sea and Kiel Canal towards the Hamburg harbour and

vice versa. The second goal was to analyse the LP-DOAS data in the context of ship

1



1 Motivation

emissions. A new method to derive emission rates of individual ship passages out of the

data measured by the LP-DOAS instruments has been developed. The emission rates of

sea going and inland ships have been derived using the new method and were analysed in

regard to ship speed, ship size and ship type.

The third goal was to improve the newly developed method and to make it applicable

for in-situ measurements. In this context, NOx emission rates of inland ships have been

derived from two in-situ measurement stations at the Rhine in North-Rhine Westphalia.

In total, four years of measurements were successfully evaluated and over 33000 individual

ship emission rates were derived and analysed in context of the ship type, direction of

travel and ship speed.

Additionally, traffic statistics of inland ships have been derived for individual river seg-

ments of the river Rhine, and in conjunction with the emission rates allowed to establish

a realistic high resolution emission register of inland ship emissions at the Rhine. As a

proof of concept the total NOx emissions of certain river segments have been computed

for the year 2018 and were compared to NOx emissions caused by different power plants.

Outline of this thesis

The thesis is structured as follows: In chapter 2, a brief introduction to the structure of

the atmosphere, its chemical composition and air pollution is given. In the context of

air pollution, the chemical reactions of NOx and SO2 within the atmosphere and a basic

description of the modelling of the transport and dispersion of air pollutants is provided.

In chapter 3, the importance of the shipping sector, ship emissions and the regulations re-

garding ship emissions are highlighted. Chapter 4 gives a brief introduction to Differential

Optical Absorption Spectroscopy (DOAS). Chapter 5 describes the measurement site at

the river Elbe and comprises the evaluation and comparison of the two LP-DOAS instru-

ments, the description of the new method to derive emission rates and the analysis of the

emission rates of inland and sea ships. In chapter 6, the measurement sites in North-Rhine

Westphalia are introduced along with the improvements made to the algorithm for the

derivation of ship emission rates. A dataset of four years of measurement for two in-situ

measurement stations is analysed in the context of inland ship emissions. Additionally,

a way to derive the traffic statistics from AIS (automated identification system) signals

is presented. Ultimately, a new approach to combine traffic statistics and emission rates

to establish a high resolution emission register of inland ship emissions is demonstrated.

Chapter 7 presents the future challenges the shipping industry has to overcome to reduce

the emissions of GHG and air pollutants. Finally, chapter 8 summarizes the findings of

this thesis and gives an outlook on future tasks and developments.

2



2 Introduction

2.1 The Atmosphere
1 The atmosphere is a gaseous layer attracted by Earth’s gravitation, separating the

surface of the Earth from space. The current composition is the result of an evolutionary

process, which started when the planet was formed. Earth was formed 4.5 billion years

ago by the accretion of small celestial bodies (planetesimals) that condensed from the

solar nebula during its cooling. The first atmosphere was rapidly dissipated before the

gases could be retained by strong gravitational fields. The secondary atmosphere formed

out of the released volatile compounds from the planet itself. Earth’s early atmosphere

consisted mainly out of CO2, N2, H2O and H2, a mixture similar to the gases emitted

by volcanoes. The water vapour condensed and formed the first oceans and seas. CO2

was dissolved into the oceans and ultimately formed sedimentary carbonate rock. As

N2 is chemically inert and not soluble in water, it accumulated over geologic time scales

and became the most abundant constituent. The atmosphere from 3 billion to 2.3 billion

years ago was rich in reduced gases, e.g. H2 and CH4. About 2.3 billion years ago, O2

levels increased, after cyanobacteria started to produce oxygen by photosynthesis. Even

though cyanobacteria are believed to exist since at least 3 billion years, the increase in

atmospheric oxygen levels was delayed by the oxidation of the continental crusts. Today,

the concentration of O2 is maintained by the production from photosynthesis and removal

through respiration and decay of organic matter. In summary, the evolution of Earth’s

atmosphere depended on different factors and physical processes together with biological

activity at the surface contributed to the evolution of Earth’s atmosphere.

2.1.1 Chemical composition of the atmosphere

Today, the main constituents of the atmosphere are N2, O2 and Argon (Ar), which together

account for more than 99.9 % of the atmospheric air volume. All other constituents occur

in small abundances and are therefore called trace gases. Noble gases show a stable mixing

ratio throughout the atmosphere, while other gases are highly variable on different time

scales. CO2 for example shows a seasonal variability due to the uptake and release from

1This chapter is based on Brasseur and Solomon (2005); Kraus (2004); Seinfeld and Pandis (2006);
Wallace and Hobbs (2006)
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2 Introduction

Table 2.1: Composition of dry tropospheric air at a pressure of 1013 hPa (Wallace and
Hobbs, 2006).

Gas
Chemical
formula

Volume mixing ratio Major sources

Nitrogen N2 78.084 % Biological
Oxygen O2 20.946 % Biological
Argon Ar 0.934 % Radiogenic

Carbon dioxide CO2 379 ppmv
Biological, oceanic,
combustion

Neon Ne 18.18 ppmv Volcanic
Helium He 5.24 ppmv Radiogenic

Methane CH4 1.7 ppmv
Biological,
anthropogenic

Hydrogen H2 0.56 ppmv
Biological,
anthropogenic

Nitrous oxide N2O 0.31 ppmv
Biological,
anthropogenic

Carbon monoxide CO 40 - 200 ppbv
Photochemical,
combustion,
anthropogenic

Ozone O3 10 - 100 ppbv Photochemical
Nitrogen species (NO
+ NO2 + NO3 +
N2O5 + HNO3 +
PAN)

NOy 10 pptv - 1 ppmv
Soils, anthropogenic,
lightning

Ammonia NH3 10 pptv - 1ppbv Biological

Sulphur dioxide SO2 10 pptv - ppbv
Photochemical,
volcanic,
anthropogenic

Hydroxyl radical OH 0 - 0.4 pptv Photochemical
Hydroperoxyl radical HO2 0 - 5 pptv Photochemical

vegetation, with an additional increase due to anthropogenic release. Most chemical

reactions in the atmosphere involve radicals (e.g. OH, NO, NO2), which quickly react

and their concentration is therefore also highly variable. Table 2.1 shows the chemical

atmospheric composition at the surface.

2.1.2 Vertical structure of the atmosphere

Generally, the atmosphere shows a distinguished temperature profile and layers can be

specified. The layers are the troposphere, stratosphere, mesosphere, thermosphere and

exosphere.

The troposphere is the lowest layer extending up to 12 km on average. In colder conditions

the vertical extent is lower, e.g. about 9 km at the poles, and in warmer climates such

as the tropics it can reach up to heights of about 18 km. The height of the troposphere

4



2.1 The Atmosphere

also changes with season. The troposphere is characterized by a negative temperature

gradient of about -6.5 K km−1. The gradient is caused by surface heating at the ground

and adiabatic cooling due to the decreasing pressure at higher altitudes. Due to the tem-

perature gradient, the troposphere is generally unstable, which means warmer (less dense)

air parcels can rise. While rising, the air parcels cool down and moisture condensates,

leading to cloud formation. Almost all known weather phenomena are happening in the

troposphere. Also approximately 80 % of the mass of the whole atmosphere is concen-

trated in the troposphere. The upper boundary of the troposphere is the tropopause,

where the temperature gradient changes its sign and temperature increases with height.

The troposphere can be further split up into the atmospheric boundary layer (ABL), also

known as planetary boundary layer (PBL), and the free troposphere. The ABL is the part

of the troposphere closest to the ground, with a thickness of a few meters to several km.

On average the ABL reaches heights around 1 km, in colder conditions or during night it

can be much less, on the order of around 100 m and under highly convective conditions,

it can reach heights of about 3 km. Within the ABL strong mixing of air masses takes

place, due to turbulence caused by heating of the ground surface and vertical wind shear

caused by the friction on the ground. Vertical mixing in this layer takes place on small

time scales, e.g. within minutes to hours. As a result there is a well mixed layer in the

ABL, without strong gradients in the potential temperature, humidity, wind speed and

pollutant concentration.

The ABL shows a diurnal cycle. Starting in the morning after sunrise, the surface tem-

perature starts to increase due to absorption of incoming solar radiation. The air close to

the surface heats up as well and starts to rise and in turn increases the height of the mixed

layer. The maximum height is reached in the afternoon. The mixed layer is capped by the

entrainment layer, which connects the ABL to the free troposphere. In this entrainment

layer vertical movement is hindered due to a temperature inversion. In the evening, when

the sun sets, the surface cools down due to radiative cooling and the convection breaks

down. This results in a temperature inversion and the formation of a stable layer close

to the ground with a residual mixed layer above. Some mixing still takes place due to

vertical wind shear caused by the friction on the ground. As the stable layer is much

shallower compared to a well developed mixed layer, the concentration of pollutants is

usually the highest during night. Also during night there is no production of OH radicals,

which react with pollutants and remove them from the atmosphere.

In cities the diurnal cycle is less pronounced, due to the urban heat island effect. Urban

areas are compromised of high amounts of man made materials with a large heat capacity

(e.g. concrete, asphalt). These materials store large amounts of heat during day and the

surface cooling does not take place during night or is not as strong as in other places,

resulting in a less frequent night time inversion of the temperature profile.

Similarly, the situation over the ocean is different to the situation on land. The large

5



2 Introduction

thermal inertia of water dampens the effects and temperature changes occur on monthly

rather scales rather than daily. The marine boundary layer (MBL) shows stable stratifi-

cation when the water is cold and unstable mixed conditions when the water is warm.

The next layer above the troposphere is the stratosphere, which extents from the tropopause

up to the stratopause in 50 to 55 km height. The stratosphere is very dry and rich in

ozone, approximately 90 % of the atmospheric ozone is found here. Ozone absorbs UV

radiation < 320 nm, and this absorption results in an increase of temperature. The max-

imum ozone mixing ratio is found at a height of about 35 km, caused by the decrease

of O2 concentration with higher altitudes and reduction of photons in the UV in lower

altitudes.

The ozone concentration in the stratosphere can be described by the Chapman cycle,

which can be described by a set of simple reactions:

O2
hv−−→ 2O(3P) (R 2.1)

O(3P) + O2 +M −−→ O3 +M (R2.2)

O3
hv−−→ O(1D) + O2 (R 2.3)

O3
hv−−→ +O(3P) + O2 (R 2.4)

O3 +O(3P) −−→ 2O2 (R 2.5)

where M is a third molecule (N2 or O2) needed for the reaction. Modelling the Chapman

cycle allows to get ozone distributions which resemble the real ozone distribution but are

about a factor of two too high. Additional loss terms are needed to get to realistic values.

Within the stratosphere the temperature increases with height and reaches a maximum

at the stratosphere. Vertical movement of air parcels is reduced and the stratopause can

be considered as stable and stratified, hence the name stratosphere.

The next layer above the stratosphere is called mesosphere, which extends from the

stratopause to the mesopause in 85 km height. The mesosphere is also the coldest layer

of the atmosphere, with minimum temperatures of -90 to -100 ◦C. Due to the negative

temperature gradient with height vertical mixing can occur again. The thermosphere

extents from the mesopause up to the thermopause at 600 km height.

2.2 Air pollution

Air pollution generally describes the presence of substances at concentrations above their

normal ambient levels that have a measurable effect on humans, animals, vegetation or

materials (Seinfeld and Pandis, 2006). This definition includes any substance and does

not differentiate between benign and noxious effects, but generally the effects are unde-

sirable (Seinfeld and Pandis, 2006). Often times, the high concentrations are caused by

6



2.2 Air pollution

Figure 2.1: Vertical temperature profile of the US standard atmosphere 1976, values taken
from Kraus (2004).
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2 Introduction

anthropogenic activities, e.g. fossil fuel combustion, biomass burning, industrial produc-

tion, mining activities or intensive animal farming. But also natural air pollution exists,

e.g. caused by forest fires or volcanic eruptions. Air pollutants have different lifetimes

and can stay in the atmosphere from minutes to years (Naceur et al., 2016). Generally,

air pollutants can be separated into primary pollutants, which are directly emitted and

secondary pollutants, which are created in the air by chemical reactions. Some air pollu-

tants can be classified as both, because the can be emitted directly, but also form from

other substances in the atmosphere.

The World Health Organization (WHO) reports on six major air pollutants, particulate

matter (PM), ozone, carbon monoxide, sulphur oxides, nitrogen oxides (NO+NO2 =

NOx) and lead, but other chemical substances are classified as air pollutant as well, e.g.

volatile organic compounds (VOC), polycyclic aromatic hydrocarbons (PAH) and dioxins

(Manisalidis et al., 2020). Air pollution is great environmental threat to health, and

can lead to stroke, heart diseases, lung cancer, chronic obstructive pulmonary diseases,

respiratory infections and acute and chronic respiratory diseases (WHO, 2023). According

to the WHO, almost all of the global population is exposed to high levels of pollutants,

which exceed the WHO guideline limits. Low- and middle-income countries suffer from

the highest exposures. Generally the WHO estimates that air pollution is responsible

for about 7 million deaths globally per year (WHO, 2023). Next to health concerns, air

pollution also has an influence on the environment and can lead to acidification of soils

and water bodies and can cause damage to plants, e.g. stunted growth, premature ageing

and necrosis.

Anthropogenic sources of air pollution are for example fossil fuel combustion in power

plants, traffic and industrial processes, waste incineration, waste deposition and agricul-

ture (e.g. manure management, soils). Figure 2.2 shows the yearly NOx and SO2 emissions

of Germany. For SO2 the strongest emissions were generated by fossil-fuel power plants.

The strong decrease in SO2 emissions is mainly caused by flue-gas desulfurization of

fossil-fuel power plants, due to this, the relative contribution of other emissions increased.

Generally, the SO2 emissions in Germany decreased by 95.7 % compared to 1990 levels.

The reduction of NOx emissions are the result of the use of catalytic converters in vehi-

cles, fuels with lower emission factors and the de-industrialization of eastern Germany.

Generally, the NOx emissions decreased by 66 %, with the strongest decrease in traffic

emissions. Nevertheless, traffic still remains the most important source of NOx emissions,

followed by power plants and industrial plants. Also agriculture, especially agriculturally

used soil is a relevant source of NOx.

Within the EU there are regulations in place to protect humans and environment from

harmful air pollutants. These regulations have different limits for different periods of time,

e.g. hourly mean concentrations, daily mean concentrations and yearly mean concentra-

tions. For Germany these limits can be found in the 39. BImSchV. For SO2 the hourly

8



2.2 Air pollution

Figure 2.2: Trend of yearly NOx and SO2 emissions of Germany split by source (UBA,
2022).
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mean concentration limit of 350 µgm−3 is only allowed to be exceeded 24 times per year,

the daily limit of 125 µgm−3 is only allowed to be exceeded three times per year. For the

protection of vegetation, there is also an annual mean threshold value of 20 µgm−3. For

NO2, the hourly mean value is 200 µgm−3, which is only allowed to be exceeded 18 times

per year. The yearly mean value is 40 µgm−3. To protect the vegetation, there is also a

limit for the annual mean NOx concentration (30 µgm−3).

In this thesis, the SO2 and NOx emissions of ships are investigated. Therefore, the

dominant sources, sinks and most important reactions of NOx and SO2 will be presented

in the next two paragraphs. A more detailed look at the emissions of NOx and SO2 caused

by shipping, the specific regulations regarding these emissions and an overview over the

literature will be given in Chapter 2.

2.2.1 NOx chemistry in the troposphere

2 The major source of NOx, which is the sum of NO and NO2, in the atmosphere are

anthropogenic combustion processes, e.g. in industrial production, traffic or biomass

burning. Natural sources include bush fires, emissions from soil and lightning. NO2 is

a reddish-brown toxic gas with a distinctive smell, while NO is colourless. Due to their

impact on health and the environment, both are routinely monitored in urban areas. NOx

is a precursor for Ozone, aerosol production and acid rain.

The main emissions of NOx out of combustion processes is so called thermal NOx, which

is NOx that is formed from atmospheric N2 and O2 during the combustion, while only

a minor part stems from oxidation of organic nitrogen compounds contained in the fuel.

Emissions of fuel NO primarily play a role when petroleum, coal or biomass is burned. Due

to the high temperatures during the combustion process, atmospheric molecular nitrogen

can react with oxygen to form thermal NO (Wallace and Hobbs, 2006). According to

Wallace and Hobbs (2006) at temperatures below 4500 K the reactions are:

O2 +M −−⇀↽−− 2O +M (R2.6)

2O + 2N2 −−⇀↽−− 2NO + 2N (R2.7)

2N + 2O2 −−⇀↽−− 2NO +O2 (R 2.8)

which can be summarized as:

O2 +N2 +M −−⇀↽−− 2NO +M (R2.9)

In these reactions, and the following reactions, M represents an inert molecule (usually

N2 or O2) that absorbs excess molecular energies. Reactions R2.7 and R2.8 are highly

2This paragraph is based on Seinfeld and Pandis (2006); Wallace and Hobbs (2006)
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temperature dependent and the resulting NO does not react back in the equilibrium

reactions, as the combustion gases cool rapidly and drastically decrease the reaction rates

of the reverse reactions. Consequently, the produced NO gets emitted into the atmosphere.

After the emission, NO reacts with atmospheric O3 and forms NO2, which in turn gets

photolysed rapidly by incoming radiation and an equilibrium is established. In this equi-

librium there is no net production or removal of O3, as NO and NO2 constantly get

converted into each other, thus these three chemicals form a null cycle. Consequently,

NO and NO2 are often summarized as NOx.

NO + O3 −−→ NO2 +O2 (R 2.10)

NO2
hv λ< 420 nm−−−−−−−→ NO+O(3P) (R 2.11)

O(3P) + O2 +M −−→ O3 +M (R2.12)

At night NOx is only present as NO2, because of reaction R2.10 and the lack of sun-

light. During daytime, NOx gets primarily removed from the atmosphere by dry and wet

deposition as HNO3:

NO2 +OH+M −−→ HNO3 +M (R2.13)

The lifetime of NO2 during daytime at the surface is about 1 day. NO2 can also be further

oxidized to NO3.

NO2 +O3 −−→ NO3 +O2 (R 2.14)

During daytime NO3 is rapidly photolysed again by incoming solar radiation and can

either form NO or NO2, depending on the wavelength.

NO3
hv λ< 700 nm−−−−−−−→ NO+O2 (R 2.15)

NO3
hv λ< 580 nm−−−−−−−→ NO2 +O (R2.16)

Additionally, NO3 can also react with NO.

NO3 +NO −−→ 2NO2 (R 2.17)

The lifetime of NO3 at noon in sunlight is only about 5 seconds, but during night it can

accumulate, and further react with a NO2 molecule to form N2O5.

NO3 +NO2 +M −−⇀↽−− N2O5 +M (R2.18)

N2O5 can also thermally decompose to NO2 and NO3.
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N2O5 +M −−→ NO2 +NO3 +M (R2.19)

N2O5 can react with water to form HNO3, which then consequently gets removed by wet

and dry deposition.

N2O5 +H2O(s) −−→ 2HNO3 (R 2.20)

Together reactions R2.13 and R2.20 are the major pathways for the removal of NOx from

the atmosphere. This reaction is also a source of aerosols.

2.2.2 SO2 chemistry in the troposphere
3 Sulphur compounds exist in reduced and oxidised states, ranging from oxidation numbers

of -2 to +6. In the atmosphere of the Earth, sulphur is generally oxidised to +4 and

eventually to +6 oxidation numbers. Sulphur with an oxidation number of +6 is the

stable form of sulphur in the presence of oxygen. The most important sulphur gases in

the atmosphere are SO2, H2S, dimethyl sulphide (CH3SCH3 or DMS), COS and CS2. The

sources differ for the different sulphur compounds. DMS is released by the oceans, where

it is produced by biological reactions. H2S is emitted from soils, marshlands, volcanoes

and oceans. CS2 is of biogenic origin and in turn the source of COS, which results from

a reaction of CS2 with OH.

The natural sources of SO2 are the oxidation of DMS and H2S,

OH + H2S −−→ H2O+HS (R2.21)

The resulting HS then reacts with O3 or NO2 and forms HSO, which is in turn rapidly

converted to SO2.

HS + O3 −−→ HSO +O2 (R 2.22)

HS + NO2 −−→ HSO + NO (R2.23)

HSO + O3 −−→ HSO2 +O2 (R 2.24)

HSO2 +O2 −−→ HO2 + SO2 (R 2.25)

There are also direct sources of SO2, e.g. volcanoes, biomass burning, smelting of sulphur-

containing ores and fossil fuel combustion, which is the largest source. The amount of

emitted SO2 depends on the amount of sulphur in the burnt fuel.

In the atmosphere SO2 is oxidized by the following reactions:

3This paragraph is based on Seinfeld and Pandis (2006); Wallace and Hobbs (2006)
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OH+ SO2 +M −−→ HOSO2 +M (R2.26)

HOSO2 +O2 −−→ HO2 + SO3 (R 2.27)

SO3 +H2O −−→ H2SO4 (R 2.28)

SO2 is also oxidized to H2SO4 in water, e.g. cloud droplets. Additionally, SO2 is also

soluble in water and forms H2SO3. H2SO4 and H2SO3 are both acids, consequently, SO2

emissions contribute to the formation of acid rain. H2SO4 also acts as an aerosol and has

a negative effect on radiative forcing.

2.2.3 Dispersion of pollutants in the atmosphere

In general, atmospheric dispersion and transport is rather complex due to the contribution

of the different scales of turbulence, but nevertheless, simple approximations can be used

to describe these processes. In this thesis a simplified look at dispersion processes of ship

plumes is needed and therefore will be described and discussed here.

Emitted pollutants are transported and dispersed within the atmosphere by the atmo-

spheric flow. Atmospheric flow is complex and many different scales of motion are super-

imposed onto each other (Wallace and Hobbs, 2006). The mean transport is according to

the mean wind, while the dispersion happens due to turbulence. Turbulence is the ran-

dom, three dimensional fluctuation at different scales smaller than the characteristic scale

of the phenomenon, consequently, these are called sub scale fluctuations (Kraus, 2008).

The random fluctuations can be imagined to be swirls within the mean flow and are often

called eddies (Wallace and Hobbs, 2006). An illustration of the superimposed fluctuations

is shown in Figure 2.3. Each individual eddy quickly disappears and is replaced by a suc-

cession of different eddies. Turbulence can be generated by different means, mechanically,

thermally or inertially. Mechanically induced turbulence can form out of a shear in the

mean wind, e.g. change in wind speed or direction with height. This shear can be caused

by frictional drag or by wake turbulence, such as wind swirls behind obstacles (Wallace

and Hobbs, 2006). Thermal turbulence consists of thermals of warm air that rise and

cold air that sinks due to buoyancy (Wallace and Hobbs, 2006). Inertial turbulence is

a special form of shear turbulence, where wind shear is generated by larger eddies and

smaller eddies form at the edges of larger ones (Wallace and Hobbs, 2006).

