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Abstract

The public is used to conceptualizing ocean space as the blue void that starts
beyond the continents. This perception, though, is in stark contrast to the rich-
ness and diversity of the natural and anthropogenic cycles that happen in the
sea. Transport shipping moves over 80 percent of all trade, making it the beating
heart of the global economy and an essential human activity. On the other hand,
shipping is a major contributor to the pollution of the oceanic environment. To
protect ocean space and to find ways for sustainable cohabitation, global regula-
tion on shipping will need to be introduced. The basis for such a set of rules needs
to be an extended understanding of ships and shipping.

In this work, | approach the challenge from the ship’s viewpoint. The sciences
that deal with ships and shipping are scattered over a wide range of disciplines. In
order to make connections and gain mutually intelligible insights, | apply the mo-
bilities framework. Mobilities research is looking for the influences that motivate
and inhibit movements rather than focusing on the fact of movement between two
points.

This work contains three main sections. The first section takes the perspective of
transport geographies and networks. These are employed to model the changes
to the shipping route utilization that follow major changes to the distances that
must be traversed between ports. These fall into two categories. The first are
diLerent scenarios for an opening of the Arctic for ship traversal, leading to a
significant reduction in the length of routes that connect the Atlantic and Pacific
Oceans. The second group models the e [edts that a closure of the main shipping
canals in Suez and Panama would have, which would lead to a significant increase
in the length of northern Atlantic and northern Pacific connections. Based on the
distances and the sizes of the ports in the network, a radiation model is applied
to estimate the resulting ship tra Cc_TThe outcomes focus on the tra [c_flow on
the central shipping connector for di [erent scenarios. The results are then visual-
ized to provide an idea of the positions of major routes and the areas of greatest
change.

I conclude the chapter with the insight that this view of shipping is incomplete,
as it disregards the agency and activity of the singular vessels. Still, I find the
first set of mobilities, the margin of profit, maintenance cost, and the price of
insurance.

The second section approaches mobilities closer to the ship itself and utilizes ship
positional data to find spots of immobility. The data is provided by the Auto-
mated ldentification System. Immobility represents the state where influences
motivating a movement are less powerful than the ones inhibiting movement. A
regular annual immobility pattern has been identified in the covered area com-
prising the continental United States. This pattern is disrupted by the COVID-19
pandemic, though unexpectedly not by an increase in immobility but by a sharp
reduction. Other patterns can be identified from the ship type and spatial rela-
tions to the centrality of the area where ships become immobile.

A bridge to the third chapter is created by a series of visualizations of raw shipping
data that unveils the full spectrum of human activity at sea. This is expanded into
a discussion on the merits of Automated Identification System data for research,



especially for fields that currently are not engaging with quantitative data. To
do this, I first introduce the current utilization of the data in broader research
as well as the limitations of the technology. Then | draw out possible gains and
connections for the field of Human Geographies of the Sea to attain a deeper un-
derstanding of the human and cultural mobilities of ships.

In summary, | am searching for the mobilities of ships on di [erknt levels, from the
global network to the personal choices of the crew. Mobilities are created from the
demand for transportation but are opposed by the maintenance of the ship. They
are built into the hull but need to be insured against danger. The movement is
prone to regulation and environmental impacts. But the ultimate control is with
the captain and crew, their decisions and experiences.

These results contribute to a more sound perspective on ship behavior. They
deepen our understanding of these core components of our global economy. Only
through dialog and mutual understanding will it be possible to develop shipping
into a future where the negative influences are outweighed by the positive ones.



Abstract Deutsche Fassung

Im allgemeinen wird der Ozean oft als blaues und leeres Gebiet jenseits der Kon-
tinente verstanden. Doch diese Wahrnehmung steht im starken Widerspruch zur
Fulle und Vielfalt von natirlichen, aber auch menschgemachten, Prozessen im
Meer. Eine zentrale menschliche Aktivitat ist die Transportschi[fahrt, die tber
80 Prozent des globalen Handels bewegt. Auf der Kehrseite ist die Schi [fahrt aber
auch fr massive Schaden an der Umwelt verantwortlich. Um nachhaltig mit dem
Ozean zu leben, missen Regeln und Gesetze geschaled werden die den Ozean
schitzen. Doch um damit Erfolg zu haben, muss zu allerest das Verstandnis fur
die Schi[fahrt vertieft werden.