A simple way to describe atmospheric transport, diffusion and dispersion of emitted pol-

lutants of the atmosphere are the Gaussian-plume-model and the Gaussian-puff-model

(Pasquill, 1968; Stutton, 1932). These models are based on analytical solutions of the dif-

fusion equation, for a homogeneous wind field and diffusion coefficients which have have

no variation in time or space (Zenger, 1998).
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Figure 2.3: Illustration of eddies superimposed onto the mean wind (https://upload.wik
imedia.org/wikipedia/commons/6/65/Py%C3%B6rrekovarianssi-tekniikan k
aaviokuva.jpg).

∂C

∂t
= Kx

∂2C

∂x2
+Ky

∂2C

∂y2
+Kz

∂2C

∂z2
+Q (2.1)

Equation 2.1 describes how diffusion processes change the concentration over time (Fick’s

second law), where x, y and z are the spatial coordinates, Kx, Ky and Kz are the diffusion

coefficients for the respective spatial coordinate, and Q is an additional source or sink.

For long diffusion times, this can be transferred to turbulent mixing processes (Zenger,

1998).

The Gaussian-puff-model is a solution for equation 2.1 for the release of a point-shaped

emission (a puff) of a fixed amount of pollutants Qtot at x0,y0, H which has been trans-

ported for an amount of time t:

C(x, y, z, t) =
Qtot√︁

(4πt)3KxKyKz

· exp−
[︃
−(x− x0)

2

4Kxt
+

(y − y0)
2

4Kyt
+

(z −H)2

4Kzt

]︃
(2.2)

The transport by the mean wind (U) can be considered by movement of the individual

puffs by the wind. H is the effective stack height, which is the sum of the height of the

stack h and the initial rise of the plume ∆h (see Figure 2.6). Further the terms Kx,y,zt

can be simplified to the square of standard deviations σ2
x,y,z = 2Kx,y,zt of a Gaussian-

distribution, which then results in the Gaussian-puff-model (Hanna et al., 1982; Zenger,

1998):
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C(x, y, z, t) =
Qtot

(2π)3/2σx(t)σy(t)σz(t)

· exp

(︄
−1

2
·

[︄(︃
x− Ut

σx(t)

)︃2

+

(︃
y

σy(t)

)︃2

+

(︃
z −H

σz(t)

)︃2
]︄)︄ (2.3)

where x now is aligned with the mean wind direction. This model still only considers

an instantaneous release of pollutants and not continuous emission. Continuous emission

can be realised as subsequent emission of individual puffs with a constant emission rate

and consistent time steps. Qtot of an individual puff would then be (Qdt), where dt is the

duration of time to release a single puff and Q is the emission rate. For long distances

downwind, the Gaussian plume can reach the ground, and would even penetrate into it.

To correct for this, the model has to be modified so that the plume does not penetrate

into the ground, but considers the reflection at the ground. Within Gaussian dispersion

models, the reflection of the plume at the ground is modelled using a second, identical

source in negative height (z = −H). Both plumes will then overlap and the concentration

where they overlap will be the sum of both (see also Figure 2.4). Further simplification

and assuming that each σx,y,z(t) is constant during the modelled period of time, leads to

the following equation:

C(x, y, z) =
N∑︂
i=1

(Qdt)i
(2π)3/2σxσyσz

· exp
(︃
−(x− Ut)2

2σ2
x

)︃
· exp

(︃
− y2

2σ2
y

)︃
·
[︃
exp

(︃
−(z −H)2

2σ2
z

)︃
+ exp

(︃
−(z +H)2

2σ2
z

)︃]︃ (2.4)

where the concentration at a point (C(x, y, z)) can be described as the sum over all

released puffs ((Qdt)i), and the concentration distribution of each puff is a function of the

emission rate (Q), the dispersion due to atmospheric stability (σx, σy, σz), the length of

time of the emission (dt) at a certain source point (x=0, y=0, z=H), the total transport

time (t) and the wind speed (U).

To further simplify 2.4 a continuous emission can be considered as a series of puffs with in-

finitely small emission time, which move with mean wind and overlap with each other. For

the case of a stationary state (∂C/∂t = 0) and when the effects of diffusion in x-direction

can be considered to be small compared to advection in x-direction, the Gaussian-plume-

model can be derived (Hanna et al., 1982; Zenger, 1998):

C(x, y, z) =
Q

2πUσyσz

· exp
(︃
− y2

2σ2
y

)︃
·
[︃
exp

(︃
−(z −H)2

2σ2
z

)︃
+ exp

(︃
−(z +H)2

2σ2
z

)︃]︃
(2.5)

where time is not a free variable any more, but connected to the distance from the

source via the mean wind speed. The resulting plumes can vary in shape, depending on
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Figure 2.4: Dispersion of a plume of pollutants modelled with a Gaussian-plume-model
for a pollutant source at x=0, y=0 and z=50 m under unstable conditions
(stability class B). The plots on the left show the model approach without
considering reflection at the surface. The plots on the right show the same
situation, but now the reflection at the surface is considered by the use of a
second identical source at z = −H.
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Table 2.2: Atmospheric stability classification scheme based on surface wind speed and
solar insulation for day time conditions and cloud cover during night time
conditions (Pasquill, 1968). Ranging from very unstable (A) to moderately
stable (E).

Surface wind
speed 10 m
a.g.l. ( m s−1)

Daytime solar radiation Night time cloud cover

Strong Moderate Slight
>= 4/8
clouds

<= 3/8
clouds

< 2 A A - B B - -
2-3 A - B B C E F
3-4 B B - C C D E
4-6 C C - D D D D
> 6 C D D D D

the atmospheric stability. Under stable conditions, the plume disperses more horizontally

than vertically, while under unstable conditions the plume also has a large vertical extent.

The atmospheric stability is considered within the dispersion parameters (σ) used in the

model. The dispersion parameters are chosen according to the wind speed and incoming

solar radiation (during day) or cloud cover (during night) at the modelled site. Table

2.2 shows a simple classification scheme for the stability classes and Table 2.3 shows the

respective dispersion parameters. Some examples for plumes modelled by a Gaussian-

plume model for different stability classes are shown in Figures 2.7, 2.8 and 2.9.

The plumes modelled by Gaussian-plume and Gaussian-puff models are smooth and rep-

resent the time averaged plume. Real plumes are much more variable and irregular, and

also evolve with time, because of the turbulence within the plume. Averaging the obser-

vations of a plume emitted by stack would result in a smooth plume, similar to the results

obtained from the Gaussian-plume or Gaussian-puff models. Consequently, these models

can only be used as an approximation for short time scales, and only for long time scales

and stationary conditions, the models resemble the average plume. However, the model

is still useful, as it agrees with experimental data, is fairly easy to use and consistent with

the random nature of turbulence (Hanna et al., 1982). For more detailed analysis of the

turbulent flow within a plume and for modelling purposes nowadays Lagrangian particle

models and Large Eddy Simulations (LES) are used. A description of these models is

beyond the scope of this thesis.

Gaussian-plume and Gaussian-puff models use several simplifications to model atmo-

spheric dispersion. The different dispersion parameters (σ) parameters to describe the

dispersion in the spatial directions, are considered to be constant with time and space,

which leads to an increase of those parameters proportional to
√
t, which for small t is in

contrast to observations. To overcome this, empirical dispersion parameters can be used,

consequently this approach is not an analytical solution of equation 2.1 any more (Zenger,
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Table 2.3: Atmospheric dispersion parameters σy and σz for different stability classes in
dependence of distance (x) from source in meter. For the puff model σx is
assumed to be identical to σy. For intermediate cases such as A - B the average
of both values has been taken (Briggs, 1973).

Stability class σy(x) σz(x)
open country

A 0.22x(1 + 0.0001x)−0.5 0.20x
B 0.16x(1 + 0.0001x)−0.5 0.12x
C 0.11x(1 + 0.0001x)−0.5 0.08x(1 + 0.0002x)−0.5

D 0.08x(1 + 0.0001x)−0.5 0.06x(1 + 0.0015x)−0.5

E 0.06x(1 + 0.0001x)−0.5 0.03x(1 + 0.0003x)−0.5

F 0.04x(1 + 0.0001x)−0.5 0.016x(1 + 0.0003x)−0.5

urban environment
A 0.32x(1 + 0.0004x)−0.5 0.24x(1 + 0.001x)−0.5

B 0.32x(1 + 0.0004x)−0.5 0.24x(1 + 0.001x)−0.5

C 0.22x(1 + 0.0004x)−0.5 0.2x
D 0.16x(1 + 0.0004x)−0.5 0.14x(1 + 0.003x)−0.5

E 0.11x(1 + 0.0004x)−0.5 0.08x(1 + 0.00015x)−0.5

F 0.11x(1 + 0.0004x)−0.5 0.08x(1 + 0.00015x)−0.5

Figure 2.5: Plume of a power plant in Bremen.
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Figure 2.6: Sketch of plume dispersion idealised within a Gaussian-plume-model. H is
the effective stack height, which is the sum of the stack height (h) and an
additional plume rise term (∆h). The shape of the plume can be approximated
by Gaussian distributions where the mean is at the plume centerline (z = H).
The plume broadens with distance to the source according to the standard
deviations of the Gaussian distributions (only shown for the z-coordinate as
σz).
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Figure 2.7: Dispersion of a plume of pollutants modelled with a Gaussian-plume-model
for a pollutant source at x=0, y=0 and z=50 m under unstable conditions
(stability class A). Panel a) shows a horizontal slice through the plume. Panel
b) shows the vertical profile of the plume at y=0. Panels c) to f) show cross
sections through the plume in the yz-plane at different distances to the source.

1998). Additionally, σ are dependent on the modelled height, because the turbulent dif-

fusion coefficients increase with height, where more eddies contribute to the turbulence

(Zenger, 1998). Furthermore, the dispersion parameters can only be considered constant

in homogeneous flat terrain. In areas with complex topographies and differences in surface

roughness these assumptions are violated. Also the assumption of an homogeneous wind

field is a simplification, in reality, the wind field can be more complex due to channelling

effects or local variations in the wind field, e.g. around large buildings.
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Figure 2.8: Dispersion of a plume of pollutants modelled with a Gaussian-plume-model for
a pollutant source at x=0, y=0 and z=50 m under neutral conditions (stability
class D). Panel a) shows a horizontal slice through the plume. Panel b) shows
the vertical profile of the plume at y=0. Panels c) to f) show cross sections
through the plume in the yz-plane at different distances to the source.
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Figure 2.9: Dispersion of a plume of pollutants modelled with a Gaussian-plume-model for
a pollutant source at x=0, y=0 and z=50 m under stable conditions (stability
class F). Panel a) shows a horizontal slice through the plume. Panel b) shows
the vertical profile of the plume at y=0. Panels c) to f) show cross sections
through the plume in the yz-plane at different distances to the source.
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Shipping has always been an important way to transport goods around the world. Since

1970 the freight statistics show that the total amount of transported goods by ship has

more than quadrupled (Löschke, 2021). Today, approximately 80 to 90 % of the world

trade is transported by ships, which corresponds to approximately 11.1 billion tons of

cargo or 811 million Twenty-foot Equivalent Units (TEU)1 in the year 2019 (UNCTAD,

2021). For the year 2020 this slightly decreased to 10.6 billion tons of cargo, due to the

COVID-19 pandemic (UNCTAD, 2022c).

The main shipping routes span from East Asia to Europe and the United States. For

one third of the worldwide ship traffic, the port of departure or port of destination lies

within the EU. In 2020, 66 % of all transported goods were discharged in ports in Asia,

while only 41 % were loaded in Asian ports (UNCTAD, 2022c). Historically, the transport

patterns were still as in colonial times, developing nations would export large amounts

of resources and raw materials and only import a relatively small amount of consumer

goods. This changed approximately 20 years ago and many of the developing countries

now also import raw materials and participate in the trade of end products (Löschke,

2021).

The global shipping fleet is increasing in size every year since 1990, with the highest growth

rate around 2010. Between 2000 and 2020, the available freight volume has more than

doubled. At the beginning of 2021 approximately 99800 sea ships with a gross tonnage

above 100 tons were operating around the globe, with a total carrying capacity of about

2.13 billion dead-weight tons.

About 42 percent of the whole fleet is older than 20 years, 10 % is between 15 to 19 years

old and only 11 % is younger than 4 years. The age distribution varies between different

countries, older ships are generally those in the least developed countries. Generally,

the ageing of the fleet is a concern, as older ships are less efficient and generate higher

emissions. Also, the average size of the ships increased throughout the years. The number

of mega-container ships (container capacity greater than 10000 TEU) rose from 6 % in

2011 to almost 40 % in 2021 (UNCTAD, 2022a).

In addition to the merchant fleet, the number of cruise ships also increased and since

the 1990s, cruise ship tourism has become the fastest growing travelling sector (Löschke,

2021). International cruise tourism increased from 3.8 million passengers in 1990 to 28.5

1TEU is the standard-sized metal container used to transport goods.
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Figure 3.1: Historical development of transported worldwide cargo by type. Dry cargo is
defined as cargo that is usually not carried in tanker, e.g. coal, ores, grains,
pallets, bags, crates and containers. Other tanker trade refers to all trades
usually carried in tankers except of crude oil, e.g. refined petroleum products,
gases and chemicals. Numbers taken from (UNCTAD, 2022c).

Figure 3.2: Transported worldwide cargo by type and region in 2020. Imported goods
are goods discharged and exported goods are goods loaded in the region. Dry
cargo is defined as cargo that is usually not carried in tanker, e.g. coal, ores,
grains, pallets, bags, crates and containers. Other tanker trade refers to all
trades usually carried in tankers except of crude oil, e.g. refined petroleum
products, gases and chemicals. Numbers taken from (UNCTAD, 2022a).
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Figure 3.3: Size of the merchant fleet (all ships above a gross tonnage of 100 tons) as a
function of time and age of ships for different ship types. Numbers taken from
(UNCTAD, 2022a)

Figure 3.4: Map of the most important shipping routes taken from Löschke (2021).
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million in 2018 and continued to grow until the COVID-19 pandemic, where the number of

passengers fell to about 7 million in 2020. Primary operating areas are the Mediterranean

and Caribbean Seas, but there was a significant increase in Asia, Europe and the polar

regions until 2020 (Löschke, 2021).

Inland shipping plays a different role and is in direct competition with rail and road

transport. In the EU road transport accounts for about 75 % of the whole inland freight

transport, while rail accounted for 18.7 % and inland waterway transport for about 6 %

in 2018 (Attivissimo et al., 2020). Looking at individual EU countries, the shares can be

different, for example in the Netherlands, approximately 42 % of transport happens on

the inland waterways, whereas in Lithuania and Latvia railway transport dominates, with

shares of 64.7 % and 56 %, respectively. Belgium, Germany, France, the Netherlands and

Romania account for approximately 92 % of the transported goods on waterways within

the whole EU. Each year approximately 800 million tons of cargo are transported on the

waterways of these country. The cargo consists mostly of metal ores, coke and refined

petroleum products, chemicals, rubber, plastic and nuclear fuel (Attivissimo et al., 2020).

Since 2018 there is a slight decline in the total number of transported goods. In 2018

this was attributed to the low water levels in the second half of the year, in 2019 to the

slowed down world trade because of tariffs on grain, steel, cars and a general reduction of

industrial production and in 2020 due to the impacts of the COVID-19 pandemic (Kriedel

et al., 2019, 2020, 2021).

3.1 Ship emissions

For most of the history of mankind sailing ships were used for transport. In the 19th

century a transition to coal powered steam ships and in the 20th century to ships using

fuels from crude oils has taken place. With the change from sailing ships to fossil fuels,

shipping also became one of the major sources of greenhouse gases and air pollutants.

While shipping is a more efficient way of transport than rail, road or air transport, the

large number of transported goods leads to a overall high contribution of the shipping

sector to the emissions caused by humans. Approximately 932 million tons of CO2 were

emitted by ship traffic in 2015, this corresponds to 2.6 % of the whole CO2 emission for

that year. In 2018 this amount grew to 1056 million tons, which is approximately 2.89 %

of the global anthropogenic emissions. Between 2012 and 2018 the dominant source of

the greenhouse gas (GHG) emissions of shipping were container ships, bulk carriers and

oil tankers. Other important ship types were chemical tankers, general cargo ships and

liquefied gas tankers, in total these six ship types accounted for 86.5 % of the total GHG

emissions caused by shipping (Faber et al., 2021). The primary demand for energy on

ships is used for propulsion. For some ship types, e.g. cruise ships, refrigerated bulk

cargo ships and fishing ships, the auxiliary energy demand can be as high as the energy
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Figure 3.5: Amount of goods transported on inland waterways in the EU. The five coun-
tries shown account for 92 % of all inland waterway cargo in the EU.
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demand for propulsion (Faber et al., 2021). The average ship size and installed engine

power increases, resulting in higher fuel consumption per ship. At the same time the

increase in fuel consumption was lower from 2012 to 2018 compared to the increase in

installed engine power. This can be attributed to a general trend of continued reduction

in operating speeds and reduction in the average number of days at sea (Faber et al., 2021;

Smith et al., 2015). As operating speeds are not fixed by the technical specifications they

are highly susceptible to the fluctuation of the market. The operating speeds therefore

remain one of the main drivers for the emission growth and are highly uncertain. A lower

speed also reduces the amount of emitted pollutants (Boersma et al., 2015).

Additionally to the emission of GHG shipping is also a source of SO2, NOx, black carbon,

volatile organic compounds (VOC), PM and other pollutants which influences human

health and the environment. Most emissions caused by international shipping take place

within 400 km of land and therefore have an impact on coastal air quality and human

health (Corbett et al., 1999; Eyring et al., 2010).

The SO2 emissions of ships stem from the sulphur contained in the burnt fuel. Tradition-

ally sea ships use heavy fuel oil (HFO), which is a viscous waste material of the refinery

process of crude oil. Heavy fuel oil is rich in heavy metals, sulphur, aromatic and poly-

cyclic hydrocarbons. In order to be used as fuel, HFO needs to be warmed and cleaned of

metals, which requires additional processing steps and energy on board the ships. In 2018

HFO contributed 79 % of the total fuel consumption of ships by energy content (Faber

et al., 2021)

Alternative fuels to HFO exist, e.g. Marine diesel oil (MDO), biofuels, liquefied gases,

hydrogen and alcohols. These fuels have a lower fuel sulphur content than HFO and

therefore decrease the SO2 emissions by shipping. Liquefied natural gas (LNG) as a fuel

for ships has shown its potential in decreasing the CO2 emissions by 20 %, NOx emissions

by up to 85 % and particle emissions up to 99 % compared to regular HFO usage. At the

same time LNG consists of methane which has a higher greenhouse effect than CO2 and

when used on a large scale for the whole shipping industry, leakages in the LNG supply

could increase the global warming effect of the shipping industry. For short distances,

such transportation on inland waters or in coastal regions, electric motors are also viable.

In general, all the alternative fuels are more expensive than HFO and in most cases they

have a lower energy density per volume (see Figure 3.6). Also, currently many ports lack

the infrastructure to provide sufficient volumes for commercial use.

3.2 Regulations for sea ships

The emissions of NOx and SO2 of sea going ships are limited by the International Maritime

Organization (IMO) MARPOL Annex VI protocol (International Maritime Organization,

1998), which defined limits for the fuel sulphur content (in % m/m) and NOx engine power
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Figure 3.6: Energy density of different fuel types. Taken from Löschke (2021).
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Figure 3.7: Existing emission control areas (ECAs) established by the IMO. Base map
from European Commission, Eurostat (ESTAT), GISCO (2020).

weighted emission rate. Annex VI entered into force in May 2005 and was revised in 2010,

with even stricter regulations. The global limit of the sulphur fuel content was set to 4.5 %

in 2005, 3.5 % in 2012 and 0.5 % in 2020. Additionally, emission control areas (ECA) have

been established in some regions, enforcing even stricter rules of 1.5 % in 2005, 1.0 % in

2010 and 0.1 % in 2015. The first sulphur emission control area (SECA) was established

in the Baltic Sea in 2006, in 2007 the North Sea and the English Channel were designated

as SECA as well. In 2012, the coasts of the US and Canada and ultimately in 2014 the

coast waters around Puerto Rico and the United States Virgin Islands followed (see Figure

3.7). Additionally to the ECAs established by the IMO, ECAs are also established by

countries themselves, e.g. the Chinese government established an ECA around its coastal

waters, as well as inland ECAs in the Yangtze River and Xi Jiang River. South Korea also

implemented SECAs in specified port areas, e.g. Incheon, Pyeongtaek-Dangjin, Yeosu-

Gwangyang, Busan and Ulsan. To comply with the sulphur fuel content regulations,

alternative fuels with a low sulphur content have to be used. Alternatively, as the ultimate

goal is the reduction of SO2 emissions, ships can also be equipped with scrubber systems to

remove sulphur compounds from the exhaust gases. There are different kinds of scrubbers

systems. Dry scrubbers use chalk granulate to remove the SO2 molecules from the exhaust

gas stream, wet scrubbers use either sea or fresh water to wash out the SO2.
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3.2 Regulations for sea ships

PM is not directly regulated, but indirectly by the SO2 regulations, as SO2 has an influence

on particle formation.

Most of the NOx formed during combustion consists of atmospheric nitrogen and oxygen

and only a minor part stems from nitrogen compounds that are present in the fuel. The

amount of NOx formed is temperature dependent and higher temperatures lead to higher

amounts of NOx. The combustion temperature is related to the rotational speed of the

engine crankshaft, i.e. the crankshaft revolutions per minute. The MARPOL Annex VI

regulations are therefore also related to the rotational speed of the engine (Table 3.1).

The NOx limits are separated into different levels (Tiers) of control, based on the date of

the ship construction. While Tier I and II apply globally, Tier III only applies in ECAs.

Nowadays all emission control areas also enforce the Tier 3 NOx limits, but the Baltic

Sea NECA and North Sea NECA have been delayed for several years and only came into

effect in January 2021.

To survey the CO2 emissions, the IMO implemented an amendment to MARPOL Annex

VI in 2018. Ships of a size of 5000 gross tonnage or above are required to submit data on

the ship type, their size, power output of all (main and auxiliary) engines, fuel consump-

tion and type of consumed fuel, as well as methods used for determining fuel consumption

to the states they are registered in. This data is then subsequently transferred to the IMO

Ship Fuel Oil Consumption Database, for each calendar year. In 2015 the EU already

implemented a similar, but more detailed system, for all ships entering or leaving EU

harbours (European Parliament and European Council, 2015).