Ich néhere mich dieser Problematik aus der Perspektive des Schilesl Da Schilel
nicht in einer einzigen wissenschaftlichen Disziplin beheimatet sind, folge ich dem
Konzept der Mobilitaten. Die Mobilitatenforschung versucht Bewegung nicht als
Prozess zwischen zwei Punkten zu verstehen, sondern die der Bewegung unter-
liegenden Motivationen und Hemmungen zu ergrinden. Dadurch, dass unter-
schiedliche Perspektiven zusammen betrachtet werden koénnen, ermdglicht dies
ein umfassenderes Verstandniss .

Diese Arbeit umfasst drei Hauptkapitel. Im Ersten betrachte ich die Schi[fahrt
aus dem Blickwinkel der Transportgeographien und Netzwerke. Diese werden
genutzt um Vorhersagen dartber zu treled, wie sich die Nutzung der Schil=1
fahrtswege entwickelt, wenn sich der momentane Status quo nutzbarer Passagen
signifikant veréandert. Dabei treten zwei Gruppen von Szenarien in den Vorder-
grund. Die Erste ist eine O[ning des Arktischen Ozeans fur die Schi[fahrt,
dadurch verkleinert sich die Distanz auf Routen zwischen dem Atlantischen und
Pazifischen Ozean. Die zweite Gruppe von Szenarien verfolgt nach, was passiert
wenn die Kanéle von Suez und Panama geschlossen werden. Dadurch kommt
es zu einer signifikanten Verlangerung der Routen zwischen Atlantik und Pazi-
fik. Um den Einfluss auf den Schi[sMerkehr vorauszusagen wird ein "Radiation
Model" angewendet. Als Ergebins der Modelierung prasentiere ich die veranderte
Auslastung des Schi [fahrtsnetzes durch die Betrachtung von wichtigen Passagen
und die Erstellung von Kartenmaterial.

Am Ende des ersten Kapitels komme ich zu dem Schluss, dass diese Sicht auf die
Schi [fahrt unvollstéandig ist. Die Mobilitaten der individuellen Schi [eWerden be-
grenzt abgebildet, wobei Profit, Unterhalt, GroRene [eKte und die Versicherbarkeit
von Reisen als Mobilitaten hervortreten.

Dies bringt mich zum zweiten Kapitel, in dem ich die Mobilitaten durch den Ein-
satz von Schi [spositionsdaten erweitere. Die Daten wurden tber das Automated
Identification System gesammelt. Ich nutze sie, um herauszufinden wo und wann
Schi[e,ldie nur wahrend sie in Bewegung sind Profite generieren, stationar oder
unmobil werden. Was ich dabei in meinem Studiengebiet finde, ist, dass die Un-
mobilitat unter normalen Umstanden jahrlichen Zyklen folgt, die aber durch die
Covid 19 Pandemie durchbrochen werden. Dieser Befund féallt dadurch auf, dass
die Unterbrechung, entgegen der Erwartungen, wahrend der Pandemie die Form
einer starken Reduktion in der Unmobilitdt annimmt. Ansonsten treten Muster
in der Position der Unmobiltat und zwischen Schi [SKlassen hervor.

Was mich zum dritten Kapitel bring, ist eine Reihe von Visualisierungen der unge-
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filterten Positionsdaten, welche das volle Spektrum der menschlichen Aktivitaten
auf dem Ozean abbilden. Dies regt die Frage an, wie weit der Einsatz von Schi[=_]
spositionsdaten in den Wissenschaften verbreitet ist. In diesem Kapitel erlautere
ich zuerst den momentanen Stand der Forschung und die Einschrankungen in der
Nutzbarkeit der Daten. Dann argumentiere ich fur eine Erweiterung des Ein-
satzes in die Domane der Ozean Geographien, welche als Geisteswissenschaften
keine starke Verbindung zu quantitativen Methoden haben. Dies verfolgt das Ziel,
in Zukunft bessere Aussagen zu den menschlichen und kulturellen Mobilitaten der
Schi[fahrt tre [ed zu kdnnen.

Zusammengefasst identifiziere ich Mobilitaten der Schi [sHewegung auf verschiede-
nen Ebenen. Diese Mobilitaten entstehen aus dem Bedarf nach Transpot, aber
auch den Kosten fiir den Unterhalt des Schi [s.1Sie werden mit dem Schi [Cgkbaut,
aber mussen durch Absicherung erhalten werden. Weitere Einflussfaktoren sind
aber auch Regularien und Umweltbedingungen denen das Schi [unterliegt. Am
Ende hangen sie aber auch von Kapitan und Mannschaft ab, von ihren Entschei-
dungen und Erfahrungen, welche das Schi [steuern.