The IMO has set a target to reduce the overall GHG emissions by 50 % and the CO2

emissions by 70 % compared to the emissions of 2008, until the year 2050. To reduce the

GHG emissions of ships, the International Maritime Organization (IMO) implemented

the Energy Efficiency Design Index (EEDI) and the Ship Energy Efficiency Management

Plan (SEEMP). The EEDI is a technical measure for new ships, that promotes the use

of energy efficient equipment. It requires a minimum energy efficiency level per capacity

mile for different ship types. Starting from 1 January 2013 new ships need to meet the

reference level for their ship type. The choice of technologies used to achieve the goals is

up to the ship designers and builders. The requirements are tightened every five years.

The SEEMP is an operational measure, that aims to improve the energy efficiency of

existing ships. These measures include guidelines and tools for fuel efficiency for example

through optimizing the speed of the vessel and optimizing shipping routes, as well as

installation of energy recovery methods or hull cleaning. Energy recovery installations

aim to improve the efficiency of the engine and reduce the amount of energy lost by heat

transfer, while hull cleaning reduces the friction of the ship’s hull in water. Also more

unconventional methods to decrease the fuel consumption are tested, e.g. the shipping

company Maersk installed Flettner rotors on one of their tankers, which are vertically

installed rotating cylinders on the ships deck. Wind flowing past these turning cylinders
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Table 3.1: NOx emission limits according to MARPOL Annex VI.

Tier Ship construction date
Total weighted cycle emission limit ( g kWh−1)

n = engine’s rated speed (rpm)
n < 130 n = 130 - 1999 n ≥ 2000

I 1 January 2000 17.0 45n−0.2 9.8
II 1 January 2011 14.4 44n−0.23 7.7
III 1 January 2016 3.4 9n−0.2 2.0

Table 3.2: Overview of NOx emission limits, according to CCNR (CCNR, 2020) and EU
regulations (European Parliament and European Council, 2016), in both cases
given in units of g kWh−1.

Regulation in effect since Engine power (kW) NOx+HC ( g kWh−1)
CCNR I 2002 P > 130 9.2
CCNR II 2007 P > 130 6.0
EU RL2016/1629 2019 130 < P < 300 2.1
EU RL2016/1629 2019 P > 300 1.8

propels the ship at right angles to the wind. In the first year after the installation these

rotors helped to reduce the fuel consumption by 8.2 % (Löschke, 2021).

3.3 Regulations for inland ships

There are also regulations specifically aimed at the reduction of the emissions of inland

ships. In Europe, the first regulations were implemented by EU Directive 97/68/EC

(European Parliament and European Council, 1998), later superseded by EU Regula-

tion 2016/1628 (European Parliament and European Council, 2016). Additionally, other

agreements between states can apply, for example the Central Commission for Navigation

on the Rhine (CCNR) is an international organisation which is enabled to address issues

concerning inland navigation on the Rhine. The fuel sulphur content for inland ships is

limited to 0.001 %, which is the same as for diesel fuel used by trucks. The NOx emis-

sions are regulated in a similar manner to the NOx regulations for sea ships. Regulations

only apply for new engines, i.e. new ship construction or replacement of older engines.

Engines already in service are subject of grandfathering, which means they do not have

to comply with new regulations but only with the ones already in place for their year of

construction. Table 3.2 gives an overview over the combined NOx and hydrocarbon (HC)

emission regulations. NOx and hydrocarbons are combined for simplicity, as often used

chemiluminescence sensors for NOx have cross sensitivity to hydrocarbons. PM emission

are regulated in a similar manner to the NOx emissions and also depend on installed

engine power.
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Figure 3.8: a) NOx emission limits as a function of engine’s rated speed according to
MARPOL ANNEX VI. b) Fuel sulphur content limits inside emission control
areas and globally.
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3.4 Studies and measurements of ship emissions

In the past years, the focus point of studies regarding ship emission measurements were

the SO2 emissions and the compliance with the fuel sulphur content limits, but also studies

investigating NOx and PM were undertaken.

One of the most common approaches to study ship emissions is the use of in-situ in-

struments, where air is sucked into the instrument and analysed for specific trace gases.

These instruments can be used in various ways, e.g. the instrument can be set up on

the shoreline downwind of a shipping lane and measure the ship plumes which are trans-

ported by the wind towards the measurement site. These measurements can then be used

to determine emission factors for ships. Emission factors are a coefficient which describes

the rate a which a pollutant is released into the atmosphere by a certain activity, e.g. the

amount of NOx emitted per kg of burnt fuel.

Diesch et al. (2013) used in-situ instruments at the river Elbe close to Hamburg, Germany,

to investigate ship emissions of passing vessels. During five days of measurements 139 ship

plumes were identified with sufficient quality, analysed and emission factors for particles,

SO2, NOx, black carbon, and polycyclic aromatic hydrocarbons (PAH) were determined.

The emission factors for particle number and PM1 mass were found to increase with

the fuel sulphur content. Additionally, the emission factors of black carbon, PAH and

particle number decrease with gross tonnage, while SO2, NO, NO2, NOx and PM1 mass

concentration were found to increase with gross tonnages.

Kattner et al. (2015) presented an on-shore measurements of ship plumes using in-situ

instruments from a measurement site on the Elbe close to Hamburg. A method to calculate

the fuel sulphur content out of measured SO2 and CO2 was presented and successfully

applied to the data. The method proved to be reliable and could easily detect ships that

do not comply with fuel sulphur limits.

Kurtenbach et al. (2016) investigated the NOx, CO2 and PM emissions of ships on the

Rhine in Germany. Again NOx and CO2 measurements were combined to derive emission

factors in g kg−1. An average NOx emission factor of 54 ± 4 g kg−1 was found and a

comparison with the regulations showed, that all investigated ships exceeded the threshold

values, while the PM emissions were just below the limits.

Another approach is to directly use in-situ instruments on board of individual vessels.

This allows a more detailed analysis of emissions, as measurements can be carried out

at different engine speeds and specified conditions. However, this also limits the number

of ships that can be surveyed. Zhang et al. (2016) determined emission factors using

on-board measurements on three different ships using diesel engines. The measurements

showed, that more than 80 % of the emitted NOx was emitted as NO and that the

NOx emissions are higher at low speed compared to high speed and that acceleration

manoeuvres lead to higher emission factors.
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Beecken et al. (2014) investigated SO2, NOx and particle emissions with airborne mea-

surements using in-situ instruments installed in aircraft. In this study 174 ship plumes

of 158 different ships were investigated and an average SO2 emission factor of 18.8 ±
6.5 g kg−1 was found, which corresponds to 1 % fuel sulphur content. The benefit of this

airborne approach is that the platform can adjust to changing wind directions and that

particles and gases in the plume can be measured at different distances from the ship. The

downside are the high cost of operation and the very short time the plumes are measured

during the transect flights.

Remote sensing, such as differential optical absorption spectroscopy (DOAS), can also be

used to measure and investigate ship emissions.

Seyler et al. (2017) used multi-axis DOAS (MAX-DOAS) to investigate shipping emissions

in the German Bight from 2013 to 2016. More than 2000 individual ship plumes were

identified and their SO2/NO2 emission ratios were determined. On 1 January 2015 a

stricter fuel sulphur content limit (from 1 %m/m to 0.1 %m/m) came into action. The

average SO2/NO2 ratio for 2013 and 2014 was found to be 0.3 and decreased significantly

in 2015 and 2016, presumably due to the lower fuel sulphur content limit.

MAX-DOAS retrieves the so called slant column density (SCD), which is the concentration

of an absorber integrated along the light path. Consequently, a measurement will not only

include a ship plume but also unpolluted atmosphere. Seyler et al. (2019) presented a

new application of the so called ”onion-peeling” approach in MAX-DOAS measurements.

In this approach the different light paths of UV and visible radiation are used to locate

the approximate ship plume position and study horizontal inhomogeneities of NO2 above

shipping lanes in the German Bight. Using this approach it was possible to derive in-

plume NO2 volume mixing ratios for ships passing the measurement site at distances of

several kilometres.

Another use of DOAS to investigate shipping emissions was presented by Berg et al.

(2012), where SO2 and NO2 were measured by a DOAS system mounted to an aircraft

and a helicopter. From these measurements emission rates (in kg h−1) were derived. The

derived emission factors were analysed and compared to on-board measurements of a

passenger ferry and showed good agreement.

Ship emission can not only be measured by ground based or airborne remote sensing,

but also by satellites. NO2 measurements of different satellites allow to observe global

shipping ways. For example GOME allowed to observe shipping in the Indian Ocean

(Beirle, 2004), SCIAMACHY enabled observations in the Indian Ocean and the Red Sea

(Richter et al., 2004). Additional ship tracks were identified in GOME-2 data (Richter

et al., 2011). With TROPOMIs high spatial resolution, new ship lanes were detected in

European waters, which have not been detected with other satellites before (Riess et al.,

2022). Generally, the increase in spatial resolution over the past years, increased the

capabilities of satellites to detect ship emissions. With TROPOMIs high spatial resolution
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it is also possible to detect individual ship plumes from space (Georgoulias et al., 2020).

Airborne measurements are not only restricted to instruments on board of aircraft and

helicopters, but also unmanned aerial vehicles (UAVs) are used. Use of UAVs decreases

the costs compared to larger airborne vehicles and also allows to get closer to the chimney

of the ship. Examples for UAV use can be found in Zhou et al. (2019, 2020), where a UAV

was used to monitor fuel sulphur content of ships. Measurements were carried out using

in-situ instruments and during the measurement procedure the UAV was moved into the

plume to measure CO2 and SO2, the fuel sulphur content is then calculated.

The influence of shipping emissions on environment and health is often investigated using

models, which allow to describe the current state and impact of shipping emissions (e.g.,

Feng et al., 2019; Tang et al., 2020) or can be used to investigate future scenarios with

new regulations and developments in place (e.g., Eyring et al., 2005a; Ramacher et al.,

2020).

For these modelling studies, information about the amount of ship traffic and emission

factors for different ships is needed. The information is summarized in the form of ship

emission inventories, which can be used in chemical transport models. To obtain these

inventories, two approaches exist. In the bottom-up approach, ship emissions are charac-

terized from the individual vessel upwards to a higher level of organisation, e.g. the entire

commercial merchant fleet (e.g., Corbett et al., 1999; Eyring et al., 2005b; Johansson

et al., 2017). In the top-down approach, the order is inverted, e.g. the fleet for a spec-

ified harbour is approximated by the knowledge of the emission behaviour of the global

shipping fleet. In both cases, knowledge about emission factors and traffic statistics is

needed.

The implementation of regulations does not necessarily lead to a decrease of the total

emissions. Faber et al. (2021) reported that from 2012 to 2018 the regulations for sea

ships had mixed results on a global scale. The overall NOx emissions increased at a lower

rate than the fuel consumption, which means less NOx was emitted per amount of burnt

fuel. This was found to be consistent with the increased number of ships that comply

with Tier II and Tier III regulations. However in total the NOx emissions still increased,

as the total amount of burnt fuel also increased. At the same time the global SOx and

PM emissions increased, even though more SECA were designated throughout this time.

This was attributed to the increase in average fuel sulphur content in HFO, which at that

time could still be used outside of SECAs. In total this increase outweighed the reduction

achieved within the SECAs. Also in most cases MDO and LNG were used in SECAs to

comply with the regulations, but in turn this increased the overall methane emissions of

shipping by 87 %.
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4 Differential optical absorption
spectroscopy

4.1 Absorption spectroscopy

Atmospheric absorption spectroscopy is based on Lambert-Beer’s law, which describes

the absorption of electromagnetic radiation by matter:

I(λ) = I0(λ) · exp(−σ(λ) · c · L), (4.1)

where I(λ) is the intensity of light after passing through a medium of thickness L, I0(λ) is

the intensity of the light source, σ(λ) is the absorption cross-section at a given wavelength

λ and c the concentration of the absorber present in the medium. Molecules can exist in

different states, ground state and excited states, e.g. electronic, vibrational and rotational

excited states. Excited states can be entered by absorbing electromagnetic radiation. The

energy levels of the excited states depend on the molecule type and consequently, each

molecule absorbs electromagnetic radiation at different wavelengths.

4.2 Basic principle of DOAS

In the atmosphere, the intensity of light is not only reduced by absorption of a single

species but by absorption of several species. Additionally, the light is scattered and two

types of broadband scattering can be distinguished. Rayleigh scattering is the scattering

of light on particles smaller than the wavelength, e.g. air molecules and small aerosols. Mie

scattering is the process of scattering on particles larger than the respective wavelength,

e.g. aerosols and cloud droplets. Rayleigh scattering is approximately proportional to

λ−4, while Mie scattering is proportional to λ−1...3 , with a typical value of λ−1.3 (Platt

and Stutz, 2008). Although these are not absorption processes, the light scattered out

of the probing light beam will usually not reach the detector and for the context of

measurements can be treated in a similar way to absorption processes. Including these

aspects, the Lambert-Beer law can be expanded to the following equation:

I(λ) = I0(λ) · exp
[︂
−L ·

(︂∑︂
(σj(λ) · cj) + εR(λ) + εM(λ)

)︂]︂
(4.2)
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where εR(λ) is the Rayleigh scattering coefficient, εM(λ) is the Mie scattering coefficient

and σj(λ) is the absorption cross section of absorber j. Determination of the abundance

of a particular absorber would need knowledge about all other factors influencing the

measured light intensity, which is impossible for the atmosphere (Platt and Stutz, 2008).

Scattering processes usually show broadband behaviour, meaning a slow variation with

wavelength, while absorption processes vary rapidly with wavelength, typically with ab-

sorption features with widths narrower than 10 nm (Platt and Stutz, 2008). Figure 4.1

shows some example cross sections for different species.

The separation of broad- and narrowband structures forms the foundation of Differential

Optical Absorption Spectroscopy (DOAS):

σj(λ) = σj0(λ) + σ′
j(λ) (4.3)

σj0(λ) denotes the absorption and scattering structures that vary slowly with wavelength,

while σ′
j(λ) shows the rapid variations with wavelength. σ′

j(λ) is also called differential

cross section.

Inserting 4.3 into 4.2 yields:

I(λ) = I0(λ) · exp

[︄
−L ·

(︄∑︂
j

(σ′
j(λ) · cj)

)︄]︄

·exp

[︄
−L ·

(︄∑︂
j

(σj0(λ) · cj) + εR(λ) + εM(λ)

)︄]︄ (4.4)

where now the first exponential describes the narrow structured absorption features and

the second exponential describes the slowly varying absorption and scattering processes.

Additionally to scattering and broad band absorption instrumental effects can also show

a broad-band variation with wavelength. In DOAS, all broad-band spectral features are

described by a polynomial and only narrow-band absorption features are used to determine

the number density of the absorbers along the light path.

I(λ) = I0(λ) · exp

[︄
−L ·

(︄∑︂
j

(σ′
j(λ) · cj)

)︄]︄
· exp

[︄
−
∑︂
p

apλ
p

]︄
(4.5)

Taking the logarithm and rearranging to the optical density τ(λ) = ln(I0(λ)/I(λ)) yields

the so-called DOAS equation:

τ(λ) = ln

(︃
I0(λ)

I(λ)

)︃
= L ·

(︄∑︂
j

(σ′
j(λ) · cj)

)︄
+
∑︂
p

apλ
p (4.6)

Separation of broad band and narrow band spectral structures and the separation of

various absorbers require the measurement of the intensity at multiple wavelengths, at
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least as many as the combined number of absorber and polynomial coefficients. In most

cases, the number of wavelengths is much larger.

The use of an extended wavelength range has advantages. The transmission of optical

instruments typically shows broad spectral features, but as these terms show up in I0(λ)

and I(λ) these cancel out in the DOAS equation and no calibration of these properties is

needed. Additionally, using a larger number of wavelengths allows the unique identifica-

tion of traces gases, even for extremely weak absorptions (Platt and Stutz, 2008).

To obtain the number density of each absorbing species along the light path (cj · L), a
least squares fit is performed on the measured optical density, for each wavelength step

λk:

∑︂
k

r2k → min with rk = (τmeas(λk)− τfit(λk)) (4.7)

The differences rk for all λk form a residual spectrum and contain all spectral structures

which have not been accounted for in the DOAS fit and in best case only compromise of

the measurement noise. To quantify the quality of the fit the root mean square of the

residual spectrum,

RMS =

⌜⃓⃓⎷ 1

N

N∑︂
k

r2k (4.8)

or the χ2,

χ2 =
∑︂
k

r2k (4.9)

can be used. In real measurements χ2 can never become zero, even if all significant

absorbers are accounted for, as the detector and photon noise of the measurement system

will remain.

DOAS devices can be separated into active and passive systems. Passive DOAS systems

use reflected sunlight, while in active DOAS systems an artificial light source is used.

For passive DOAS systems the light path is not exactly known by the experimental set

up, because the light is scattered somewhere in the atmosphere, while for active DOAS

systems, the light path is known by the experiment set up. With active DOAS systems,

the mean concentration of each absorbing species cj can be calculated because L is known,

while for passive DOAS instruments L needs to be estimated by other methods.
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Figure 4.1: Examples of some absorption cross sections for different species as a function
of wavelength in nm. Taken from Platt and Stutz (2008).
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5 Measurements of shipping
emissions at the Elbe in Wedel

1 In this chapter, a newly developed LP-DOAS system of the company Airyx GmbH is

evaluated and compared to a scientific grade LP-DOAS instrument of the university of

Heidelberg. The comparison was made to evaluate, if a more simplified, more convenient

to control and smaller instrument can reach the same quality level as the scientific in-

strument, and whether the new instrument is suitable to monitor ship emissions. In this

comparison, the similarities and differences between both systems are highlighted, and

the data measured by both systems is compared and validated. Subsequent to the com-

parison, a method to derive SO2, NO2 and NOx emission rates of individual ship passages

from LP-DOAS data is presented. The method has been applied to the data of one of

the instruments and the derived emission rates were analysed in the context of ship type

(inland or seagoing) and ship speed over ground. In total 233 days of measurements and

about 7400 ship passages have been successfully evaluated.

5.1 Measurement site

Measurements made in this study were carried out in Wedel, a small town close to Ham-

burg, which is located on the river banks of the river Elbe. The river serves as the entrance

route to the port of Hamburg and is well frequented by different types of ships going from

or to Hamburg through the North Sea or the Kiel Canal. Most ships are container vessels,

tankers, bulk carriers or reefer vessels. The measurement site is located on the northern

banks of the river Elbe on the premises of the Waterways and Shipping Office (WSA)

(53.570◦ N, 9.69◦ E) and is operated by the Federal Maritime and Hydrographic Agency

(BSH) to monitor shipping emissions compliance according to MARPOL Annex VI. The

standard instrumentation consists of in situ instruments to measure concentrations of

SO2, CO2, NOx and O3. Those measurements are supplemented by an AIS (automatic

identification system) receiver to obtain information about the passing ships, as well as

meteorological measurements. All instruments are located close to the main shipping lane

with a line of sight distance to the ships steaming from or to the port of Hamburg of 300

to 500 m. The port of Hamburg is located 10 km upriver from the measurement site and

1Parts of this chapter are based on Krause et al. (2021).
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the ships still or already use their main engine. The prevailing wind directions in the

area, which are from the south, are such that the emissions from shipping are often blown

towards the measurement site. The southern river bank is rural and sparsely populated

without large sources of air pollution. A detailed description of the in situ instruments

used on site can be found in Kattner et al. (2015) who used these data to derive fuel

sulphur content for passing ships.

5.2 DOAS Instruments

To monitor shipping emissions by optical remote sensing, two LP-DOAS instruments were

set up on the northern river bank. The first one is a scientific LP-DOAS instrument built

by the IUP Heidelberg and was set up in April 2018, the second one is a newly designed

instrument, specifically developed to measure trace gases emitted by ships, especially NO2,

SO2 and O3. The new system was developed by the Airyx Gmbh and was set up in October

2018. Both systems comprise a telescope unit which is connected to a spectrometer and

an artificial light source via optical fibres, and an array of retro reflectors. A schematic

representation of the setup is shown in Figure 5.3. The technical details of both systems

are shown in Table 5.1. In direct comparison the newer Airyx instrument is much smaller

than the Heidelberg instrument. Additionally, the Airyx instrument, once set up and

started, can be controlled completely via software, while the Heidelberg instrument uses

mixed hardware and software controls.

Both instruments use an commercially available Laser Drive Light Source (Energetiq

EQ99), which supplies energy to a xenon plasma with an infra-red laser. These light

sources have a high brightness across the whole emitted spectrum (280 - 500 nm).

The Airyx system uses a fully enclosed telescope box, which is fixed in position. The

telescope itself consists of a spherical mirror with a diameter of 20 cm and a focal length

of 80 cm. Close to the focal point there is a front post with a small angled mirror, which

reflects the light coming from the light source onto the main mirror. The position of

the small mirror can be adjusted, so that the light beam can be aimed directly at the

retro reflectors, while the telescope itself does not move. Inside the telescope there is a

small heater and drying agent to prevent condensation of water vapour. Light is only

able to enter or leave the telescope through a fused silica window. Also the instrument is

equipped with a video camera, which allows to survey the light path during measurement.

The whole telescope unit is weatherproof and does not need additional housing. Light

source, spectrometer and control hardware are also placed inside weatherproof boxes.

Only the laptop which is used to control the device and to save the measured data is not

weatherproof and needs to be placed inside.

In contrast, the instrument of the IUP Heidelberg is larger and has a telescope with a

diameter of 30 cm and 150 cm focal length. This telescope is not fully closed and light
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Figure 5.1: Telescope unit of the Airyx LP-DOAS instrument.
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Figure 5.2: Telescope unit of the IUP Heidelberg LP-DOAS instrument.

Table 5.1: Characteristics of the LP-DOAS system.

Component IUP Heidelberg Airyx

Light source
Laser-Driven light source
Energetiq EQ99

Laser-Driven light source
Energetiq EQ99

Optical fibres 200 µm, 800 µm 200 µm, 800 µm

Telescope mirror
Diameter 0.3 m, focal
length 1.5 m

Diameter 0.2 m, focal
length 0.8 m

Spectrometer Acton Spectra Pro 300i Avantes UV-VIS

CCD
2048Ö512 pixel Roper
scientific back-illum.

2048Ö64 pixel Hamamatsu
back thinned

Measured
wavelengths

280 – 362 nm, 0.53 nm
resolution

280 - 445 nm, 0.76 nm
resolution

enters through a hole in the front of the telescope. To aim at the retro reflectors, the

whole telescope unit is moved. Also here a video camera is installed to help operating the

system. All components need to be placed inside a weatherproof location.