Die Resultate dieser Arbeit helfen dabei, Schilehls tragendes Element der mod-
ernen Welt besser zu verstehen und sie geben Ansatze, wie das Verstandniss noch
weiter vertieft werden kann. Nur im Dialog und gegenseitigem Verstandniss wird
es mdglich sein, die Schi [fahrt so weiterzuentwickeln, dass die negativen Einfllsse
von den positiven Ubertro [ed werden.

Vi
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1 INTRODUCTION

1 Introduction

When looking at maps of our planet, it is common to see in great detail the
topographies of the continents, their vegetation and climatic zones, or in easily
distinguishable colors, the shapes of the countries we have split into the space of
our planet. They are usually surrounded by a light blue background, very pleasing
to the eyes; this blue color represents the global oceans, areas that are commonly
conceived as empty and smooth. That makes it easy to declutter the image to fo-
cus attention and also put a legend or descriptive text within the perimeter of the
map. To a degree, that is a fair practice, but all too commonly, it reinforces the
idea of ocean space as empty, at, uniform, and unknowable. The interesting and
noteworthy parts end at the shoreline, maybe a couple hundred meters out from
the low water mark, where ships do not need to fear running aground anymore.
A deeper chasm between reality and imagination can hardly be conceptualized.
The ocean is a system of immense activity and value for the working of the planet.
It produces roughly half of the vital oxygen (Grégoire et al., 2023), regulates and
smoothes the climate, and helps in restocking the water vapor that provides the
basis for rain and through this water to all landed life(Bengtsson, 2010). For
humanity, the importance of the oceans further exceeds its importance for the
planet; while laborious to access, the ocean provides us with a growing number of
bene ts(Fleming et al., 2019; Nash et al., 2022). From ancient times, sh has been
a main source of protein for whole populations, and the ocean has been a pivotal
area for transportation and exploration(Lavery, 2017, P.9). Over time, additional
functions have become vital to di erent societies, from the maintenance of em-
pire and projection of power over the increasing volume of goods that need to
be transported to the current time(Reidy and Rozwadowski, 2014; Davies, 2022).
Lately, a recognition of the recreational value and exploitation of ocean space for
electrical power generation takes place(Ehler, 2021). The ocean and humanity's
relation to it has shaped our world, physical and constructed into the form we
nd today. All of these functions correspond to properties of ocean space that are
deeper than the shapeless blue next to the colorful continents.

Early maps lled the ocean space with creatures, angels, demons, and gods of
all kinds; while this is artistically pleasing, science has evolved further in under-
standing the mechanics that govern what happens within and below that often
not-so- at surface(Lin and Yang, 2020). Part of the problem with representing the
ocean is that it is a nonstationary entity(Peters and Steinberg, 2019). Land areas
also change over time, but the timescales of oceanic reshaping are far quicker.
Understanding how and what moves the ocean is the key issue, here a number of
elds have made signi cant contributions:

Physical oceanographers have identi ed the great currents that move water around
the globe, be it in reaction to celestial bodies like the moon and sun or follow-
ing the density of the water through the measures of conductivity, temperature,
and depth. Meteorology can complete the predictions for the behavior of wa-
ter at the boundary to the atmosphere, currents due to pressure di erences, and
wind-induced currents, which help understand the remaining ow.

Doctoral Thesis 1 0.J. Miller



1 INTRODUCTION

The atmosphere is the main driver for the structure of the ocean surface as well
as the impacts the ocean and its behavior have on the weather over the continents
(Lin and Yang, 2020; Cai et al., 2015).

Sonar allowed for a charting of the sub-sea surface and beyond into the soil. On
top of these very deterministic processes, marine biology and ecology have made
great inroads in understanding what happens within the churning water bod-
ies. Nutrients and life follow the ows or lives by their own rhythms and patterns.
Species migrate and settle; they follow resources, change environments throughout
their developmental cycle, or react to global change. The ocean environment does
not make it easy to unveil these patterns, but the combined e ort of researchers
drives the understanding of the biological layers within ocean space further(Costa
et al., 2012).