For both instruments, the light which enters the telescope is transmitted to the spectrom-

eter by six 200 µm optical fibres, which are coupled to the telescope in such a way, that

they surround the emitting fibre in a circular manner (see Figure 5.3). These six fibres

are then coupled to a single 800 µm fibre, which is used for mode mixing and increases

the quality of the derived spectra. For both instruments, the temperature of the spec-

trometers can be regulated to a certain degree, which decouples them from the ambient

temperature and increases the quality of the measured spectra.
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5.2 DOAS Instruments

Figure 5.3: Schematic representation of the Long Path DOAS systems. The system itself
consists of a telescope, a y-shaped fibre bundle, a light source, a spectrometer
and a reflector array. The emitting fibre is shown in red, while the receiving
fibres are shown in black.
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5 Measurements of shipping emissions at the Elbe in Wedel

Figure 5.4: a) Satellite image of instrument location, with LP-DOAS marked as a red dot
on the northern river bank and retro reflector position marked as yellow dot
on the southern river bank. b) Image of a passing container ship next to the
measurement site. c) Schematic overview of the measurement geometry of the
LP-DOAS for a passing ship leaving Hamburg towards the North Sea, seen
from above. d) same as c) but seen from the port of Hamburg. Note that c)
and d) are not to scale.

5.3 Comparison between the two DOAS-Systems

The scientific system of the IUP Heidelberg has been used as a reference system to evaluate

the performance of the Airyx system. Both measured simultaneously and use the same

measurement principle, but there are differences in the hardware. The Airyx system uses

a smaller telescope with a smaller mirror and consequently receives less light than the

IUP Heidelberg system. Also the Airyx system uses a smaller spectrometer and CCD,

which at the same time cover a larger wavelength region. The fitting windows for both

systems are slightly different for each trace gas and are shown in Table 5.2.

Figure 5.5 shows a first comparison of both systems, for each system a NO2 and a SO2

fit was performed in their respective fitting window. The general shape and the finer

peak structures are similar for both systems. The negative values of NO2 time series of

the Airyx system are caused by low light intensity (e.g. cases where a ship blocked the
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5.3 Comparison between the two DOAS-Systems

Table 5.2: DOAS fit settings for the retrieval of SO2, NO2 and O3.

Trace gas SO2 NO2 O3

Fit
window
IUP
Heidelberg

297.0 - 309.0 nm 334.5 - 356.5 nm 282.0 - 314.5 nm

Fit
window
Airyx

296.4 - 319.5 nm 395.4 - 444.7 nm 282.5 - 322.5 nm

Polyno-
mial
degree

3 3 3

Cross
sections

NO2 298 K NO2 298 K NO2 298 K

(Vandaele et al.,
1996)

(Vandaele et al.,
1996)

(Vandaele et al.,
1996)

O3 293 K O3 293 K O3 293 K
(Serdyuchenko et al.,

2014)
(Serdyuchenko et al.,

2014)
(Serdyuchenko et al.,

2014)
SO2 294 K O4 293 K SO2 294 K

(Vandaele et al.,
1996)

(Thalman and
Volkamer, 2013)

(Vandaele et al.,
1996)

HCHO 297 K HCHO 297 K HCHO 297 K
(Meller and

Moortgat, 2000)
(Meller and

Moortgat, 2000)
(Meller and

Moortgat, 2000)
HONO 296 K

(Stutz et al., 2000)
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5 Measurements of shipping emissions at the Elbe in Wedel

light path), which were not automatically filtered out before the DOAS fit was performed.

Both systems generally show a similar time series of NO2 and SO2, but there are some

differences.

The smaller telescope of the Airyx instrument ultimately results in a lower amount of

received light, which leads to a smaller signal to noise ratio, especially for the UV wave-

lengths used in the SO2 fit. Also the fused silica window of the Airyx system reduces

the amount of incoming light that reaches the spectrometer. Another influence was the

way the telescope was mounted, which lead to stray light reflected from lamp which could

reach up to 12 % of the received intensity in the UV wavelengths, depending on the exact

conditions. The uncertainty of the derived SO2 time series of the Airyx instrument was

up to 40 % larger due the factors mentioned.

Differences in NO2 between both systems originate mainly from the different fitting win-

dows. NO2 has stronger absorption features in the visible wavelength region than in the

UV region, consequently, the fit is performed in the visible wavelengths. Generally, in

the visible wavelengths more light is available, which reduces the relative contribution of

stray light from the telescope unit to the total signal measured by the CCD.

For both instruments and all fitted trace gases, the quality of the fits can be improved by

temporal averaging of the individual spectra before the DOAS fit is applied. This increase

in the quality of the fits comes at the cost of temporal resolution.

A regression analysis for data measured by both systems, between 16th November 2018

and 4th March 2019 showed a good agreement between them, with R2 of 0.97 for SO2

and 0.96 for NO2, respectively (Figure 5.6). The slope of the linear regression is not one

but slightly below it with values of 0.86 for SO2 and 0.89 for NO2. The standard error of

the slope is several magnitudes smaller than the slope itself and are therefore not shown.

Additionally in Figure 5.6, histograms of the ratio (Airyx/Heidelberg) of the derived trace

gas slant columns are shown, for NO2 there is a well defined peak, with a median ratio of

0.97. For SO2 the distribution is broader, with a median ratio of 0.87.

Figure 5.7 shows the histograms of the derived NO2 and SO2 slant columns for both

instruments. The SO2 slant columns are low most of the time and only in a low percentage

of time, there are higher values. For NO2 the slant columns show a broader distribution

with a wider spread from low to high values. The measured NO2 signal stems from

different sources, e.g. passing ships, old diluted ship plumes, the plume of a nearby power

plant and the plume of the city of Hamburg, which depending on wind direction have

varying contribution to the measured NO2. For SO2 the only significant source are the

emissions of passing ships.

Generally, the new Airyx system is well suited to measure ship emissions and is compa-

rable to the IUP Heidelberg LP-DOAS. After this initial comparison phase, the Airyx

instrument was mounted in a new position, which fixed the stray light problem. The

Airyx instrument is now routinely measuring while the Heidelberg instrument has been
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5.3 Comparison between the two DOAS-Systems

Figure 5.5: Comparison of derived SO2 and NO2 slant columns for both systems for a
single day.
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5 Measurements of shipping emissions at the Elbe in Wedel

Figure 5.6: Scatter plots of derived SO2 and NO2 between both instruments. Orange line
shows the result of the linear regression.
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5.4 Analysis of ship plumes using LP-DOAS measurements

Figure 5.7: Histograms of derived SO2 and NO2 slant columns.

dismantled.

5.4 Analysis of ship plumes using LP-DOAS

measurements

As an example for the application of LP-DOAS measurements in the context of ship

emissions, the measurements made by the IUP Heidelberg instrument will be presented

and evaluated in the following sections.

To analyse the measured NO2, SO2 and O3 time series with regard to ship emissions and

their influence on these specific trace gases, individual ship plumes have to be identified.

For the analysis of the plumes caused by individual ship passages, several steps are needed.

First of all the measured spectra are analysed using the DOAS technique to determine

the concentration of the absorbing gas along the light path. Secondly, the individual

contribution of a ship plume to the total measured integrated concentration of a pollutant

along the light path is determined and assigned to the respective source ship.

Each emission plume can be identified by enhancements (peaks) found in the NO2 and

possibly SO2 time series, additionally the O3 time series shows a minimum (dip), when a

ship plume passes through the light path. The peaks and dips are identified using a low
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5 Measurements of shipping emissions at the Elbe in Wedel

pass filtered time series. The low pass filtered time series is calculated using a running

median with a window size of five minutes. The low pass filtered time series represents the

background concentration including influences by meteorological factors, but excludes the

short term variations caused by plumes of passing ships. In order to identify the peaks and

dips, the low pass filtered time series is subtracted from the original time series. The result

is a time series which is close to zero on average, but still contains several peaks, which

occur on small time scales. To differentiate a peak caused by some sort of emission from

noise in the measurements, it is checked whether the peaks exceed a predefined threshold.

Every peak that exceeds this threshold is marked as a valid increase in the trace gas

concentration by an emission source, e.g. a passing ship. In this study the threshold

was set to four times the DOAS fit error of the respective trace gas measurement. The

analysis was carried out separately for each trace gas of interest (NO2, SO2 and O3).

An example of a fitted trace gas time series is shown in Figure 5.8. Blue lines show the

fitted trace gas time series and the orange lines show the mean detection limit for the

respective trace gas. The gray dashed lines mark passing ships that have been assigned

to a peak or dip. The green lines, often overlaying the blue lines, show the estimated

background concentration, i.e. the concentration not caused by recent emission of a

passing ship. Following Stutz and Platt (1996), the DOAS measurement error was defined

as two times the DOAS fit error and the detection limit for each trace gas was defined as

two times the measurement error (four times the DOAS fit error). The median detection

limits are 190 pptv for NO2, 59 pptv for SO2 and 253 pptv for O3, respectively. Before

further analysis individual DOAS fits with a RMS higher than 0.01 are removed from the

dataset, as these usually indicate a ship blocking the light path partly.

The time series for the different trace gases do not show the same behaviour, even though

they are measured by the same instrument at the same time. All passing ships cause

a peak in NO2, but the increase in SO2 might be too low to cause a peak that can be

identified. Additionally, the peaks of NO2 and SO2 might not occur at the same time,

as ships mostly emit NO which reacts with O3 in the ambient air and gets converted to

NO2. Even thought this is a fast reaction, the NO2 peak can occur after the respective

SO2 peak.

In order to cause a peak in the measured time series, the plumes have to cross the light

path. For small ships this means, the plume needs to rise from water surface upwards

through the light path. For large ships, the emission can take place above the light

path and downward mixing is required, e.g. caused by the turbulence generated by the

movement of the ship.

The height and form of the measured peak depend on several factors. Most importantly

is the viewing geometry. Largest peaks are found when the plume is parallel to the light

path, while the smallest peaks are found when the plume is orthogonal to the light path.

Also the light path of the DOAS instrument covers large volumes of clean air, which
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5.4 Analysis of ship plumes using LP-DOAS measurements

Figure 5.8: Example time series of the fitted trace gases from 19th August 2018 between
10:30 and 13:00 UTC. In each plot the blue line shows the fitted time series
of the respective trace gas and the orange line shows the respective median
detection limit. The grey dashed lines mark passing ships, that have been
assigned to a peak in the time series. The green line shows the calculated
background.
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5 Measurements of shipping emissions at the Elbe in Wedel

are not part of the plume itself. The DOAS instruments derive the mean concentration

along the light path and usually only a small part of the light path is affected by a plume,

while unpolluted air has a much larger contribution to the measured mean. Consequently,

sometimes the increase in a trace gas slant column might be hard to notice.

In the next step, the identified peaks are assigned to their respective source ship. The

assignment uses AIS data of passing ships. The AIS data contains the current position,

speed and heading of the ship. Additionally, more general information about the ship is

also transmitted (length, width, type, destination, ...). The AIS data is transmitted in

regular intervals, usually between two to thirty seconds. For this analysis the AIS signals

were interpolated to a one second time resolution, using linear interpolation between two

received AIS signals, to better track the position of the ship while being close to the

instrument light path. For each detected peak (or dip) in the trace gas time series it

is then checked, if there was a ship in a position close to the light path, which may

have caused the increase in the trace gas concentration causing the peak. If there is an

individual ship in a position that could be the source of the enhancement of the trace

gas, this ship is assigned to the respective peak. The assignment is based on position

and time. Each peak or dip occurs at a time tpeak. For each peak occurrence, a time

window of (tpeak − ∆tbefore) < (tpeak + ∆tafter + ∆tdyn) is defined, where ∆tbefore is set

to 30 and ∆tafter is set to 120 seconds, and ∆tdyn is calculated as the length of the ship

divided by the speed of the ship. The time window starts before the peak occurrence to

accommodate for ship plumes that are transported by the wind through the light path

before the ship itself passed through. The windows are extended dynamically by size and

speed of the ship to consider that larger ships may need a longer time to pass through

the light path. Due to the length of the defined time window, several positions of an

individual ship may be a possible source position. The final assignment is based on the

distance to the light path as well as course and length of the ship. The first position

where the ship could have fully passed (with its full length) the light path is assigned

as the respective source position responsible for the trace gas peak. The median time

difference between measurement of the peak maximum and the assigned AIS position is

20 seconds. This approach fails if the traffic density is too high, making the unambiguous

attribution of a plume to a particular ship impossible. Neglecting the additional criterion

of a full pass and using stricter time windows around each peak, a higher number of peaks

could be attributed to ships, but this also increases the chance of mismatches and the

assignment of mixed plumes of several ships to a single ship.

5.4.1 SO2/NO2 ratios of individual ship passages

To get a first impression about the emission behaviour of individual ships, SO2/NO2

ratios were calculated. Most of the emitted nitrogen oxides are thermal NOx, therefore,
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5.4 Analysis of ship plumes using LP-DOAS measurements

Figure 5.9: Histogram of SO2/NO2 ratios derived from the data measured by the IUP
Heidelberg LP-DOAS instrument for data measured between May 2018 to
April 2019. Ratios were classified by ship length.

the amount should be independent of the used fuel type. The amount of emitted SO2

however depends on the fuel sulphur content. Ships using a sulphur rich fuel consequently

should have a higher SO2/NO2 ratio than ships using less sulphur rich fuels. These ratios

were calculated out of the integrated peak values for each SO2 and NO2 and are shown in

Figure 5.9. The histogram shows a normal distribution of SO2/NO2 ratios with a median

of about 0.06. Negative values are caused by low SO2 peak values, which are close to the

detection limit and the background correction can cause slightly negative values. Before

the reduction of the fuel sulphur content in SECAs, ratios were considerably higher in

the German Bight, with a mean of 0.30 and a median of 0.26, while after the reduction

the median was found to be 0.013 (Seyler et al., 2017). The difference between both

ratios can be explained by the chemical reactions taking place, that convert emitted NO

to NO2. In Wedel, fresh plumes are observed and the reaction from NO to NO2 is still

taking place, while Seyler et al. (2017) observed well mixed plumes at larger distances to

the measurement site, where the conversion could have already taken place.
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5 Measurements of shipping emissions at the Elbe in Wedel

5.4.2 Estimation of emission rates SO2, NO2 and NOx of individual
ships

For a more detailed analysis of ship emissions, emission rates for individual ship passages

have been derived from the LP-DOAS measurements and were analysed. These emission

rates describe the emission behaviour of individual vessels and potentially could be used

as input for additional studies, e.g. model studies investigating the influence of ship

emissions on air quality or for emission inventories. Usually this information comes from

in situ measurements, either on-board the ship or onshore. In both cases the statistics

are limited, on-board measurements being restricted to a small number of ships, and

onshore measurements depending on favourable wind conditions, to transport the emitted

substances to the measurement site. Remote sensing techniques such as LP-DOAS can

help to supplement in situ measurements, as the technique enables ship plumes, containing

pollutants to be measured independent of meteorological conditions. To calculate the

emission rates, several steps are needed. In the first step, enhancements of NO2 and

SO2 were assigned to the respective source ship, which has already been described in the

previous section.

As the LP-DOAS instrument does not measure the concentration of the trace gases at

the stack, a model has to be applied to estimate the emission from the concentration

enhancement found for a given light path. This conversion is based on the assumption that

the plume of a single ship can be described by a simple Gaussian plume model (Pasquill,

1968) and can be expressed mathematically by Equation 2.5. Using this equation, a three

dimensional field of concentrations is calculated. The dispersion parameters depend on x,

the atmospheric stability and the surrounding environment, which differs for open country

and urban conditions. A simple classification scheme for the stability classes is shown in

Table 2.2, while the corresponding dispersion parameters are listed in Table 2.3. To

determine atmospheric stability at the measurement site, the wind speed measurements

of the in situ instruments are used, while incoming global radiation and cloud coverage

are taken from a nearby measurement station of the German Weather Service located at

the Hamburg-Airport (DWD Climate Data Center, 2022a,b).

To calculate the emission rate of a ship during its passage, the model is evaluated once

using an arbitrary but constant emission rate (Qmodel), using the ship’s position as the

starting point of the plume. The effective height of the plume is set to the height of

the funnel above the mean water level, assuming the plume quickly bends down due

to the wind and the movement of the ship. The height of the stack above water level

is unfortunately not transmitted in the AIS signals, instead, the height of the stack is

estimated from pictures of the respective ship, preferably taken by the camera of one of

the instruments, or otherwise by pictures uploaded to marinetraffic.com (MarineTraffic,

2021). The dispersion parameters σy, σz are chosen according to atmospheric stability
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5.4 Analysis of ship plumes using LP-DOAS measurements

and for open country site. To account for the movement of the ship, the wind direction

and wind speed have been combined with the movement of the ship to an apparent wind

speed and apparent wind direction (Berg et al., 2012):

Uaw =
√︂

(vwindN + vshipN)2 + (vwindE + vshipE)2 (5.1)

θaw = −atan2[(vwindE + vshipE), (vwindN + vshipN)] (5.2)

where vwindE, vshipE and vwindN , vshipN are the eastern and northern velocity compo-

nents of the wind vector and ship movement vector, respectively. Equation 5.2 uses the

commonly available atan2 variation of the arctangent function which returns the inverse

tangent of the first and second argument to the function (Berg et al., 2012).

As the real emission rate at the ships chimney (Qmeas) is unknown, this model run only

gives insight into the dispersion of the emitted species. To retrieve the desired emission

rate for a certain species emitted by the ship, the measured concentration (Cmeas) is

compared to the modelled concentration (Cmodel) along the light path. Cmeas represents

only the enhancement (the peak) of the measured trace gas concentration above the

respective background. In order to remove the background from the measured peaks, the

mean concentration 30 seconds before and after the peak was calculated and subtracted

from the peak itself. The low-pass filtered time series used to identify the peaks was not

used as a background, because it can overestimate the background concentration in cases

of high traffic density. Cmodel is obtained by averaging all model grid cells along a path

through the model grid, which corresponds to the light path during the measurement.

The LP-DOAS instrument measures not only the pure emission of the start point, but

also older parts of the plume at the same time. The modelled region covers an area of

approximately 2800 m x 700 m and the assigned ship position is always very close to the

light path. Therefore the slightly different time of emission is neglected for simplicity

and it is assumed that the measured plume is the result of the pure emission at the start

point. As the time between emission and measurement by the LP-DOAS is on the order

of seconds, possible effects of NO2 photolysis are small and are neglected. Assuming all

parameters are estimated correctly, the only difference between modelled concentration

and measured concentration is caused by a different emission rate. Therefore Qmeas can

be estimated by the following equation:

Qmeas =
Cmeas

Cmodel

·Qmodel (5.3)

This approach assumes that the motion vector of the ship and the emission rate is constant

for the time between emission and measurement of the enhanced concentration.
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5 Measurements of shipping emissions at the Elbe in Wedel

Estimation of NOx from measured NO2

Ships emit NOx, but the Heidelberg LP-DOAS, being restricted to the wavelength range

between 280 and 360 nm is only able to measure NO2. Part of the NO2 is directly emitted

while other parts are the result of the reaction of emitted NO with atmospheric ozone:

NO + O3 −−→ NO2 +O2 (R 5.1)

To estimate the total NOx emission, a simple approach is used to convert the mea-

sured NO2 concentrations to NOx concentrations using the NO2/NOx ratio. The correct

NO2/NOx ratio can be obtained by summing the NO2 and O3 signals and plotting this

sum against the measured NOx concentration (Clapp, 2001; Kurtenbach et al., 2016).

This kind of analysis has been carried out using data from the in situ measurements

which provide NOx, NO2 and O3 observations and results in a mean NO2/NOx ratio of

0.138 (see Figure 5.10) which agrees with previous studies Cooper (2001). This means

most of the emitted NOx is emitted as NO and only a smaller fraction is directly emitted

as NO2. The NO2 peak observed by LP-DOAS can then be converted to NOx using the

following formula:

NOx =
(∆NO2 +∆O3)

NO2/NOxratio
(5.4)

where ∆NO2 is the increase in NO2 caused by the ship and ∆O3 is the decrease in O3

caused by the reaction of emitted NO with atmospheric O3 and is also measured by

the LP-DOAS. ∆O3 is negative, as O3 is consumed in the reaction with NO to form

NO2. Using this approach, the total amount of measured NO2 is corrected for the NO2

that formed during transport in the atmosphere, and the remaining NO2 is the amount

primarily emitted by the ship. The primarily emitted NO2 is then used to estimate the

amount of emitted NOx using the NO2/NOx ratio. It is assumed that the NO2/NOx ratio

is the same for all ships and that no other species are emitted which could impact on the

NO2 production or O3 removal. Based on the compact correlation found (shown in Figure

5.10), these assumptions appear to be justified. Also, there is no indication for further

dependencies of the NO2/NOx ratio on the position of the source ship, the wind direction

or age of the measured plume.

The NO2/NOx ratio has been derived from in situ measurements and is assumed to be

the same for the LP-DOAS measurements. Comparison of the in situ measurements and

the DOAS measurements is not straight forward, because both systems measure different

air masses. The in situ measurements only rely on the transport of air masses to the

measurement site, whereas the LP-DOAS measures the integrated number density of the

respective trace gas along the light path. Only a small portion of the light path is affected

by a plume and most of the signal comes from relatively clean air masses. Consequently,
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5.4 Analysis of ship plumes using LP-DOAS measurements

Figure 5.10: Plot of ∆NO2 + ∆O3 against ∆NOx from peaks measured with the in situ
instruments between April 2018 and May 2019. ∆O3 is always smaller than
zero, as it represents the O3 that is consumed in the reaction with NO to
form NO2 (R 5.1). All concentrations have been corrected for background
concentrations. For this analysis, 220 manually quality checked peaks were
used. This results in a slope (a NO2/NOx ratio) of 0.138 with a respective
standard error of 0.006.
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the enhancements of NO2 and SO2 are lower in the time series measured by the DOAS

instrument than in the in situ data. Nevertheless both measurements agree and show

similar concentrations of NO2 and SO2(e.g. Figure 5.11).

Uncertainty of the derived emission rates

The uncertainty of the emission rate is given by:

σQ =

√︄(︃
∂Qmeas

∂Cmeas

· σCmeas

)︃2

+

(︃
∂Qmeas

∂Cmodel

· σCmodel

)︃2

(5.5)

where σCmeas is the uncertainty of the measured trace gas concentration and σCmodel the

uncertainty of the modelled trace gas concentration. In case of NOx, σCmeas consists of

the uncertainty of the NO2 concentration, the uncertainty of O3 and the uncertainty of

the NO2/NOx ratio.

To calculate σCmodel, Monte-Carlo-Simulations are performed for each individual passing

ship, where Uaw, θaw, atmospheric stability, latitudinal- and longitudinal position of the

ship and the funnel height of the ship are varied within their respective uncertainty range.

The assumed uncertainty for each parameter is shown in Table 5.3. This results in a

set of simulations for every input parameter, and for each simulation in the respective

set, the concentration along the artificial light path is determined. A set for a single

input parameter (j) is then summarized as mean concentration (meanC j), the respective

standard deviation (σC j), minimum (minC j) and maximum value (maxC j). The model

uncertainty is then calculated as:

σCmodel =
√︂
σ2
C U aw + σ2

C θ aw + σ2
C stability + σ2

C lon + σ2
C lat + σ2

C H (5.6)

where each σC j is the standard deviation of the modelled trace gas concentrations of the

Monte-Carlo-Simulations with respect to changes of an individual parameter j. As the

parameters are changed individually, possible interactions between changes of more than

one parameter at a time are neglected.

The largest source of uncertainty is the uncertainty of the position of the emission source,

as it has a large impact on which part of the plume is assumed to be measured, and

consequently has a large impact on the derived Cmodel. The position is determined by the

transmitted AIS signals, which have an average uncertainty of 10 m or less in longitudinal

and latitudinal direction. However, the AIS signal only reports the position of the AIS

transmitter and the location of the funnel in relation to the position of the transmitter

is not known. Therefore, the positional uncertainty also depends on the dimension and

orientation of the ship. Generally, it is assumed that the emission source is located at the

position given by the AIS signal. The transmitter is assumed to be close to the bridge

of the ship and that the funnel is also in close proximity. For smaller ships, e.g. inland
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5.4 Analysis of ship plumes using LP-DOAS measurements

Figure 5.11: Time series of NO2, O3 and SO2 measured by the in situ instruments (blue)
and the IUP Heidelberg LP-DOAS (orange) on 20th July 2018.
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ships, this is certainly true, due to the small dimensions of the ship. For larger (sea)

ships such as tankers and container ships, different designs exist. Also here it is assumed

that the transmitter is close to the bridge and that the main exhaust is not further away

from the transmitter than half the ship width or length.The height of the emission source

depends on the stack height above the water level and the water level itself. The stack

height is estimated from pictures of the ship which has an initial uncertainty of the value.

Additionally, the height above water level depends on the draft of the ship, which is also

transmitted by the AIS. The water level depends on the discharge of the Elbe river and

the tide. Generally, the water level is assumed to be between the long-term mean high

and long-term mean low water level.

Second largest source of uncertainty is the apparent wind direction and apparent wind

speed used in the model. The apparent wind itself is calculated from the horizontal

wind velocity vector and the ship movement vector. In most cases, the magnitude of the

ship movement vectors is large compared to the wind velocity vector. Consequently, the

uncertainty of the apparent wind is dominated be the uncertainty of the ship’s speed and

course.

The smallest source of uncertainty is the uncertainty of the measured trace gases. For

NOx, the uncertainty of the derived NO2/NOx ratio is another important factor for the

overall uncertainty of the derived emission rate. As the NO2/NOx ratio is in the denomi-

nator of equation 5.4, even a small uncertainty of the ratio can lead to significant changes

in the estimated NOx concentration. Generally it is assumed the NO2/NOx ratio is the

same for all ships, which is also supported by the compact correlation found in Figure

5.10. However, the ship type and operation mode of the engine could possibly also have

an influence on this ratio.

Results

Between April 2018 and May 2019 a total of 7402 passing ships were identified and

assigned to a peak in the NO2 time series measured by the Heidelberg LP-DOAS. For

SO2 the amount of detected peaks is smaller, because not all ship passages (e.g. passages

of inland ships) cause an increase in SO2 which is detectable as a peak. In this time

period there were only 233 days of measurements, due to technical problems with the

instrument, e.g. overheating light source during the summer months. Additionally on

some days measurements were not possible due to storms or thick fog. Most of the

measurements took place between June 2018 and February 2019, while before and after

there were only individual days of measurements.

For each ship passage, the emission rates of SO2, NO2 and NOx were calculated. This

dataset has then been filtered to remove non-physical results, e.g. very high emission rates

of several tons per second. These non-physical results are obtained under circumstances

where the assumptions made for the Gaussian plume model do not reflect the situation
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5.4 Analysis of ship plumes using LP-DOAS measurements

Table 5.3: Uncertainties of the input parameters used in the Monte-Carlo-Simulations.

Abbreviation Name Calculation of value

σlon
ship extent in
longitudinal direction

1
2
· (|length · sin(heading)|+ |width ·

cos(heading)|)

σlat
ship extent in
latitudinal direction

1
2
· (|length · cos(heading)|+ |width ·

sin(heading)|)
σH plume height

√︂
σ2
fh + σ2

wl

σfh funnel height estimated: 5 m

σwl water level
mean high water level - mean low water
level

σaw apparent wind speed
√︂

σ2
vwindN

+ σ2
vshipN

+ σ2
vwindE

+ σ2
vshipE

σvwindN
wind speed

standard deviation of northern wind
component

σvwindE
wind speed

standard deviation of eastern wind
component

σvshipN
ship speed

estimation based on 0.514 m s−1 uncertainty
in speed and 10◦ uncertainty in heading

σvshipE
ship speed

σθaw

apparent wind
direction

estimated: 10◦

σstability stability
atmospheric dispersion parameters of class
with lower stability and higher stability
than the assigned class

σNO2/NOx NO2/NOx ratio standard error of the slope (0.006)

σcmeas

DOAS measurement
error

individual DOAS measurement error for
each trace gas
mean value for NO2 1.5 %
mean value for SO2 17.7 %
mean value for O3 < 0.1 %
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5 Measurements of shipping emissions at the Elbe in Wedel

during the measurement and the shape of the calculated plume does not match the real

plume.

To eliminate such cases before further investigation, three criteria have been defined.

If one of these criteria is violated for a single input parameter j for a given individual

measurement, the derived emission rate is omitted from the further analysis. The criteria

are:

1) meanC j/Cmodel has to be between 0.8 and 1.2, to eliminate cases where the uncer-

tainty introduced by the input parameter systematically leads to too high or low derived

concentrations.

2) σC j/Cmodel has to be lower than 0.4, to eliminate cases that have a high variability if

input parameters are varied within their uncertainties.

3) The difference between maxC j/Cmodel and minC j/Cmodel has to be smaller than 1, to

eliminate cases with a large spread between minimum and maximum value.

After this quality check a total of 886 NOx, 1069 SO2 and 1375 NO2 emission rates were

left for further analysis. The mean uncertainties of the emission rates is 43 % and the

median uncertainty is 35 %.

The total number of ships differs because the assignment of a ship to a peak in the trace

gas time series is carried out for each trace gas individually, which leads to some differences

between SO2 and NO2 signal strength. The sulphur content of shipping fuel is limited

to 0.10 %SM/M for seagoing and 1×10−5 %SM/M for inland ships, resulting in ship

passes which clearly cause a peak in NO2 while the enhancement in SO2 is too low to be

detected as a peak. For NOx the concentrations of ∆NO2 and ∆O3 are summed and under

circumstances with a high temporal variability within those trace gas concentrations, the

background correction for the individual peaks might be erroneous and thus the sum can

be zero or even negative. In such cases the NOx emission rate is not calculated. As an

example, Figure 5.12 shows the difference between the unfiltered and filtered dataset for

NOx emission rates for different ship length classes as box plots.

The unfiltered data set shows a large variability, indicated by the large boxes, while the

filtered data set clearly shows a lower variability and a narrow distribution around the

median of the respective length class. An exception is the 150 m length class, which still

shows a high variability. This variability for this length class is caused by dredging ships

and will be discussed in more detail in one of the next paragraphs.

Several ships passed the measurement site multiple times or on a regular basis. This

allowed to summarize the emission rates for these ships under different measurement con-

ditions (different wind speeds and directions, different stability classes and different water

levels). Examples of SO2 and NO2 emission rates for ships that passed the measurement

site several times are shown in Figure 5.13 as box plots. Generally the 25 % and 75 %

percentiles are close to the respective median values, which indicates that the estimation

method works consistently. Larger variability of the emission rates of an individual ship
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5.4 Analysis of ship plumes using LP-DOAS measurements

Figure 5.12: Box plot of NOx emission rates in g s−1 for different ship sizes. Boxes indicate
the 25% and 75% percentile, the line in the middle is the median and the
bars show minimum and maximum values. Dots show individual measure-
ments. Dark grey boxes show the median emission rate and total number of
observations for this length class.
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5 Measurements of shipping emissions at the Elbe in Wedel

Figure 5.13: Box plot of SO2 and NOx emission rates in g s−1 for individual ships, their
respective length is given in brackets. Boxes indicate the 25% and 75% per-
centile, the line in the middle is the median and the bars show minimum and
maximum values. Dots show individual measurements and are colour coded
by corresponding ship speed. Dark grey boxes show the median emission
rate and total number of observations for this ship.

usually indicate special operating conditions. For example there were two dredging ships,

which show a large variability in Figure 5.13. Dredging ships can operate under varying

conditions, they do not necessarily only pass by, but can excavate material from the bot-

tom of the river. This additional work might lead to higher engine loads in general or

imply the usage of additional auxiliary engines, which in turn increase the total emission

of those ships. At other times, these ships might just steam through the light path with-

out carrying out additional work, which explains the low emission rates observed on some

passes. The combination of these different operating conditions leads to the high spread

seen in the box plots.

Differences in the emission rates of inland and sea ships can be seen in Figure 5.14.

The dredging ships have been separated from the other two classes, due to their unique

properties described in the previous section. Generally, sea going ships tend to have higher

emission rates, with a median of 5.23 ± 14.0 g s−1 for NOx and 0.28 ± 0.87 g s−1 for SO2,

while for inland ships the median is 1.93 ± 8.17 g s−1 for NOx and 0.06 ± 0.19 g s−1 for

SO2. The differences in SO2 can be attributed to two different factors. First of all, inland
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5.4 Analysis of ship plumes using LP-DOAS measurements

ships use a fuel with a much lower fuel sulphur content, which automatically decreases

the amount of SO2 emitted per amount of burnt fuel. Secondly, inland ships are much

smaller and consume less fuel per unit time. In combination these two factors explain the

lower SO2 emission rates found for inland ships. The difference in the emission rates NOx

can be explained be the difference in size as well as by the different regulations for sea

and for inland ships. Most of the NOx formed during combustion consists of atmospheric

nitrogen and oxygen. The amount of NOx formed is temperature dependent, higher engine

temperatures leading to higher amounts of NOx (Alföldy et al., 2013). For inland ships,

there already was a limit for the NOx emissions in place, while for sea ships there was

none at the time the measurements took place. This can also be seen in Figure 5.15,

where the NOx emission rate is categorized for different ship size classes and the median

emission rate increases with size. Additionally, the emission rates are also correlated to

ship speed, faster ships generally having a higher emission rate (see Figure 5.16). The

decrease in the SO2 emission rate for ship speeds larger than 7 m s−1 is probably caused

by the low number of observations, which only include a single individual ship, that is

not representative for the general fleet.

The determined median SO2 emission rate for inland ships is larger than the expected

SO2 emissions by those ships. A simple calculation of the expected SO2 emission rate

can be made by multiplying the fuel sulphur content with the amount of fuel used per

unit of time. Table 5.5 shows those calculations for inland diesel fuel and fuel which

qualifies for the SECA limit of 0.10 %SM/M. The observed median SO2 emission rate

for inland ships is 0.06 g s−1, which is considerably higher than the expected SO2 emission

rate (0.0009 g s−1) for the typical fuel consumption of an inland ship and still too high

when assuming the typical fuel consumption of a much larger ship. However, it has to be

kept in mind that the SO2 emission rates, especially for inland ships, are biased towards

high emitters, as some ships can only be identified in the NO2 time series, while there is

no detectable peak in the SO2 time series. Ships with low SO2 emissions are therefore

under-represented in the data set. In order to calculate a more representative mean SO2

emission rate for inland ships, the total number of observed inland ships has to be taken

from the NO2 dataset instead, and all cases without an associated SO2 emission rate are

treated as zero SO2 emission. The total number of observed inland ships would then

be 296 (identified from the NO2 peaks and with valid NO2 emission rate) and 220 of

them would be treated as zero SO2 emitters. This results in a mean SO2 emission rate

of 0.03 g s−1 with and median emission rate near zero, which means the SO2 emissions

for inland ships are often below the detection limit of the LP-DOAS instrument. For sea

going ships the method works better and the median SO2 emission rate (0.28 g s−1) lies

in the range estimated in Table 5.5.

For 26 individual ship passages (excluding dredging ships), the derived SO2 emission rates

are above the upper limit estimated in Table 5.5, which possibly indicates that those ships
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5 Measurements of shipping emissions at the Elbe in Wedel

Figure 5.14: Box plot of SO2 and NOx emission rates in g s−1 for different ship types.
Boxes indicate the 25% and 75% percentile, the line in the middle is the
median and the bars show minimum and maximum values. Dots show in-
dividual measurements and are colour coded by corresponding ship speed.
Dark grey boxes show the median emission rate and total number of obser-
vations for each ship type.

use fuel which does not comply with the SECA limit of 0.10 %M/M or indicates a very

large fuel consumption.

In most cases emission factors are reported instead of emission rates. Emission factors

specify the mass of released air pollutant per mass of burnt fuel. To compare these

two different quantities, further knowledge of the fuel consumption is required. In Table

5.4 the derived emission rates are compared to emission factors of other studies under

the assumption of two different fuel consumption scenarios. The lower value describes

the typical fuel consumption of an inland ship (about 165 kg h−1) and the upper value

describes the fuel consumption of a large container ship, with carrying capacity of roughly

14.000 TEU, at a speed of 7 m s−1 (2000 kg h−1) (Notteboom and Vernimmen, 2009). The

largest ships have a mean speed of 6 m s−1, therefore the assumed high fuel consumption

68



5.4 Analysis of ship plumes using LP-DOAS measurements

Figure 5.15: Box plot of NOx emission rates in g s−1 for different ship lengths. Boxes
indicate the 25% and 75% percentile, the line in the middle is the median
and the bars show minimum and maximum values. Dots show individual
measurements and are colour coded to corresponding ship speed. Dark grey
boxes show the median emission rate and total number of observations for
this length class. Data of dredging ships has been excluded.

scenario should be interpreted as an upper limit of the fuel consumption.

In all cases the median of the derived emission rates lies within the range estimated using

the emission factors of other studies, although always closer to the lower bound. This is

reasonable, as most of the passing ships are sea ships with a higher fuel consumption than

inland ships, consequently exceeding the estimate of the low fuel consumption scenario.

At the same time most of the ships do not belong to the largest ship size class with the

highest fuel consumption and consequently are below the estimated upper limit.

A direct comparison of the derived emission rates in this study to the derived emission

rates of Berg et al. (2012). shows larger differences. Berg et al. (2012) found a mean

emission rate of 11.4 ± 7.8 g s−1 for NO2 and 14.6 ± 9.1 g s−1 for SO2, while in this study

the mean NO2 emission rate is 1.5 ± 2.9 g s−1 and the mean SO2 emission rate is 0.6 ±
1.1 g s−1. Berg et al. (2012) observed transects of ship plumes on the open seas, where

the fuel sulphur limit at the time was 1.0 %M/M, which is a factor of 10 higher than the

fuel sulphur limit relevant for the measurements in this study. Consequently, the emission

rates of SO2 should also be higher by roughly a factor of ten. Additionally, ships on the

open seas travel at higher speeds than at the measurement site in Wedel, which increases

the fuel consumption und consequently also increases the SO2 emission rates. Considering

the different fuel sulphur content and different speeds, both mean emission rates agree

within their respective uncertainties.

The differences in the NO2 emission rates can be explained by the age of the observed
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5 Measurements of shipping emissions at the Elbe in Wedel

Figure 5.16: Box plot of SO2 and NOx emission rates in g s−1 for different ship speeds.
Boxes indicate the 25% and 75% percentile, the line in the middle is the me-
dian and the bars show minimum and maximum values. Dots show individual
measurements. Boxes show the median emission rate and total number of
observations for each ship speed.
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5.4 Analysis of ship plumes using LP-DOAS measurements

Table 5.4: Comparison of emission rates derived from emission factors of other studies
for two different assumed fuel consumptions. The lower value is for a fuel
consumption of 165 kg h−1, which is typical for inland ships. The upper value
is for a fuel consumption of 2000 kg h−1 which is roughly the fuel consumption
of a large container ship (14.000 TEU carrying capacity) at a speed of 7 m s−1

(Notteboom and Vernimmen, 2009).

Study

mean NOx

emission
factor
in g kg−1 fuel

NOx emission rate
in g s−1

number of
evaluated ships

Moldanová et al. (2009) 73.4 3.4 - 40.8 1
Williams et al. (2009) 66.4 ± 9.1 3.0 - 36.9 > 200
Alföldy et al. (2013) 53.7 ± 22.3 2.5 - 29.8 497
Diesch et al. (2013) 53 ± 27 2.4 - 29.4 139
Beecken et al. (2014) 66.6 ± 23.4 3.1 - 37.0 174
Pirjola et al. (2014) 64.3 ± 24.6 2.9 - 35.7 11
Beecken et al. (2015) 58 ± 14.5 2.7 - 32.2 466
This study - mean 11.0 886

median 4.6
mean seagoing 10.2 632
median seagoing
5.2
mean inland 4.5 177
median inland 1.9

plumes. In older plumes emitted NO can already react with atmospheric O3 to form

additional NO2. In this study, the plumes are measured shortly after their emission,

while (Berg et al., 2012) probably measured older plumes. Comparison of the mean NOx

emission rate (11.0 ± 16.1 g s−1) with the NO2 emission rate of Berg et al. (2012) shows

much better agreement between both. This hypothesis is also supported by the calculated

NO2/NOx ratio of 0.138, which indicates that most of the emitted NOx is emitted as NO

and only then reacts with atmospheric ozone to form NO2.

Generally, the emission rate derived from an individual measurement is prone to errors.

The main reasons are the geometry of the light path and the assumptions made in the

modelling of the plume expansion and dispersion. A plume only affects a small part of

the light path and the measured concentrations are strongly influenced by the background

variability. A shorter light path, which only covers the main shipping lane and less

unpolluted air masses, would be beneficial to detect smaller enhancements of NO2 and

SO2. This would increase the chances of detecting ship plumes of passing ships, even for

ships with low emission rates.

The main source of the uncertainty is the plume modelling, especially the uncertainty

of the exact stack position and exact stack height. While the position of the ship’s AIS

receiver is known, the exact position of the stack on the ship is unknown, which results
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5 Measurements of shipping emissions at the Elbe in Wedel

Table 5.5: Estimate of SO2 emission rates for fuels with different fuel sulphur content,
calculated for different fuel consumption under the assumption that all sulphur
is converted to SO2 during combustion. Lower value is for a fuel consumption
of 165 kg h−1 , which is typical for inland ships. Upper value is for a fuel
consumption of 2000 kg h−1 which is roughly the fuel consumption of a large
container ship at a speed of 6 m s−1 (Notteboom and Vernimmen, 2009), which
is the typical speed for the largest passing vessels.

Source Fuel type
Fuel sulphur content

in %M/M
SO2 emission rate

in g s−1

Estimation SECA limit 0.1 0.09 - 1.16
Diesel fuel for inland

shipping
1×10−5 0.0009 - 0.0116

This study - - mean 0.44
median 0.25

mean seagoing 0.47
median seagoing 0.28
mean inland 0.10
median inland 0.05

in an uncertainty of the plume position and thus the modelled concentrations. A better

knowledge of the exact position of the emission source would therefore increase the quality

of the derived emission rates and reduce the number of omitted emission rates. Also the

Gaussian plume model is a simplification of the turbulent structures within a plume and a

more sophisticated modelling approach might improve the quality of the derived emission

rates.

At the same time, the repeated measurements of the same ships show a low variability

in the derived emission rates and therefore demonstrate the general feasibility of the

presented approach to derive emission rates. Also, the value of the calculated emission

rates lies in the large number of measured ships and their statistics, which covers different

meteorological conditions and allows to characterize the emission behaviour of the passing

fleet of ships entering or leaving the port of Hamburg.

5.5 LP-DOAS measurements: Summary and

conclusions

Two LP-DOAS instruments were set up in Wedel, about 10 km seawards of the Hamburg

harbour to measure ship emissions of NO2 and SO2. One of the instruments was newly

developed by the company Airyx specifically to measure ship emissions, while the other

instrument is a well characterized scientific instrument built by the IUP Heidelberg. Both

instruments show a good agreement and the new instrument proofed to be suitable to

measure ship emissions.
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To demonstrate the capabilities of LP-DOAS measurements for the evaluation and anal-

ysis of ship emissions, a method to derive emission rates of NO2, NOx and SO2 from LP-

DOAS measurements has been developed and successfully applied to the measurements

of the IUP Heidelberg LP-DOAS. Between April 2018 and May 2019 a total number of

7402 passing ships have been identified and assigned to peaks in the trace gas time series.

The method uses a Gaussian plume model to simulate the plumes of passing ships and

to derive the concentration the instrument would have measured given the assumptions

made in the model. The calculated concentration is compared to the measured enhance-

ment in the trace gas to calculate the emission rate. The derived emission rates have

then to be filtered for non-physical results, which occur when the assumptions made for

the model do not reflect the measurement situation. After filtering a total, of 886 NOx,

1069 SO2 and 1375 NO2 emission rates were derived. The emission rates of inland and

seagoing ships have been analysed and compared to each other and showed that sea going

ships have higher emission rates than inland ships. Generally the emission rates increase

with size and speed of the ship. The uncertainty for a single emission rate are 43 % in the

mean and 35 % in median. Repeated measurements of several ships that passed multiple

times show a low variability in their emission rates.

To improve the accuracy of the estimate of the ship emission rates, better knowledge of

several key parameters will reduce their uncertainty. For example better knowledge of the

exact position of the emission location i.e. the position of the ship’s funnel, is required.

Similarly, better knowledge of the height of the emission, i.e. the height of the funnel of

the ship and the water level at the time of measurement, is required. The use of more

sophisticated models to describe the shape and evolution of the plume would be of value.

Additionally a measurement geometry with a shorter light path across the river would

make it easier to detect the pollution plumes from water craft having small emissions and

thereby increase the chances of determining emission rates from such vessels.

In comparison to the standard instrumentation at the measurement site, the LP-DOAS

does not need to be calibrated and is able to measure under all wind conditions. In contrast

to the in situ instruments, the current LP-DOAS system does not measure CO2, so that

emission factors cannot be easily derived from NOX/CO2 (SO2/CO2) ratios. Therefore a

model had to be used to calculate the emission rates of air pollutants. A measurement

of the integrated CO2 concentration along the light path would supersede the need for

a dispersion model and should be considered for further technical developments of such

measurements.

The study demonstrates that accurate emission rates of ships can be derived from LP-

DOAS measurements and that there is much potential in this approach. The emission

rates can be used as input for the assessment of the influence of shipping emissions on air

quality in regions close to the shipping lanes at the coast or along rivers and canals.
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6 Measurements of shipping
emissions at the Rhine in NRW

1 In the EU Life Project Clean Inland Shipping (CLINSH), two methods to measure ship

emissions were used. In both cases measurements of in-situ instruments are used. In the

first method in-situ instruments were deployed on-board of ships to measure emissions of

the engines directly in the exhaust. These measurements were carried out on 40 inland

vessels that participated in the project. In addition a method to derive emission rates

from on-shore measurements has been developed and will be presented in this study. The

retrieval concept for the on-shore measurements is based on the work presented in Krause

et al. (2021), but the method has been improved and the algorithm can now be used with

data of any in-situ measurement station located in the vicinity of a river. In both cases

absolute NOx emission rates (in g s−1) have been derived from these measurements.