The ocean is not just a physical space; it is also a human construction borne from
a long-standing tradition of living at the coast. Humans have built their relation

to the sea into culture (Nash et al., 2022). The establishment of rules for move-
ment and dominion over ocean space underlines the political construction of ocean
space. The international community has agreed to give coastal states dominion
over limited areas of ocean space close to their shores, extending local governance
outwards. All of the rest of ocean space is conceptualized as a common heritage
of mankind, here di erent bodies have cooperated to produce rules for those who
enter international waters(UN General Assembly, 1982).

Wherever we look at the ocean's dynamics, the patterns encountered feed into
each other. The sun creates density di erentials, and density di erentials create
current systems. Current systems well up nutrients, and the nutrients feed algae
and plankton, which attract sh, and sh attract shery. For humans, the ocean

is a challenging environment to operate in for prolonged amounts of time; our
ability to swim and undertake work at the same time is limited, and we need
protection from salt, waves, hypothermia, and the sun. Ships provide a shelter
against the environment and a platform that allows our land-evolved features to
stand, work, and rest. To become a vessel, the platform needs a way of propulsion
and steering. These basic requirements have been true from the earliest paddled
dugout canoe, over the rowing and sailing hybrid galleys or long-ships and the
fully rigged giants of the age of sail to the modern Panamax+ Container vessel
being powered by heavy fuel combustion engines(Lavery, 2017). The ships have
co-evolved with the human uses of ocean space, and especially in the modern era,
are purpose-built for speci ¢ tasks and environments. The core function, however,
remains to provide a stable and navigable platform above the water that allows
for human movement, making the more than 70 percent of the planet's surface
accessible that is covered by water(Lavery, 2017, P.388 f). The most signi cant
role ships play today is enabling the globalized economy by providing the largest
share of transportation. More than 90 percent of all goods undertake at least one
journey in a transport ship during their production cycle(George, 2013).

1The dimensions and build features of shipping canals create an upper limit on the size of
vessels that can pass through them. These are known as Panamax (currently Length 366m,
Width 49m and Drought 15.2m) and Suezmax (Max Height 68 m, Width 77m and Drought
20.2m) size. Vessels that exceed these dimensions are known as Panamax+ or, respectively,
Suezmax+ ships
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This has some very good reasons: ships for transportation do scale very well, and
they can oat as much weight as the amount of water they displace with their
hull, which makes the application of heavy building materials like steel feasible,
allowing for the large constructs. The water surrounding the ship is a compara-
tively low friction medium. This causes ships to have a smaller loss of momentum
over distance in relation to their bulk. These initial bene ts have been augmented
by the rise of the container, which made the operation of ships less volume but far
more operation time e cient. Together, this creates the most cost-e ective way
of transport on a by-volume or by-weight basis(Malchow, 2017; Rodrigue, 2020,
P.176).

Ships do require little infrastructure to function well in proportion to the amount

of cargo they transport (Schroten et al., 2019). Major infrastructure projects like
the canals in Panama and Suez make great contributions to improving the trans-
port network e ciency, but the system can still operate without them. The most

di cult part of maritime transport is making the connection to the land, meaning

the creation of loading docks that can facilitate the large ships and interface them
with the rest of the logistical network. The port operators also need to ensure
the water depth in front of the ports and all the way to the open ocean. Espe-
cially for ports situated further inland, maintaining waterways like, for example,
rivers at the required parameters is a constant ght against sedimentation and
erosion(Mahmoudzadeh et al., 2021). Once at sea and for the greatest part of
their Journey, ships can rely on the depth of the ocean to facilitate their dimen-
sions.

Ships, as the primary interface between humans and the sea, are also points for
the introduction of disturbance to the oceanic environment(Nunes et al., 2017;
Kim et al., 2024; Djbrowska et al., 2021). Especially when thinking through the
scale of global shipping, it is necessary to account for its impact on the marine
environment. For looking at the direct impacts, it is useful to understand all kinds
of introduced harm to the natural environment as pollution. The problem with
ship-based pollution is detecting it in the ocean environment, though technologi-
cal development makes the task easier(Saliba et al., 2022; Viatte et al., 2020). As
the ships are remote from regular populations, only either larger disasters, like oll
spills, or systemic problems, like ship breaking on beaches, are easily recognized
by the public(Hossain et al., 2016). There is international regulation against some
forms of pollution; for the shipping sector, this is represented by the International
Convention for the Prevention of Pollution from Ships(MARPOL), but these pro-
visions are hard to enforce out at sea(Saliba et al., 2022).

State-of-the-art commercial ships run on fossil fuels, and while technologies and
gains in e ciency are reducing the amount of fuel necessary, none have changed
this basic fact(Liu et al., 2021). On a per shipped unit basis, the statistics for
fuel consumption and the connected air pollution look good in comparison to
other forms of transport(Cristea et al., 2013). Still, by absolute value, ships are
enormous contributors to CO2 emissions. On a global scale, it is estimated that
3 percent of all emitted greenhouse gases are caused by container ships(Cristea
et al., 2013).
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Ships do not need to burn the cleaner, higher-processed fuels other sectors
rely upon but can run on heavy fuel oil, which makes them polluters not only
in the climate sense but also hazardous in the more immediate term through the
emission of SOx. The emissions are signi cant enough to make shipping routes
visible even from high-orbit atmospheric measurements(Dalsgren et al., 2013).
Transport ships are built from steel, a material that must be protected from
marine environmental corrosion. The protection is achieved by coating every
surface of the vessel with protective paint. The paint is constantly eroding, being
exposed to sun and water, temperature shifts, intense weather, and the constant
ow of wind or water surrounding the ship. This erosion causes ships to leave
a constant trace of paint microparticles in the water(Kim et al., 2024; Saliba
et al.,, 2022). Not only is it corrosive to ship hulls, but the ocean is also full
of life that continuously tries to settle every surface exposed to the water. This
growth is called biofouling, and it causes major problems to the operation of the
vessel(Lindholdt et al., 2015). It increases water traction, thereby reducing fuel
e ciency; the more the ship gets settled, the worse this problem gets. It also can
contribute to corrosion that eats directly into the ship's body. To prevent the ship
from overgrowing, anti-fouling agents are employed; these also pollute the waters
through either additional particles or highly toxic residue in the water(Amara
etal., 2018). On the topic of biofouling, the next major form of shipborne pollution
is bio-invasion. Ships connect over the world's oceans. When they take up water
or when fouling grows on the hulls, a ship will carry the organisms to new waters.
If the carried organisms survive the journey and are viable at the port where
the ship ends up, they can enter the local ecosystem(McCarthy et al., 2022).
The ship is an inhabited space not only by fouling and other species stowing
away but also by a human crew that needs to eat and has personal needs. This
produces plastic and biological waste, like every household. The waste must be
handled according to protocol, and non-biodegradable waste must be carried back
ashore(Djbrowska et al., 2021). Transport ships are imposing objects of high
inertia and require signi cant power to navigate; this causes them to disturb the
water physically(Parnell et al., 2024). To larger animals like whales, it can be
the direct threat of ramming, but smaller lifeforms are also potentially impacted
by the ship's movement through the water. The engines cause vibrations and
sound, and the propellers scythe through the water(Kadir et al., 2024). The ship's
journey is accompanied by a wake that can cause signi cant impacts, especially
in shallow water. When ships get stationary, they also secure themselves with
massive anchors that can cause major damage on the sea oor and even dig up
pipelines (Naggea and Miller, 2023).