In total more than 33000 ship passages have been identified and analysed between 2017

and 2021 and are the basis for the future update of the inland waterway vessel emission

register of the state of North Rhine-Westphalia. In contrast to more regularly reported

emission factors in g kg−1 or g kWh−1, the derived NOx emission rates can be used directly

without further assumptions regarding the fuel consumption of the ships and directly

reflect the real driving conditions at this part of the Rhine.

6.1 Measurement sites

For the CLINSH project, the State Agency for Nature, Environment and Consumer Pro-

tection in North Rhine-Westphalia (LANUV NRW) set up continuous measurement sta-

tions in Duisburg and in Neuss, which measure NOx concentration and meteorological

parameters such as atmospheric pressure, humidity, temperature, wind speed and wind

direction close to the river Rhine. Instrumentation at both measurement sites along the

river Rhine, Duisburg Rhine Harbour (DURH) and Neuss Rhine Harbour (NERH), was

identical. Nitrogen oxides were measured with an AC32M from Environnement S.A. (EN-

VEA) 3.5 m above ground, while meteorological parameters were obtained with a weather

station from Lambrecht Meteo GmbH during the course of the campaign. The weather

sensor measured wind speed (U) with a rotary anemometer and wind direction (θ) with

1Parts of this chapter are based on Krause et al. (2022).
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Table 6.1: Specifications of the used instruments.

Measurements at DURH and NERH Specifications
Nitrogen oxides NOx (NO+NO2)
Instrument AC32M
Manufacturer Environment S.A. (ENVEA)
Measurement principle chemiluminescence
Measurement range NO: 0 –1200 gm−3

NO2: 0 –500 gm−3

Measurement accuracy ± 15 %
Air sampling height 3.5 m above ground level
Meteorological parameters wind speed (U), wind direction (θ)
Instrument EOLOS-IND static weather sensor
Manufacturer Lambrecht Meteo GmbH
Measurement range θ: 0 –360 ◦

U: 0.1 –85 m s−1

Measurement accuracy θ: ± 3 ◦

U: ± 0.5 m s−1

Measurement height 10 m above ground level

a wind vane at 10 m above ground. The time resolution for both measurement types is

0.2 Hz or 5 seconds, more details can be found in Table 6.1.

NO and NO2 are measured by the chemiluminescence method, and the NOx concentration

is the sum of the measured NO and NO2 concentration.

Additionally, the measurement stations also are supplemented with AIS (automatic iden-

tification system) receivers, which deliver information about the passing ships. Under

favourable wind conditions (wind blowing ship plumes towards the in situ systems), both

measurement stations show strong enhancements of NOx when ships pass the measure-

ment site, which can be clearly seen as a peak in the time series. An overview of the

measurement sites can be found in Figure 6.1.

6.1.1 Duisburg Rhine Harbour (DURH)

The measurement site in Duisburg is located on the eastern riverbank of the Rhine,

close to the Duisburg Harbour (DURH). The predominant wind direction has a westerly

component, which transports emissions from ships towards the measurement site most of

the time. These emissions cause peaks in the measured NOx concentration time series

(e.g. Figure 6.2) that can be identified and attributed to the source ships. Generally,

the measurement site is well located to derive NOx emission rates from ships steaming

along the Rhine. The measured concentration peaks can be differentiated for ships that

pass the measurement site in different driving conditions, e.g., ships that drive upstream

against the river current and downstream with the river current. Additionally, ships that

enter or leave the harbour can also be identified. The measurement station has been set
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6.1 Measurement sites

Figure 6.1: Overview over the two different measurement sites. The upper row shows
a satellite image of the DURH station and a picture of the measurement
container as seen from the Rhine. The lower row shows a picture of the
measurement container in the NERH and a satellite picture of its location.
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6 Measurements of shipping emissions at the Rhine in NRW

Figure 6.2: Example of the measured NOx concentration, wind speed and wind direction
at DURH. Wind direction 300◦ means, the wind is coming from south west,
blowing over ship plumes from the river towards the measurement station.
Ship peaks identified in the NOx concentration are marked with an orange line,
their borders are green dashed lines. The text box at each peak shows the ship
class, the speed over ground and the direction of travel. Peaks without a label
are most likely also caused by passing ships, but in these cases, unambiguous
assignment of a source was not possible.
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up in October 2017 and is still active at the time of writing. In this study, measurements

from 2017 until the end of 2021 are evaluated.

6.1.2 Neuss Rhine Harbour (NERH)

The measurement site in Neuss is operating within the Neuss Rhine Harbour (NERH)

itself, which is located west of the Rhine. Buildings and vegetation block the direct line

of sight from the measurement station to the Rhine. The predominant wind direction is

south-west. Due to location and wind direction most of the identified peaks stem from

ships that are within the harbour area and only a minor part steams from ships that are

steaming along the Rhine. Nevertheless, this measurement site is well suited to evaluate

the emissions of slow steaming ships within the harbour area and without the influence of

river currents. This measurement station was set up in September 2017 and dismantled

at the end of 2019. Consequently, the emission rates could only be derived for the years

2017 to 2019.

6.2 Methods

The combination of the different measurements and the received AIS signals enables ship

emissions from passing ships to be calculated. The approach uses three consecutive steps,

which will be described in the following.

6.2.1 Peak identification

The first step is to identify the peaks caused by passing ships. To identify these peaks, a

low pass filtered time series is calculated from the measured time series using a running

median with a window length of 5 minutes. This low pass time series describes the changes

in the background concentration caused by meteorological factors and other emission

sources, but excludes the short-term variation caused by passing ships. The low pass

filtered time series is then subtracted from the measured time series, resulting in a time

series, which is close to zero on average, but still shows the sharp peaks caused by the

passing ships. For those peaks it is then checked, if they exceed a defined threshold,

to ensure they are actual enhancements and not only noise in the measurements. In

this case, the threshold was defined as 2 ppbv. For each identified peak, the time of

occurrence (tpeak), the peak width, and the height of the maximum above the background

concentration is determined.
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6.2.2 Ship assignment

In the second step the respective source ship of a peak is identified. For each peak, all

ships within a 5 km radius around the measurement site and up to 5 minutes before the

peak maximum are identified using the AIS signals. For each ship, the corresponding AIS

signals within the given time frame and radius around the measurement site are collected

and then interpolated to a one second time resolution. For each of these interpolated

AIS signal positions, a trajectory is calculated to assess whether emissions caused at that

specific ship position could have been transported to the measurement site by the wind.

The wind speed and direction used for the trajectories are the 30 min averages of the wind

measured at the measurement site. Each trajectory is calculated for the period between

the time stamp of the AIS signal (tAIS) and the time of the peak maximum (tpeak). It is

then checked, whether the trajectories end within a 50 m radius of the measurement site.

When only the trajectories of a single ship end close to the measurement site in the given

time frame, the ship is assigned as the respective source of the peak.

In case the trajectories of several ships end within the 50 m radius around the measurement

site, the peak is neglected for further analysis, as an unambiguous assignment of a single

source is not possible. Once a ship has been identified as the source of the NOx peak,

all the information for that ship passage is assigned to the peak. To ensure the whole

ship passage is registered, the first assigned ship position is the position transmitted 180

seconds before tAIS and the last assigned position is the position 180 seconds after tpeak.

6.2.3 Calculation of emission rate

In the third and last step, the NOx emission rate for each peak assigned to a source ship

is calculated. The stations only measure the concentration of NOx at the measurement

site and not at the stack of the ship, therefore, a model has to be applied to estimate

the emission rate from the concentration enhancement found at the measurement site. A

simple approach is to assume that the plume of the ships can be described by a Gaussian-

puff-model, similar to Equation 2.4:

C(x, y, z) =
N∑︂
i=1

(Qdt)i
(2π)3/2σxσyσz

· exp
(︃
−(x− U · (t− dt))2

2σ2
x

)︃
· exp

(︃
− y2

2σ2
y

)︃
·
[︃
exp

(︃
−(z −H)2

2σ2
z

)︃
+ exp

(︃
−(z +H)2

2σ2
z

)︃]︃ (6.1)

where the concentration at a point (C(x, y, z)) can be described as a function of the

emission rate (Q), the dispersion due to atmospheric stability (σx, σy, σz), the length of

time of the emission (dt) at a certain source point (x=0, y=0), funnel height (H), the total

transport time (t) and the wind speed (U). The wind direction is taken to be along x. The

model releases a puff of pollutants at the ship’s position, which is then transported by the
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wind for an amount of time (t− dt) and dispersed according to the current atmospheric

stability. To model a time step t−dt is used instead of t to simulate that the ship has just

arrived at the new location and was not stationary at the latest position. The time (t) is

different for each ship position and is always the time of occurrence of the peak maximum

(tpeak) minus the time of the respective AIS signal (tAIS). The result is a concentration

field caused by the emission of pollutants at the specific ship location for a time step dt

and transported for the time t−dt. This procedure is then repeated for all ship positions.

The calculated concentration fields then describe how the plume developed during the

ship passage (e.g. Figure 6.3).

The real emission rate is unknown and the model is only used to describe the dispersion

and transport of the emitted pollutants. To model the dispersion and transport, the

model is run with an arbitrary but constant emission rate (Qmodel). The height of the

plume centre is approximately at the height of the funnel above the water level, assuming

that the plume quickly bends down due to wind and movement of the ship. The height

is also assumed to be equal for all ships and was set to 5 m above the mean water

level. The dispersion parameters are chosen according to atmospheric stability, which has

been determined using the wind speed at the measurement site and and incoming global

radiation during day and cloud coverage during night from a nearby weather station of the

German Weather Service located at the Düsseldorf-Airport (DWD Climate Data Center,

2022a,b). In order to derive the emission rate, the integrated measured concentration,

i.e. the area under the peak (Cmeas), is compared to the modelled concentration at the

measurement site, i.e. the area under the modelled peak (Cmodel). Cmeas has already been

corrected for the fluctuations in the background NOx concentration. The background is

assumed to be the mean value of the NOx concentration 30 seconds before and after the

peak.

Assuming the model sufficiently describes the ship plume, the only difference between

modelled concentration and measured concentration is caused by the different emission

rate. Therefore, the real emission rate of the ship (Qmeas) can be estimated by the

following equation:

Qmeas =
Cmeas

Cmodel

·Qmodel (6.2)

This approach assumes, that the emission rate is constant for the whole modelled time

domain. An example is shown in Figure 6.4.

6.2.4 Quality control and uncertainty of the NOx emission rates

Not in all cases the assumptions made within the model truly reflect the conditions at

the time of measurement. To assess the quality of the derived emission rate, Monte-

Carlo-simulations are performed to assess whether a small change in one of the input
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6 Measurements of shipping emissions at the Rhine in NRW

parameters results in a large change of the derived concentration at the measurement

site. The parameters varied are wind speed, wind direction, atmospheric stability and the

position of the ship in longitude, latitude and height. Each of these parameters is changed

within the uncertainty ranges given in Table 6.2. For each changed parameter, the derived

integrated peak concentrations are then compared to the integrated peak concentration

of the reference simulation. If the Monte-Carlo-simulations and the reference simulation

do not show large deviations, the derived NOx emission rates for that specific case are

used for further evaluation.

The uncertainty of the derived emission rate is given by:

σQ =

√︄(︃
∂Qmeas

∂Cmeas

· σCmeas

)︃2

+

(︃
∂Qmeas

∂Cmodel

· σCmodel

)︃2

(6.3)

where σCmeas is the uncertainty of the measured integrated peak trace gas concentration

and σCmodel is the uncertainty of the modelled integrated peak trace gas concentration.

The uncertainty of the model is defined as:

σCmodel =
√︂
σ2
C U + σ2

C θ + σ2
C stability + σ2

C lon + σ2
C lat + σ2

C H (6.4)

where each σCj is the standard deviation of the modelled trace gas concentrations of the

Monte-Carlo-simulations with respect to changes of an individual input parameter (j).

In the Monte-Carlo-simulations, each parameter is varied individually, therefore possible

interactions between changes of more than one parameter at a time are neglected. For

each parameter, the resulting concentrations of a set are summarized by the mean value

(meanCj), the standard deviation (σCj) and the minimum (minCj) and maximum value

(maxCj). These values are then compared to the reference simulation of the unperturbed

input parameters. To be evaluated further, the following five criteria must be met by the

set of Monte-Carlo-Simulations for each input parameter:

1) meanCj / Cmodel must be within between 0.5 and 1.5, to eliminate cases with a sys-

tematic deviation caused by the uncertainty of a single input.

2) σCj / Cmodel must be lower or equal to 1, to eliminate cases with a high variability

caused by the uncertainty of a single input.

3) The difference between minCj / Cmodel and maxCj / Cmodel must be lower than 2, to

eliminate cases with a large spread between minimum and maximum of the set due to the

uncertainty of a single input.

4) the absolute error of the derived emission rate must be lower than 5 g s−1, which

eliminates cases, where the uncertainty is on a larger order of magnitude than the emission

rate.

5) the relative error of the derived emission rate must be lower than 200 %, which elimi-

nates cases, where the uncertainty is much larger than the emission rate.
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Figure 6.3: Example of a plume simulation for different time steps after the simulation
start (t0). The upper, middle and lower panels show the movement of the
modelled ship plume 150 s, 250 s and 350 s after the initiation of the plume.
The left column shows a horizontal cross section of the modelled plume in
20 m height. The location of the measurement station is marked as a red dot.
The blue line in the right column shows the modelled concentration at the
location of the measurement station during the model run.
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6 Measurements of shipping emissions at the Rhine in NRW

Figure 6.4: An example of a plume simulation for the 22nd August 2018 at 16:36 UTC
compared with the measured plume. a) a map of the modelled plume for
the time when the highest concentration has been measured. b) a plot of the
simulated concentration of NOx at the measurement site as a function of time.
c) a map showing the ship speed over ground for each time step. d) a plot
of the measured NOx concentration as a function of time at the measurement
station. The blue line represents the NOx concentration, and the orange line
is the background corrected NOx concentration of the peak.
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Table 6.2: Uncertainties of the input parameters used in the Monte-Carlo-Simulations.

AbbreviationName Calculation of value
σlon source position longitude Uncertainty of the AIS signal, 10 m
σlat source position latitude Uncertainty of the AIS signal, 10 m

σH plume height
√︂

σ2
fh + σ2

wl

σfh funnel height estimated: 5 m
σwl water level mean high water level - mean low water level
σU wind speed standard deviation of the wind speed
σθ wind direction estimated: 10 ◦

σstability stability
atmospheric dispersion parameters of class
with lower stability and higher stability than
the assigned class

σcmeas uncertainty of the measured
peak area

√︁
std(peak)2 · n, where n is the number of

nodes used to calculate the peak area

6.3 Results

For Duisburg, a total of 32900 ship peaks has been identified and could be assigned to

specific source ships. For 23500 of those peaks it was possible to determine the NOx

emission rate and fulfil the quality criteria. In Neuss, 5500 peaks have been identified

and the respective emission rates have been derived, in 3200 cases those derived NOx

emission rates fulfil the quality criteria. The number of identified ship plumes is mainly

limited by the wind, as the wind is needed to transport the emitted pollutants towards

the measurement site. An additional limitation is the traffic density as in situations of

high traffic, an unambiguous identification of a ship plume is often not possible. The

derived emission rates were then summarized in the context of the respective CEMT ship

class (Table 6.3).

The most common ship classes are IV, Va, Vb and Jowi which together account for

approximately 80 percent of the total ship traffic (Figure 6.6). Between 2017 and 2021,

there were approximately 256 ship passages every day at the DURH measurement site.

As can be seen in Figure 6.7, most ships travelling upstream have a speed over ground

of about 3 m s−1, while most ships travelling downstream have speeds over ground of

about 5 m s−1. For the most common ship classes this enables to characterize the NOx

emission rates of the respective class under real driving conditions. For less common

ship classes, there are fewer observations, which leads to a higher uncertainty of the

summarized NOx emission rates for these classes. In addition, there might not be enough

data to differentiate sufficiently between direction of travel or different speeds.

For the most common ship classes this enables to characterize the NOx emission rates of

the respective class under real driving conditions. For less common ship classes, there are

fewer observations, which leads to a higher uncertainty of the summarized NOx emission

rates for these classes. In addition, there might not be enough data to differentiate

85



6 Measurements of shipping emissions at the Rhine in NRW

Figure 6.5: NOx Emission rates for all ship classes, derived from measurements at DURH.
Single measurements are colour-coded to the respective mean ship speed dur-
ing the measurement.

Figure 6.6: Ship traffic and fleet composition at DURH between November 2017 and De-
cember 2021. In total 291635 ship passages have been identified.
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Figure 6.7: Ship speed over ground for all ship passages identified at DURH as a function
of direction of travel.

sufficiently between direction of travel or different speeds.

The NOx emission rates in the context of size are more difficult to summarize. Generally,

larger ships show larger NOx emission rates than smaller ships. At the same time, the

larger ships are usually newer and their emissions are regulated, while older ships are

subject to grandfathering, which means their engines do not have to comply with new

regulations. Only if the engine of an older ship is exchanged, new regulations apply. Due

to the long service life of inland ships, a lot of the smaller ships do not fall under the

regulations and therefore still show high emissions.

6.3.1 Differences in direction of travel

The speed over ground is correlated with the emission rates, higher speeds leading to

higher emissions as expected (e.g. Figure 6.8).

Unfortunately, at the DURH station most of the identified ships are vessels which are

travelling upstream. The main wind direction at DURH is south-west which is parallel to

the river, and ship plumes are therefore transported along the river. Unambiguous assign-

ment is only possible if there is just a single ship plume that can reach the measurement

station. Ships travelling upstream need a longer time to pass through the area, as they

are slower than ships travelling downstream. Therefore, in cases of high traffic density,

the longer time window of the slower upstream travelling ships increases the chances of

an unambiguous identification and results in a larger number of observed ship plumes for

that particular direction.

The direction of travel is important when investigating the emissions for a certain speed.
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6 Measurements of shipping emissions at the Rhine in NRW

Figure 6.8: NOx emission rates for ship class Va and their dependence on the direction of
travel and ship speed over ground, derived from data measured at DURH.

88



6.3 Results

Figure 6.9: NOx emission rates for ship class IV and their dependence on the direction of
travel and ship speed over ground, derived from data measured at NERH.
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6 Measurements of shipping emissions at the Rhine in NRW

Table 6.3: Modified ship classification scheme based on CEMT (European Conference of
Ministers of Transport, 1992) classes. Ships are categorized by their respective
length and width, e.g. a ship longer than 86 m but shorter than 111 m and
width between 10 and 12 m is classified as class Va. Additionally coupled units
are identified via their Electronic Reporting International (ERI) code which is
also transmitted in the AIS signals.

Class maximum length maximum width cargo capacity
m m tons

I 39 6 350
II 56 7 655
III 68 9 1000
IV 86 10 1350
Va 111 12 2750
Vb 136 12 4000
Jowi 136 18 5300
VIa 173 12 5500
VIb 194 23 11000
VIc 194 35 16500
Coupled
unit (C-U)

motor freighter pushing one barge identified via ERI identifier

unknown ships without information about width and / or length

Ships that travel upstream have to overcome the river current and therefore need more

power to achieve the same speeds along the ground compared to ships travelling down-

stream. With the same speed in water, the engine operating conditions should be similar

and independent of direction of travel, therefore the NOx emission rates should also be

similar. A direct comparison for ship classes IV, Va, Vb and Jowi shows, that ships

travelling upstream with a speed of about 3 m s−1 and ships travelling downstream with

a speed of 5 m s−1 have similar NOx emission rates in their respective size class (shown

in Table 6.7), which suggests similar operating conditions. Ships that are not influenced

by the current show similar NOx emission rates independent of direction of travel (e.g.

Figure 6.9).

The AIS signals only transmit speed over ground, to calculate the speed in water of the

vessels additional information is needed. The Federal Waterways and Shipping Admin-

istration (Wasserstraßen und Schifffahrtsverwaltung des Bundes, WSV) operates several

gauges to monitor the water level at the Rhine. There is roughly one gauge every 30 km.

To get information about the water level and river currents between those gauge sta-

tions, mathematical discharge flow models are used. The Federal Institute for Hydrology

(Bundesanstalt für Gewässerkunde, BfG) uses the modelling package SOBEK, which is

a hydrological model that is used to simulate and solve problems in river management,

flood protection, design of canals to model the discharge of the different rivers in Ger-

many. SOBEK is a one-dimensional open-channel dynamic numerical modelling system
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Figure 6.10: Ship speed in water for all ship passages identified at DURH as a function of
direction of travel.

which can model unsteady water flow, salt intrusion, sediment transport, morphology and

water quality. Outputs of the model are for example, discharge, water depth and flow

velocity. To calculate the speed in water (viw) for each vessel, the information for speed

over ground (vog) is merged with the information about the flow velocity (vriver) modelled

by SOBEK. When a ship is travelling upstream, the speed in water is speed over ground

plus flow velocity (viw = vog + vriver), as the ship needs to overcome the current to travel

upstream. For a ship travelling downstream, the speed in water is the speed over ground

minus flow velocity (viw = vog − vriver), as the ship travels with the current, which adds

to the speed over ground.

Figure 6.10 shows a histogram of the speed in water of all ship passages at DURH as a

function of direction of travel. It can be seen, that the speed in water for ships travelling

upstream and ships travelling downstream is similar, with a mean of 4.0 and 3.7 m s−1,

respectively. A Welch’s t-test (unequal variances t-test) shows that the mean speeds in

water are not the same on 95 % confidence interval.

A Welch’s t-test of the mean of the log(Qmeas) shows that there is no significant (95 %)

difference between ships going upstream and downstream. The logarithm of the emis-

sion rates had to be taken, because it closely resembles the normal distribution which is

assumed for the test.

To test whether the direction can be neglected when analysing the emission rates as a

function of speed in water, the speed in water and speed over ground have been compared

for ships travelling upstream and ships travelling downstream. Figure 6.12 shows a scatter

plot of log(Qmeas) as a function of speed over ground. Each measurement is colour coded

by the respective direction of travel. Additionally, the histograms of speed over ground
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6 Measurements of shipping emissions at the Rhine in NRW

Figure 6.11: NOx emission rates for ship class Va and their dependence on the direction
of travel and ship speed in water, derived from data measured at DURH.

92



6.3 Results

and log(Qmeas) are shown. The histograms of log(Qmeas) are very similar and overlap,

while the histograms of speed over ground show different distributions and do not overlap.