The current operation scheme for the shipping market will have to deal with
rising challenges in the future, such as climate change, its consequent con icts,
and political shifts. At the same time, voices are rising that shipping companies
need to engage proactively with the damage they do. To achieve improvements
without crippling the global economy, governance, regulation, and practice within
the transport sector will need to be adapted (Tadros et al., 2023; Lister, 2015).
This requires an understanding of the dynamics that do not only drive the larger
system but the single vessel as well.
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In relation to the importance of ships for the operation of the modern world,
it is curious how little research is undertaken into understanding their movements
on an individual basis(Ducruet, 2020). Where ship movement is the focus, it is
either researched through the lens of networked patterns in logistical networks
or approached through those bodies traveling onboard. Emblematic of the latter
approach is the analysis of the social spaceships created by being isolated islands
of movement in a hazardous void of salty water(Hasty and Peters, 2012). The
concern is with the fate and fortunes of people, things, and information aboard,
as well as how the movement of ships enables modern worlds and understandings.
This lack of interest in the maritime industry, especially in transportation, where
far more interest is garnered by cars and airplanes, is representative of a broader
trend. This has been theorized to have its origin in the developing societal re-
lationship with ships(Ducruet, 2020; Alvarez et al., 2021). The ship has been
replaced as the primary form of transport for humans, supplanted by air trans-
port and cars that are able to deliver human cargo far more quickly and close to
where they want to end up(Sheller and Urry, 2006; Géssling and Peeters, 2015;
Rodrigue, 2020, P.173). A second factor is automation in port operation. Be-
fore the advent of the container, large groups of workers were necessary for the
operation, loading, and unloading of ships at port. Automation has streamlined
the processes and drastically cut back the number of workers necessary(Birtchnell
et al., 2015). Thirdly the increases in time e ciency from containers comes at the
cost of port space utilization. New ports are too big to maintain their positions
inside the city, instead they are build downstream in opportune areas away from
population centers(Monios and Wilmsmeier, 2015).
Together, these factors have caused a marginalization of ship-related topics and
interest in the broader population(Peters, 2010; Lambert et al., 2006). The reduc-
tion of ship and port-related jobs reduces the sector's visibility. In addition, the
maritime transport system runs smoothly enough for the cost of shipping and its
role in the everyday supply of consumer goods to become invisible. The societal
separation is further exaggerated by the physical remoteness of ships, moving over
uninhabited oceans directly into industrial centers. For a long time, it has been
di cult to track ships systematically as soon as they leave the shore(Ng et al.,
2014; Alvarez et al., 2021).
Overlaying the more established natural patterns of the ocean with the human-
made ones helps to understand the con ict between the need for maritime trans-
port and the toll it takes on the ocean. With this work, | want to make a con-
tribution to the general perspective of how we view the movement of ships at sea
and how the lenses of di erent elds of research may bene t from cross-examining
each other. This broadening of the understanding of ship movements is intended
to make a small step in reaching the ultimate goal of enabling both the preven-
tion of harm to the vital marine environment and a continuation of the system of
transportation, enabling a globalized world.
To do this, | will rst introduce three di erent ways to conceptualize the move-
ment of ships coming from di erent elds of geography (transportation, mobilities,
and human geographies of the sea). This will lead to an understanding of mobility
that is useful for discussing the nuances in the rest of this work. Then, following
these eld-speci c conceptualizations of movement, | will provide examples of the
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bene ts and questions the di erent elds open up.

Chapter two will follow a framework of transport or logistics where shipping is
conceptualized as a network of port connections. This leads to my rst research
project on predicting the reorganization of the shipping network over a chang-
ing seascape. Changes in distance here can be due to an opening of the Arctic
passages or the closure of important shipping straits. In this chapter, the back-
ground is necessary for understanding the shipping network as well as the steps
necessary for the application of a model that predicts the ow of tra c based on

a minimum of suppositions. The results show that for the distance behavior of
shipping arctic scenarios, it is of minor relevance which arctic route would open.
At the same time as expected, major reorganizations for shipping in the case of
an opened-up arctic ocean or the severing of the important canals at Suez and
Panama are predicted. Acknowledging the limits of a networked approach when
it comes to the movement of individual vessels, | move on.

Chapter three moves further to a framework of mobility, looking at those fac-
tors that motivate movement or, better, those that overcome the incentive to
move and force stasis. Here, | introduce ship positional data or, more speci cally,
Automated Identi cation System(AIS) data to the conversation. Monitoring po-
sitional data allows us to follow the ships on their journey with high precision.
As an applied case, | present my work on detecting immobility patterns around
the United States. An analysis of the ship positions reveals distinct patterns of
immobility for both space and time. The spatial patterns show the location of
immobility around areas of high centrality in the global shipping network. In the
time patterns, a regular yearly rhythm with a peak of immobility in early summer
and the lowest detections occurring in late autumn is detected. The study time
does include the rst two years of the Covid-19 pandemic as well as the two years
before that, this lead to the observation that contrary to initial expectations of a
slowdown in freight manifesting in an increase of immobility, the immobility ac-
tually decreases. The strong uctuation led me to try to connect the encountered
patterns to the uctuations of the oil price, a calculation that did not provide
clear results.