In the scatterplot both directions of travel can be clearly distinguished and each direction

forms its own point cloud. Figure 6.12 shows a similar scatter plot but now log(Qmeas) is

plotted as a function of speed in water. Again each measurement is colour coded by the

respective direction of travel. Here the directions can’t be distinguished in the scatter plot,

they form a uniform point cloud, also the histogram of speed in water shows an overlap

between both directions of travel. Figures 6.13 and 6.15 show emission rates for different

directions of travel as a function of ship speed, averaged for 0.5 m s−1 speed intervals. In

both cases the mean emission rate is only shown when more than 100 emission rates are

observed within the given speed interval. For speed over ground (Figure 6.13), the shown

emission rates of the different directions of travel do not overlap at the same speed over

ground. In contrast, Figure 6.15 shows that both directions of travel have similar mean

emission rates for a given speed in water.

In order to quantify the influence of the ship’s speed, either over ground or in water, two

Analysis of Variance (ANOVA) were performed. In the first ANOVA, the influence of

direction of travel, speed over ground, ship type and the interaction between direction of

travel and speed over ground were considered as explanatory variables for the logarithm of

the emission rate (log(Qmeas)). The logarithm of the emission rates was used as response

variable because it transforms the distribution of the emission rates to a normal distribu-

tion, which is a prerequisite for the analysis of variance. The resulting anova tables are

shown in Table 6.4 and Table 6.5.

For the first model, where speed over ground is considered as an explanatory variable,

it can be seen that log(Qmeas) is significantly different from 0 (Intercept) and direction,

speed over ground and type also have significant influence (95 % level) on log(Qmeas).

The interaction of direction and speed in water is significant on the 90 % level.

In the second model, where speed in water is considered as an explanatory variable instead,

log(Qmeas) is significantly different from 0 (Intercept). Speed in water and type are also

significant on the 95 % level, while direction and the interaction term direction and speed

in water are not significant on the 95 % level.

To summarize, the mean speed over ground is significantly different for each direction and

the mean of log(Qmeas) is not significantly different for the different directions. The ship

speed shows a significant influence on log(Qmeas), and when the ship speed over ground

is considered, the direction and the interaction of direction of travel and ship speed over

ground is also significant. When ship speed in water is considered the direction and

the interaction of direction and speed in water is not significant. Consequently, when

analysing the emission rates as a function of speed in water, both directions of travel can

be considered to stem from the same population.
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Figure 6.12: Scatter plot of log(emission rate) as a function of speed over ground.
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Figure 6.13: Mean emission rate as a function of ship speed over ground, binned for
0.5 m s−1 speed intervals. Error bars indicate standard error of the mean
for each speed interval. Mean value is only shown for intervals with at least
100 individual emission rates.
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Figure 6.14: Scatter plot of log(emission rate) as a function of speed in water.
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Figure 6.15: Mean emission rate as a function of ship speed in water, binned for 0.5 m s−1

speed intervals. Error bars indicate standard error of the mean for each speed
interval. Mean value is only shown for intervals with at least 100 individual
emission rates.
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Table 6.4: ANOVA results for the model log(Qmeas) ∼ Direction+ Speed over ground+
Type + Direction : Speed over ground. Here the variance in the logarithm
of the emission rates is explained by the variance in direction of travel, the
variance in speed over ground, the variance in ship type and the variance of
the interaction between direction of travel and speed over ground.

Variable Sum Sq
degrees of
freedom

F value
Probability (>
F)

Intercept 71.6 1 39.9 2.7× 10−10

Direction 12.5 1 6.9 0.008
Speed over ground 135.4 1 75.6 < 2.2× 10−16

Type 101.2 12 4.7 1.0× 10−7

Direction:Speed over
ground

5.0 1 2.8 0.096

Table 6.5: ANOVA results for the model log(Qmeas) ∼ Direction + Speed inwater +
Type +Direction : Speed inwater. Here the variance in the logarithm of the
emission rates is explained by the variance in direction of travel, the variance
in speed in water, the variance in ship type and the variance of the interaction
between direction of travel and speed in water.

Variable Sum Sq
degrees of
freedom

F value
Probability (>
F)

Intercept 51.8 1 28.9 7.8× 10−8

Direction 2.8 1 1.6 0.213
Speed in water 131.4 1 73.2 < 2.2× 10−16

Type 91.1 12 4.2 1.0× 10−6

Direction:Speed in water 1.0 1 0.6 0.452

6.3.2 Comparison with on-board emissions measurements

In order to validate the emission rates within the CLINSH project, a comparison has been

carried out between the values derived here from on-shore observations of the CLINSH

fleet and the respective on-board measurements. CLINSH ships have been identified using

the AIS signal as described in section 5.2.2. In case the plume observed from those ships

passed the quality control, the CLINSH data base was checked for availability of on-board

data for the same time. For the case of a match, on-board data have been averaged for

the time period in which the plume detected by the on-shore observation system was

released by the ship. Since the uncertainty of the Gaussian-puff-model is quite high, data

one minute before and after the release time were taken into account as well. The 16

different CLINSH ships were observed nearly 200 times with both on-board and on-shore

measurement systems. Table 6.6 and Figure 6.16 give an overview on the results.

For almost half of the ships, the agreement between on-board and on-shore observations

is good and well within the error bars. However, it turns out that for some ships (e.g. ship

M), on-shore values are systematically higher than the on-board data for the same time.
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Table 6.6: Comparison of NOx emission rates derived from on-shore measurements and on-
board measurements for different ships participating in the CLINSH project.
Number of engines only includes main engines used for navigation, and on-
board measurements were only carried out on one of them. The number of
engines used on ship G is not known, but assumed to be one.

Ship class
No. of
en-
gines

on-
shore
mean

on-
shore
me-
dian

on-
shore
std

on-board
mean

on-board
std

n

g s−1 g s−1 g s−1 g s−1 g s−1

A III 1 0.84 0.84 0.27 1.23 0.34 2
B IV 1 0.94 0.40 0.92 0.81 0.32 6
C IV 1 2.20 1.66 1.29 1.34 0.51 6
D Va 1 2.12 1.75 0.63 0.73 0.41 3
E Va 1 0.56 0.56 - 0.42 0.14 1
F Va 1 2.40 1.55 2.33 2.17 0.67 45
G Va ? 1.89 1.77 0.71 1.53 0.32 5
H Va 1 3.65 3.85 2.44 2.47 1.23 4
I Jowi 1 1.63 1.77 0.88 1.13 0.32 4
J Jowi 1 2.05 0.30 3.86 0.71 0.41 13
K Jowi 1 1.58 1.30 1.10 0.92 0.43 14
L C-U 1 1.43 0.74 1.49 0.35 0.16 7
M*
+

III 2 2.15 1.70 2.24 0.65 (1.30) 0.43 (0.86) 13

N* Va 3 1.73 0.98 1.81 0.61 (1.83) 0.32 (0.96) 9
O* Jowi 2 1.56 0.75 2.08 0.72 (1.44) 0.39 (0.78) 25
P* VIb 2 1.44 0.66 1.37 0.83 (1.66) 0.42 (0.84) 17

* Ships M, N, O and P are equipped with more than one main engine used for navigation. It is
assumed that the NOx emission rates for all engines are the same. The total emission rate for
all main engines is therefore assumed to be the number of engines multiplied with the measured
on-board emission rates, shown in brackets.

+ Ship M is equipped with a selective catalytic reduction (SCR) system to reduce the NOx

emissions, which was not always operating.

One possible explanation is that some ships use more than one main engine for navigation,

but the on-board measurement systems usually only capture the emissions of one of the

engines and not the total amount emitted at the stack. The total emission rate for all

main engines is assumed to be the number of engines multiplied with the measured on-

board emission rates. Additionally, ship M is equipped with a SCRT (selective catalytic

reduction) system to reduce the NOx emissions, which was not always operating. Some

vessels also use auxiliary engines to power generators or bow thrusters, which also add to

the total emissions of the ship and can be seen by the on-shore measurements but not the

on-board measurements. Taking into account all ships and all simultaneous observations,

the ratio between on-shore and on-board is about 1.3 (see Figure 6.16).
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Figure 6.16: Scatter plot of on-board and on-shore emission rates. Each dot represents the
mean value for one ship, errorbars indicate respective standard deviations.
For ships with more than one main engine, the number of engines has been
taking into account for the on-board emission rates. See also Table 6.6.
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6.3.3 Comparison with other studies

The emission behaviour of vessels is usually described and evaluated by emission factors.

These emission factors are relative measures, e.g. the amount of emitted NOx is expressed

per amount of burnt fuel or per amount of power generated by the engine. The absolute

emission rate of NOx has to be calculated from the emission factors and additional in-

formation about the fuel consumption. For comparison with the emission factors derived

in other studies, two fuel consumption scenarios are considered. In the first scenario, a

fuel consumption of 108 kg h−1 is assumed, which describes the fuel consumption of a

ship with 3200 tons cargo capacity travelling downstream. The second scenario uses a

fuel consumption of 162 kg h−1, which describes the fuel consumption of a ship with 3200

tons cargo capacity travelling upstream against the current. Both scenarios are based on

the specific fuel consumptions in kg km−1, which are 6 kg km−1 for ships travelling down-

stream and 15 kg km−1 for ships travelling upstream (Allekotte et al., 2020). The specific

fuel consumptions have been converted to kg h−1 using the average speed over ground for

ships travelling upstream and downstream, which are 3 and 5 m s−1, respectively.

Table 6.7 shows the comparison of literature values applied to these two scenarios with the

emission rates derived in this study. The lower fuel consumption scenario shows absolute

NOx emission rates between 1.17 g s−1 to 1.71 g s−1. The higher fuel consumption scenario

shows emission rates from 1.75 g s−1 to 2.57 g s−1. In comparison, the mean NOx emission

rates derived in DURH for ships that travel downstream with the most common speed of

5 m s−1 are in the range of 2.36 g s−1 to 2.53 g s−1. For ships travelling upstream with the

most common speed over ground of 3 m s−1 the NOx emission rates are 2.17 to 2.36 g s−1.

Generally, the mean NOx emission rates fit into the range given by the emission factors

of other studies, but are at the upper limit of the given range. At lower speeds, the mean

emission rates are also lower (e.g. Figure 6.8).

Table 6.8 shows regulations that are in place for ships built or which had their engine

replaced in the specified years. The regulations are defined in g kWh−1 and have been

converted to g kg−1 using a specific fuel consumption of 230 g kWh−1 (De Vlieger et al.,

2004). To interpret the derived NOx emission rates in the context of these regulations,

the limits given in the regulations were converted to g s−1 using the 162 kg h−1 fuel con-

sumption scenario. These values then can be interpreted as an upper limit for the NOx

emission rates for cases of high fuel consumption. Figure 6.17 shows the NOx emission

rates derived from the on-shore measurements at DURH for the most common ship classes

(VI, Va, Vb and Jowi) as a function of their respective speed over ground. For all ship

classes the mean NOx emission rates for speeds higher than 2 m s−1 exceed even the least

strict regulation CCNR I of 9.2 g kWh−1. For speeds over ground lower than 3 m s−1 the

mean NOx emission rates are within the CCNR I limit, but in these cases, the assumed

high fuel consumption scenario usually does not apply. When looking at the individual
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Table 6.7: Comparison of the derived NOx emission rates (ER) in g s−1 with the emission
factors (EF) in kg h−1 derived from other studies. To calculate the emission
rate from the emission factors, two fuel consumption scenarios are evaluated.
Both scenarios are based on specific fuel consumption values for ships with
a cargo capacity of 3200 tons (approximately class Va and Vb). First a fuel
consumption of 108 kg h−1 is assumed for ships that travel downstream, second
a fuel consumption of 162 kg h−1 is assumed for ships travelling upstream.

Study NOx EF NOx ER NOx ER
in g kg−1 in g s−1 in g s−1

Fuel consumption 108 kg h−1 162 kg h−1

Trozzi and Vaccaro (1998) 51 1.53 2.30
Kesgin and Vardar (2001) 57 1.71 2.57
Klimont et al. (2002) 51 1.53 2.30
Rohács and Simongáti (2007) 47 1.41 2.12
Schweighofer, J. and Blaauw, H.
(2009)

39 1.17 1.75

van der Gon and Hulskotte (2010) 45 1.35 2.03
Diesch et al. (2013) 53 1.59 2.39
Knörr et al. (2013) 49 1.47 2.21
Kurtenbach et al. (2016) 54 1.62 2.43
Kattner (2019) 41 1.23 1.85
This study (DURH) downstream upstream
Speed over ground 5 m s−1 3 m s−1

IV - 2.36 ± 0.13 2.17 ± 0.05
Va - 2.37 ± 0.10 2.33 ± 0.04
Vb - 2.53 ± 0.17 2.35 ± 0.07
Jowi - 2.26 ± 0.19 2.36 ± 0.08
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Table 6.8: Overview of NOx emission limits, according to CCNR (CCNR, 2020; European
Parliament and European Council, 1998) and EU regulations (European Parlia-
ment and European Council, 2016), in both cases given in units of g kWh−1. For
comparison these have been converted to g kg−1 using a specific fuel consump-
tion for inland ships of 230 g kWh−1 (De Vlieger et al., 2004) and eventually
to g s−1 using the 162 kg h−1 fuel consumption scenario.

Regulation in effect Engine power NOx EF NOx EF NOx ER
since in kW in g kWh−1 in g kg−1 in g s−1

CCNR I 2002 P > 130 9.2 39.9 1.80
CCNR II 2007 P > 130 6.0 26.1 1.17
EU RL2016/1629 2019 130 < P < 300 2.1 9.1 0.41
EU RL2016/1629 2019 P > 300 1.8 7.8 0.35

ship passages for the classes IV, Va, Vb and Jowi, approximately 50 % of the derived NOx

emission rates plus their respective uncertainty (Qmeas + σQ) are below the CCNR I up-

per limit, approximately 40 % are below CCNR II and 16 % are below EU RL2016/1629.

These results indicate that a large number of old ships with unregulated engines are still

in operation.

Kurtenbach et al. (2016) reported emission factors of 20 to 161 g kg−1 with an average of

52 ± 3 g kg−1, while Kattner (2019) derived a mean emission factor of 41 ± 28 g kg−1.

In both studies the mean emission factor is above the limits given by the regulations, but

also here individual ships already comply with them.

It has to be kept in mind that the water level, hull form and propeller configuration can

have a significant influence on the power required to navigate a ship, and therefore on

the amount of emitted pollutants (Friedhoff et al., 2018). The mean NOx emission rates

presented here are the result of the evaluation of several years and thousands of different

ships. It is therefore expected that the mean values are representative for the average

ship emissions on the Rhine in Duisburg.

In addition to regulation of new ships and engines, additional technical measures, such as

exhaust gas after-treatment can be used to reduce the emissions caused by ship traffic. The

capabilities of exhaust gas after-treatment systems has already been shown in previous

studies (e.g., Brandt and Busch, 2017; Busch et al., 2020; Kleinebrahm and Bourbon,

2013; Pirjola et al., 2014; Schweighofer, J. and Blaauw, H., 2009).

6.3.4 Ideal measurement location

The improved algorithm presented here has several advantages over the method described

in Krause et al. (2021), where a Gaussian-plume-model was used to derive NOx and SO2

emission rates from Long-Path DOAS measurements. The measurement situation of an

in-situ station is easier, as the concentration is only measured at the location of the

station and does not represent the integrated column of an absorber along a light path.
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6 Measurements of shipping emissions at the Rhine in NRW

Figure 6.17: Boxplots of NOx emission rates for ship classes IV, Va, Vb and Jowi as a
function of ship speed over ground, derived from data measured at DURH.
The mean value is shown as a black dot, the median value as a grey line and
the whiskers indicate 5 and 95 % percentile. The limits given by the CCNR
I, CCNR II and EU RL2016/1628 regulations were converted from g kWh−1

to g s−1 and are shown as coloured lines (see Table 6.8 for more details).

104



6.3 Results

The equipment used in this study can be found in standardized air quality measurement

stations, facilitating the use of existing stations for ship emission estimates. Only the

additional AIS receiver is needed to get information about the passing vessels. This means

that NOx emission rates can be derived from existing stations with little additional costs.

Also in-situ measurement stations are able to measure NO and NO2 at the same time,

so that NOx can be measured directly and has not to be inferred from NO2 and O3

observations as in Krause et al. (2021).

The measurement stations in DURH and NERH were both suitable locations to derive

emission rates from passing vessels under real driving conditions. However, their locations

are not ideal and unnecessarily increase the difficulty when applying the algorithm to the

measurement data. At the time of the installation of the measurement sites, the derivation

of on-shore emission factors was not the focus of the CLINSH project. Therefore, some

considerations on the position of the measurement location can improve or facilitate the

derivation of the emission rates.

Ideally, a measurement station would be located at a section of a river where there are

no confluences. This helps in analysing the derived emission rates, as it is easier to

distinguish between ships travelling upstream and downstream. Also it removes possible

special manoeuvres carried out by the ships trying to enter or leave a confluence. Also

the measurement station should be located at a straight river section, preferably with the

main wind direction orthogonal to the river. This decreases the chances of overlapping

plumes and therefore increases the chances to identify the source ship. Locations where

the wind blows along the river should be avoided, because the plumes of several ships can

be mixed and the identification of the source ships can become impossible, especially when

there is dense traffic. Locations with point sources of NOx upwind the measurement site

should also be avoided. These point sources could cause additional peaks, mix with the

ship plumes and alter their respective peaks in the measured time series or simply lead to

a highly variable background concentration which might be hard to correct. The terrain

around the measurement site should be flat and even, so that the surface roughness can be

characterized easily. Overall, a simple geometry of the surroundings and a low number of

obstacles (i.e. trees, buildings) is beneficial for the Gaussian-puff-model. Additional usage

of the measurements of the current water level would be beneficial as the uncertainty in the

height of the emission could be reduced. Incoming solar radiation and cloud cover should

ideally be measured at the measurement site, to be independent of other observations and

to reduce the uncertainty regarding these parameters.

Generally, as has been shown in this study, these considerations are not required to derive

the emission rates, but keeping at least some of them in mind can lead to overall better

results or easier interpretation of those.
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6.4 Application for emission inventory

As an example for an application of the derived emission rates, in this section, the total

emission caused by ship traffic at specific sections of the Rhine is calculated. To quantify

the total emissions caused by ship traffic in a specific area, the emission behaviour of

the individual vessels as well as the traffic statistics need to be known. The emission

behaviour of the individual vessels can be summarized in the form of emission factors for

each class in dependence of direction of travel and speed, in this case speed over ground.

The traffic statistics are derived from the AIS signals and are described briefly in the

following paragraph.

The AIS station at DURH and NERH receive AIS signals within a range of several kilo-

metres. The signal strength decreases with distance to the receivers and consequently

with larger distances to the receiver, less AIS signals are received. In a radius of about

10 km around each station, every signal of every ship can be received and used for eval-

uation. To calculate the traffic statistics for the Rhine at different points, the river has

been partitioned into segments, each representing a distance downstream from the river

source. Each segment can be represented as a circle with a radius of 500 m and its center

being located at the center of the river (see Figure 6.18).

For each of these segments, the number of ship passages need to be extracted. As the

circles have radius of 500 m, a single passage consists of several AIS signals. To identify a

single passage and distinguish it from several passages of the same ship, the time difference

between the signals is used. If the differences are small, e.g. on the order of seconds to

minutes, they most likely belong to the same passage, if the differences are larger, e.g.

on the order of hours, they do not belong to an individual ship passage but to several

different ones. For the evaluation a threshold of 60 minutes was defined, all signals which

are within 60 minutes of each other are assumed to be one passage, if there is a gap of

more than 60 minutes between two signals, this is treated as the start of a new individual

passage. This evaluation is then done for each ship in each river segment. The individual

AIS signals which comprise a single passage are then averaged to a single data point. This

data includes the time stamp of the passage, the class of the ship, the mean speed over

ground and direction of travel. For each ship type, the passages are divided into ships

travelling upstream and ships travelling downstream and each of these directions is then

further divided by speed over ground. The end result is a table of observed ship passages,

where each row indicates a certain combination of ship type, direction of travel and speed

over ground (e.g. seen in Table 6.11).

To verify this method the traffic derived by the described method have been compared

to the traffic numbers reported by the Federal Waterways and Shipping Administration

(WSV) for an AIS station located at the Dutch-German border, close to Lobith, Nether-

lands. The results of are shown in Table 6.10. Generally the numbers agree quite well,
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6.4 Application for emission inventory

Figure 6.18: Map of the different river segments used at DURH to determine traffic statis-
tics at DURH.
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6 Measurements of shipping emissions at the Rhine in NRW

Table 6.9: Example of traffic statistics at Rhine kilometre 782.

I II III IV Va Vb
Jowi

C-U Vla
Vlb

Vlc
un-
known

all date

13 2 3 40 66 14 11 4 9 0 1 8 171 2017-10-23
20 4 5 64 97 29 21 8 6 3 1 20 278 2017-10-24
14 5 5 64 102 24 27 9 4 4 1 14 273 2017-10-25
21 4 11 76 109 40 19 7 9 3 0 13 312 2017-10-26
12 0 4 62 130 44 18 9 11 5 0 15 310 2017-10-27
7 2 7 54 126 32 22 8 11 3 2 15 289 2017-10-28
9 2 3 50 77 33 25 13 9 1 1 20 243 2017-10-29

Table 6.10: Comparison of traffic statistics derived by AIS signals and reported by the Fed-
eral Waterways and Shipping Administration (WSV) at the Dutch-German
border at Lobith, Netherlands.

Year derived from AIS reported by WSV
2018 58200 (only data for the second half of 2018) 111352
2019 108800 106499
2020 109500 103624

even though the traffic derived from AIS signals overestimates the traffic by up to 5.6 %.

One possible explanation for the larger amount of ship passages by the AIS method is the

location of the receiver. There is a bunker station within the range of the AIS receiver

and passing ships can get refuelled by resupply vessels which steam next to the passing

ships for some time to refuel them. These refuelling approaches are identified as ship

passages in the AIS approach, but are not ship passages reported by the WSV reports.

Generally, the amount of ships decreases in upstream direction, because ships already

reached their destination or change to one of the channels that connect to the Rhine. At

the Dutch-German border, approximately 110.000 ship passages are registered, while in

Duisburg only about 80.000 are registered.

For each ship passage the travel time through a segment needs to be calculated. Given the

mean speed of a ship passage the time the ship needs pass through the river segment can

be calculated. The total emission caused for a specified ship type, in a specified direction

at a specified speed is then:

E(v, dir, shiptype) = n(v, dir, shiptype) · t(v) ·Q(v, dir, shiptype) (6.5)

where E is the total emitted NOx for the observed time frame (e.g. a year), t(v) is the time

to travel through the given segment and Q(v, dir) is the emission rate for the given speed

over ground (v) in the given direction (dir). The total emission for the whole segment

is then the sum of all those individual combinations of ship type, speed over ground and

direction of travel:
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Table 6.11: Example table to calculate the total emission caused by ship traffic at a spec-
ified segment of the Rhine.

Class
Number of
observa-
tions

Direction
Speed over
ground
in m s−1

Travel
time per
km in s

Emission
rate
in g s−1

Total
emission
per km
in kg

Va 199 upstream 2 500 1.53 152.2
Va 6006 upstream 3 333 2.29 4580.0
... ... ... ... ... ... ...

Va 2783
down-
stream

5 200 2.27 1263.4

... ... ... ... ... ... ...∑︁
N - - - - 58700

Etotal =
N∑︂
i

Ei. (6.6)

The combination of parameters is different for each segment, as ships do not travel at the

same speed all the time, but rather adapt to the conditions. To illustrate the differences

between different segments, some examples are shown in Figures 6.19, 6.20, 6.21. Each

Figure shows an overview of the Rhine and histograms of ship speeds of all ship passages

for a specified river segment. The histograms show, that the speed of the ships is not

the same for the different segments, but depends on the local conditions. For example

the segment at Rhine kilometre 740 includes the entrance to the Neuss harbour and

shows a bimodal distribution of ship speed for ships travelling downstream, while this is

less pronounced at e.g. Rhine kilometre 750. Also, the absolute number of ship passages

differs over larger distances, as ships enter or leave harbours and side channels and change

their direction of travel.

The total NOx emissions caused by inland ship traffic for six different river segments is

shown in Table 6.12. At DURH the total NOx emissions caused by steaming ships in 2018

was 58.7 tons, while at NERH it was 48.9 tons. Generally, the total emissions decrease

upstream, which can be explained by the lower number of ship passages. The calculated

emissions only include emissions caused by ship passages on the Rhine itself; in harbour

areas additional emissions caused by movement of the ships within the harbour and from

the ships at berth is to be expected.

For comparison, the total NOx emission of different power plants are shown in Table 6.13.

Compared to the emissions of power plants, the emissions caused by ship traffic in a river

segment are much lower. However, a rough calculation, assuming the emissions of Rhine

kilometre 782 are representative for the whole distance from the German-Dutch border

to DURH, results in a total emission of about 4755 tons of NOx in 2018, which is in the
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6 Measurements of shipping emissions at the Rhine in NRW

Figure 6.19: Map overview over Rhine kilometre 730 and histogram of ship speeds for
ships travelling upstream and downstream.
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6.4 Application for emission inventory

Figure 6.20: Map overview over Rhine kilometre 740 and histogram of ship speeds for
ships travelling upstream and downstream.
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Figure 6.21: Map overview over Rhine kilometre 750 and histogram of ship speeds for
ships travelling upstream and downstream.
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Table 6.12: Total NOx emissions by ship traffic in tons for 2018.

Measurement site Rhine segment Total NOx emission in tons
NERH 730 36.3
NERH 742 48.9
NERH 750 47.2
DURH 772 45.5
DURH 782 58.7
DURH 791 57.7

Table 6.13: Total NOx emissions of different power plants in 2021, retrieved from Umwelt-
bundesamt (2022).

Source Total NOx emission in tons
RWE Power AG Kraftwerk Niederaußem 10200
RWE Power AG - Kraftwerk Neurath 13800
swb Erzeugung AG & Co. KG / Heizkraftwerk
Hastedt

486

LEAG, Kraftwerk Jänschwalde 11600
Rhine (between German-Dutch border and
DURH)

4755

same order of magnitude as the emissions of power plants. The total emissions of ship

traffic for the whole Rhine in North-Rhine Westphalia should be similar to the emissions

of a single coal fired power plant. However, the emissions by ship traffic on the Rhine are

dispersed over a larger area.

In general, the calculation of the total emissions based on current traffic statistics and

emission rates for each segment individually allows to create a realistic high resolution

emission register for shipping emissions. The needed traffic statistics can be easily derived

from AIS data and only a few receivers are needed to cover the whole Rhine.

6.5 In-situ measurements: Summary and conclusions

Two standardized in-situ measurement stations have been set up to measure ship emissions

on the river Rhine. The first was set up on the river shore in Duisburg to measure the

emissions directly at the Rhine, while the second one was installed in the harbour area

of Neuss. The measurement stations were established in the period of September to

October 2017. The station in Duisburg is still active while that in Neuss collected its

measurements and was dismantled at the end of 2019. For both stations it was possible

to identify peaks in the measured NOx time series and find the corresponding source

ships. A new method to derive absolute emission rates (in g s−1) from these peaks was

developed and successfully applied to the data. Within the algorithm, each individual

ship passage is modelled by a Gaussian-puff-model and the modelled concentration at the
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measurement site is compared to the measured concentration to calculate the emission

rate. The modelled concentrations are quality checked for non-physical results, which

can occur when the uncertainty for the input parameters used in the Gaussian-puff-

model is too high. In Duisburg, approximately 32900 peaks have been identified and

could be attributed to a source ship and in approximately 23500 cases, quality controlled

emission rates were derived. In Neuss, approx. 5500 peaks have been identified and

approx. 3200 emission rates were derived. These emission rates were analysed in the

context of ship class (size), speed over ground and direction of travel (upstream and

downstream). Generally, the emission rates increase with ship size and ship speed, also

the emission rates of ships travelling upstream are higher than those of ships travelling

downstream with the same speed over ground. In contrast, for the same speed in water,

the direction of travel has no significant influence on the emission rates. The derived

emission rates in this study have been compared to emissions rates measured on-board

of ships that participated in the project, and generally good agreement between both

methods was found. Discrepancies can be explained by the different quantities that are

measured. The on-shore measurements represent the sum of all NOx emissions of the ship,

including all auxiliary engines, while the on-board measurements are only carried out on

the main engine. In case a ship uses more than one engine for navigation, the on-board

measurements were only realised for one engine and not for all of them. Therefore, the

number of engines had to be considered for the comparison of on-shore and on-board

measurements. The emission rates have been compared to emission factors (in g kg−1)

from other studies, under the assumption of two fuel consumption scenarios, and agree

quite well considering the uncertainties.

The mean emission rates for the most common ship classes (IV, Va, Vb and Jowi) at speeds

higher than 2 m s−1 exceed even the least strict regulations of CCNR I of 9.2 g kWh−1.

Looking at individual ship passages for these four classes, approximately 50 % comply

with CCNR I, 40 % comply with CCNR II and 16 % comply with EU RL2016/1629.

The algorithm mostly relies on input parameters that are routinely measured by stan-

dardized air quality stations. The only additional information meed is about the passing

ships which can be provided by AIS receivers. In contrast to emission factors, the derived

emission rates can be directly used in the conjunction with traffic statistics to model the

total emissions caused by ship traffic in the area. This allows to circumvent possible un-

certainties caused by assumptions made to convert relative emission factors to absolute

emission rates during the modelling process. Also the emission rates include the emission

of all engines on board the ships and not only of the main engine for each passing vessel.

The emission factors collected in 2017-2021 have already been applied by LANUV for

the port areas of Duisburg and Neuss within the framework of CLINSH to calculate

shipping-related emissions. It is planned to use this procedure for the future update of

the inland waterway vessel emission register of the state of North Rhine-Westphalia for
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the determination of shipping emissions. The continuously measuring station in Duisburg

will remain in operation in the coming years and will be evaluated using the described

algorithm. The derived emission rates can be used in conjunction with ship traffic statis-

tics derived from AIS to calculate the total amount of NOx emitted by inland ships at a

given river segment.
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7 Future developments regarding
ship emissions

In the future, the total amount if ship emissions is likely to increase. The total amount

of pollutants emitted by shipping is strongly correlated to the economic growth. In the

past, the amount of transported goods by ship increased in correlation with the growth

of the global economy. Consequently, the size of the global merchant fleet also increased

and more and larger ships were built, which ultimately lead to an increase in the amount

of emitted pollutants by the shipping sector. Future scenarios are uncertain, but in all

cases, an economic growth is predicted (see Table 7.1). While in 2021 a strong increase in

shipping activity was predicted (UNCTAD, 2022a), the prognosis of 2022 already changed

to lower growth rates (UNCTAD, 2022b). In both cases the predicted increase in shipping

activity is uncertain and unforeseen events such as the COVID19 pandemic or the war in

Ukraine can have a large influence.

Also, the change from power generation based on fossil fuel combustion to renewable en-

ergy sources will decrease the amount of emitted air pollutants by the energy production

sector. In conjunction with this, the automotive industry is forced to and tries to change

its production from combustion engines towards vehicles with electric engines. For exam-

ple, in the EU the ”Fit for 55” package comprises revised and new laws, to reduce the

GHG emissions by 55 % in 2030 and to reach carbon neutrality in 2050 (European Union,

2022). This reduction in GHG emissions also decreases the amount of other air pollutants

at the same time. As energy production and traffic are two of the main sources of air

pollution, a reduction of their emission intensity makes other sources of air pollution, e.g.

the shipping industry, more relevant.

Generally, the shipping industry tries to reduce their emissions of GHG as well. The

IMO aims to cut the GHG emissions by 40 % in 2030 and by 70 % in 2050 compared to

2008 (Aakko-Saksa et al., 2023; International Maritime Organization, 2023). Additionally,

the EU proposes a maximum limit on the GHG intensity of all energy sources used on

ships. Also the EU aims to reduce the GHG emissions of the maritime sector by 2 %

in 2025, 20 % in 2035 and 80 % 2050 compared to 2020 levels (European Union, 2022).

Additionally, the EU Commission foresees implementation of a cap-and-trade systems,

which limits the GHG emissions for each ship, with a mechanism in place to trade those

limits in a secondary market similar to the emissions trading already in place.
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Table 7.1: International maritime trade forecasts. Numbers in brackets were reported by
UNCTAD (2022a) while the other numbers were reported in UNCTAD (2022b).

Year
Annual Growth
containerized trade
volume in %

Annual Growth total
seaborne trade
volume in %

2022 (5.9) 1.2 (3.2) 1.4
2023 (4.7) 1.9 (2.4) 1.4
2024 (4.4) 3.0 (2.3) 2.2
2025 (4.2) 3.1 (2.3) 2.3
2026 (4.1) 2.9 (2.2) 2.3
2027 3.8 2.2

The reduction in GHG emissions can be achieved in various ways and also indirectly

influences the emissions of NOx, SOx or PM. Fuel type, engine load and engine size affect

emissions from ships. In order to reduce GHG emissions, ships can travel at lower speeds

which leads to lower engine loads and lower fuel consumption. However, engines are

designed to operate at high engine loads and adjustments of the engine parameters come

at the cost of the fuel economy and increased black carbon (BC) emissions (Aakko-Saksa

et al., 2023). There will always be a trade-off between NOx and BC emissions and fuel

economy. Even though this load dependency is more pronounced in older ship engines,

it still is a relevant problem, because of the long service life of ships. Non-optimised use

of engines is anticipated to reduce along with the energy efficiency targets. Kites and

rotors can further reduce the energy consumption of a ship and are especially effective

at lower speeds (Aakko-Saksa et al., 2023). Exhaust gas after treatment systems which

reduce emissions of NOx or SO2 increase the fuel consumption, typically by about 10 %,

consequently additional solutions are needed to reduce GHG and pollutant emissions at

the same time (Aakko-Saksa et al., 2023).

The impact of ship emissions on global warming is likely to increase in the future. The

decrease in fuel sulphur content reduces the amount of emitted SO2 and consequently the

amount of sulphate particles which reflect sunlight (Aakko-Saksa et al., 2023). Alternative

fuels might increase the overall GHG emissions, e.g. by increased emissions of methane

by incomplete combustion or leakages when LNG is used as fuel. NH3 can be used as

shipping fuel as well but as it is produced by the Haber-Bosch process, the amount of

emissions depends on the electricity used during this process. Using electricity from

renewable energy sources would make it possible to have almost no GHG and sulphur

emissions. The same is true for ship using electric propulsion systems, which currently

mostly are used for short distances. In the future, electric propulsion systems powered by

electricity from renewable energy sources might enable ship transport with close to zero

emissions. Also biofuels from sustainable agriculture can be promising to get sulphur free

and carbon neutral fuels in the future.
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Currently no readily available fuel option delivers significant savings on pollutants and

GHG emissions at the same time (Gilbert et al., 2018). In most cases, stricter NOx

and SOx regulations also reduce CO2 emissions (Bouman et al., 2017), but there are

studies which report an increase in CO2 equivalent emissions when stricter NOx and

SO2 regulations are applied (Eide et al., 2013; Lindstad et al., 2016; Ma et al., 2012).

For GHG emissions, it is important to consider emissions of the full life-cycle of the fuel,

from production, transport to combustion to evaluate the performance of alternative fuels

(Aakko-Saksa et al., 2023; Gilbert et al., 2018). In general, retrofitable solutions to reduce

GHG and pollutant emissions are preferable, as they would enable fast implementation of

new legislation and maximize the impact of future regulations. Hydrogen and ammonia

can be mixed with conventional marine fuels and speed up the transformation of the

shipping industry towards lower or near zero emissions. Technology from the car and

truck sector might also be usable for ships and enable a faster reduction of ship emissions,

e.g. a mix of hydrogen and methane (hythane) can be used as fuel for combustion engine

and is a proven technology in the automotive sector (Aakko-Saksa et al., 2023).
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8 Conclusions

In this thesis, the air pollution caused by ships was analysed using different measurement

techniques at different measurement sites. To show the capabilities of LP-DOAS instru-

ments to monitor ship emissions, two such instruments were set up in Wedel, a small

town at the river Elbe about 10 km seawards of the Hamburg harbour. The LP-DOAS

instruments were able to measure SO2 and NO2 emitted by the ships. One of the in-

struments was a new prototype ,specifically designed by Airyx GmbH to measure ship

emissions, while the other one was a well characterized scientific instrument of the IUP

Heidelberg. The new prototype instrument proved to be capable of gathering data with

a similar quality as the scientific instrument.

As a demonstration of the capabilities of LP-DOAS in monitoring ship emissions, a new

method to derive emission rates of NO2, NOx and SO2 from LP-DOAS measurements

has been successfully developed and presented. Between April 2018 and May 2019, 7402

ship passages have been identified and assigned to peaks in the SO2 and / or NO2 time

series, measured by the scientific IUP Heidelberg LP-DOAS. For these ship passages, the

individual emissions rates of NO2, NOx and SO2 have been derived. A Gaussian plume

model is applied to simulate the plumes of passing ships. The simulated plumes are then

used to derive a concentration the LP-DOAS instruments would have measured given

the assumptions in the model. The modelled concentration is compared to the measured

concentration enhancement to calculate the emission rate. After filtering, a total of 886

NOx, 1069 SO2 and 1375 NO2 emission rates were derived. Filtering was needed to remove

non-physical results, which occur when the assumptions of the model do not reflect the

real measurement situation. The emission rates increase as a function of ship size and

as a function of speed over ground. Several ships passed the measurement site multiple

times and showed a low variability in their emission rates. The derived emission rates

can potentially be used as input for the assessment of the influence of ship emissions on

regions close to shipping lanes.

The method to derive emission rates from trace gas time series was improved over time.

Four years of measurements of in-situ measurement stations located at the Rhine in North-

Rhine Westphalia have been successfully analysed using the improved method. The first

measurement station was set up close to the Duisburg Rhine Harbour and is still active.

The second measurement station was set up within the Neuss Rhine Harbour and has

been dismantled at the end of 2019. The data of both stations showed large NOx peaks
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8 Conclusions

and it was possible to identify the corresponding source ships of these NOx enhancements.

In Duisburg, about 32900 peaks have been identified and could be attributed to the re-

spective source ships. In approximately 23500 cases, quality controlled emission rates

were derived using the improved algorithm. In Neuss, approx. 5500 peaks have been

identified and 3200 quality controlled emission rates were derived. The emission rates

were summarized in the context of the ship class (size), ship speed in water as well as

ship speed over ground and direction of travel. The emission rates generally increase as

a function of speed. However, there are differences when looking at speed over ground

and speed in water. While for speed over ground, the direction of travel has to be con-

sidered in the analysis as well, it can be neglected when looking at the speed in water.

Ships with the same speed in water show similar emission rates independent of their di-

rection of travel. The emission rates derived by the presented method were also compared

to emission rates measured directly on-board of ships that participated in the CLINSH

project. Generally, a good agreement between both methods was found. Discrepancies

can be explained by the different quantities that are measured. While the on-shore in-situ

instruments measure the sum of all NOx emissions of the ship, including all auxiliary en-

gines, the on-board measurements were only carried out on the main engine. The emission

rates derived from the on-shore measurements have been compared to emission factors

(in g kg−1) from other studies under the assumption of two fuel consumption scenarios,

and agree well considering the uncertainties. Evaluation of the emission rates in context

of existing NOx regulations showed, that at speeds over ground higher than 2 m s−1 even

the least strict NOx regulations are often exceeded. For the most common ship classes,

approximately 50 % comply with CCNR I, 40 % comply with CCNR II and 16 % comply

with EU RL2016/1629. New regulations are not enforced for existing ships, currently

only regulations that were in place when the ship was built need to be complied with. An

exception is the installation of a new engine, in which case the new regulations also apply.

The findings in this study suggest, that the current fleet of inland ships on the Rhine at

Duisburg is quite old and does not need to comply with new regulations. The full effect

of the current regulations has therefore not yet been achieved.

Additionally, a way to compute traffic statistics out of AIS signals from AIS receivers

along the Rhine was successfully developed. The evaluation showed that there are about

80000 ship passages in Duisburg each year. In conjunction with the derived emission rates

it was possible to calculate the absolute NOx emissions of ships for each year segment

wise for each kilometre of the river Rhine. A rough calculation of the total NOx emissions

of ship traffic from the Dutch-German border to Duisburg showed, that they are on the

same order of magnitude as the total NOx emissions of one large brown coal power plant

in North-Rhine Westphalia. With the change to renewable energy sources, the relevance

of power plants in the context of air pollution declines, while the relative contribution of

ship emissions to the total anthropogenic emissions is likely to increase. Consequently,
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ships emissions need to be monitored in the future to evaluate their impact on air quality.

Outlook

The measurement of ship emissions and the derivation of emission rates can be improved

in several ways. Better knowledge of key parameters will reduce the uncertainty of the

derived emission rates. Better knowledge of the exact position of the emission location

i.e. the position of the ship’s funnel and it’s height would improve the quality of the

calculated emission rates. More sophisticated models to describe the plume shape and

dispersion would be of value.

For the LP-DOAS measurements, a shorter light path across the river would enhance

the possibility to detect emissions from smaller vessels. The measurement of the CO2

concentration along the light path would supersede the need for a dispersion model.

Measurements of CO2 using an LP-DOAS style techniques, would enable deriving emission

factors additionally to emission rates. These emission factors would be comparable to

emission factors derived from in-situ measurement, but keep the advantages of the LP-

DOAS instruments. In contrast to in-situ instruments, the LP-DOAS does not need to

be calibrated and is able to measure independent of wind conditions, i.e. it does not rely

on the wind to transport pollutants to the measurement site. Consequently, it would be

possible to measure emissions from almost every ship passing a measurement site.

For emission registers, it would be beneficial to use emission rates or emission factors

derived in the area they should represent. Based on the analysis of the AIS signals

gathered along the Rhine, ships tend to adjust their speed to local conditions. These

adjustments can take place at short spatial intervals. Consequently, to calculate the

total emissions of inland ships, traffic statistics should be gathered with a high spatial

resolution, to capture the variability of the ship speed and fleet composition correctly.

Together with spatially high-resolution traffic data, emission rates can be used to create a

high-resolution ship emissions register., which would be a major improvement to current

approaches.
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L. Osipova, H. Qian, D. Rutherford, S. Suárez de la Fuente, H. Yuan, C. V. Perico,

L. Wu, D.-H. Y. Deping Sun, and H. Xing. Fourth IMO GHG study 2020: Full report.

International Maritime Organization, London, 2021.

Junlan Feng, Yan Zhang, Shanshan Li, Jingbo Mao, Allison P. Patton, Yuyan Zhou,

Weichun Ma, Cong Liu, Haidong Kan, Cheng Huang, Jingyu An, Li Li, Yin Shen,

Qingyan Fu, Xinning Wang, Juan Liu, Shuxiao Wang, Dian Ding, Jie Cheng, Wangqi

Ge, Hong Zhu, and Katherine Walker. The influence of spatiality on shipping emissions,

air quality and potential human exposure in the yangtze river delta/shanghai, china.

128

https://eur-lex.europa.eu/eli/reg/2015/757/oj
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:02016R1628-20210630
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:02016R1628-20210630
https://www.europarl.europa.eu/news/en/headlines/society/20180305STO99003/reducing-carbon-emissions-eu-targets-and-measures
https://www.europarl.europa.eu/news/en/headlines/society/20180305STO99003/reducing-carbon-emissions-eu-targets-and-measures


Bibliography

Atmospheric Chemistry and Physics, 19(9):6167–6183, 2019. doi: 10.5194/acp-19-616

7-2019.

B. Friedhoff, S. List, K. Hoyer, and M. Tenzer. Bestimmung des effektiven Propellerzus-

troms, 2018. URL https://www.bmvi.de/SharedDocs/DE/Anlage/G/bestimmung-effe

ktiver-propellerzustrom.pdf? blob=publicationFile.

Aristeidis K. Georgoulias, K. Folkert Boersma, Jasper van Vliet, Xiumei Zhang, Ronald

van der A, Prodromos Zanis, and Jos de Laat. Detection of no 2 pollution plumes from

individual ships with the tropomi/s5p satellite sensor. Environmental Research Letters,

15(12):124037, 2020. doi: 10.1088/1748-9326/abc445.

Paul Gilbert, Conor Walsh, Michael Traut, Uchenna Kesieme, Kayvan Pazouki, and Alan

Murphy. Assessment of full life-cycle air emissions of alternative shipping fuels. Journal

of Cleaner Production, 172:855–866, 2018. ISSN 09596526. doi: 10.1016/j.jclepro.2017

.10.165.

Steven R. Hanna, Gary A. Briggs, and Rayford R. Hosker. Handbook on atmospheric

diffusion, 1982.

International Maritime Organization. Protocol of 1997 to amend MARPOL 73/78: Annex

VI of MARPOL 73/78 Regulations for the Prevention of Air Pollution from Ships and

Final Act of the 1997 MARPOL Conference and the Technical Code on Control of

Emission of Nitrogen Oxides from Marine Diesel Engines. IMO, London, 1998. ISBN

9280160893. doi: Sales.

International Maritime Organization. IMO 2020: Consistent implementation of MAR-

POL ANNEX VI. IMO Publication. International Maritime Organization, London,

2019. ISBN 9789280117189.

International Maritime Organization. Initial imo ghg strategy, 2023. URL https://www.

imo.org/en/MediaCentre/HotTopics/Pages/Reducing-greenhouse-gas-emissions-fro

m-ships.aspx.

Lasse Johansson, Jukka-Pekka Jalkanen, and Jaakko Kukkonen. Global assessment of

shipping emissions in 2015 on a high spatial and temporal resolution. Atmospheric

Environment, 167:403–415, 2017. ISSN 13522310. doi: 10.1016/j.atmosenv.2017.08.042.
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