In the process of working with the positional data, | visualized the un ltered data

of the ships. This has produced a map that draws the ocean as an intricate space
of activity. While the maps have been published, they also serve as a perfect
counter to the perception of the ocean being a void. While occupation is not per-
manent, it is a very much living space. The degree of detail leaves me wondering
where else AIS can be of use for understanding the human-made ocean. Chapter
four extends the discussion of AIS, and | take a broader look at current applica-
tions in research. Seeing the sea through the lens of AIS opens up the discussion
on where the applications of this technology are currently at in science, to do this
current literature has been reviewed. | will utilize this to make a case for utilizing
AIS data not only in the economic and ecologic elds that are already expanding
the application of the technology but also for the more geographic and societal
studies of ocean space where AIS can augment discussions on marine mobilities.
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This will lead to a more general discussion on the ndings of my work and the
merits of utilizing AIS as the tool for gaining an understanding of ship mobilities
and how this connects to current challenges that are felt in the research and
governance of the ocean domain.

Finally, 1 will zoom out again, trying to chart a map and course for where the
eld will develop further. In conclusion, | will try to connect all these di erent
perspectives on ship movement and provide an idea of where the dialogue might
drift next.

1.1 Understandings of Movement

Thinking about movement or, more broadly, change is central to most sciences.
The object of interest and the way the movement is conceptualized is what makes
the di erence. The divergent perspectives are useful and have been tailored to
serve their respective elds. Understanding the ocean in connection to the move-
ment of ships is not a centralized e ort, so this work links di erent existing elds

to get a more complete picture(Ducruet, 2020).

To gain a deeper understanding of what ships are doing at sea, it is important to
delineate between movement and mobility(Sheller and Urry, 2006). Movement de-
scribes the relative change of position over time for ships(Sheller and Urry, 2006).
This can be measured either in relation to the water through logging or technical
systems such as Acoustic Doppler Current Pro lers or "absolute” in relation to
xed points and determining the time that has passed while on the route between
them. The rise of the global positioning system has made the latter more feasi-
ble as it allows for a more precise and time-of-day independent determination of
ship position(Olsen, 2024). Mobility is a term that is more casually used between
di erent elds without a heightened awareness of how di erent the meanings of
the word are (Sheller and Urry, 2016; Rodrigue, 2020, P. 4). As its own form of
scienti ¢ research mobilities has been formulated quite recently(Sheller and Urry,
2006), that does not mean that ideas feeding into the research have not been fol-
lowed before, but in their foundational paper, "The New Mobilities Paradigm,"
Sheller and Urry have consolidated ideas for this epistemology of movement. The
main concern is understanding movement through more than the factual descrip-
tion of the positional change between a and b but as the sum of all in uences
acting on an object of study that cause it to move. Or alternatively to cite from
Shaw and Hesse (2010)

"... it (Mobility) elucidates the framework conditions underpinning the generation

of movement, the experience of movement and the implications thereof, and the
wider impact of movement across a whole range of sociocultural, economic and
political milieux."

This allows for exploring movement over the boundaries of very di erent elds,
approaching ships and shipping from a qualitative angle (Geographies of the Sea)
and a quantitative angle (Transport geography). To make sense of these seem-
ingly contradictory approaches to the topic, a solid framework (Mobilities) and
an overview of the elds will be necessary. The following section will introduce
the mobilities framework and then relate it to the two other elds. This will help

in connecting the di erent components of my research.
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Mobilities broaden the perspective, and its core tenants divide the movement into
di ering aspects. As mobilities are highly context-dependent, the next section
will be general on the aspects that are shaping the movement and serve more as
a starter to illustrate the topics that can be of interest. Still, general interest in
mobilities is connected to:

" Motivations. Movement does require the expenditure of energy; therefore,
it usually happens with a goal in mind(Cresswell, 2010). These goals can be
small and direct, like the ful llment of basic needs or commuting to work to
make an income(Bissell, 2014). They can also be very personal, like imag-
inaries of a better future in the case of emigrants (Sheller and Urry, 2006)
and the need for safety motivating refugees to leave their homes(Gill et al.,
2017). Or anywhere in between.

A motivation that is central to modern societies and the work on shipping
is pro t(Cresswell and Martin, 2012), making money by organizing and en-
acting the movement of people, goods, and ideas(Rodrigue, 2020, P.1). Mo-
tivation does not need to be rational; it can also be driven by curiosity or
feeling, for example, in relation to music or dancing(Merriman, 2015).
Movement is often but not always voluntary to those it acts on, such as
tra cking, slavery, or displacement(Merriman, 2015). These create mobil-
ity surrounding the people on the move while suppressing individual mobil-
ity(Gill et al., 2017).

Capabilities. This can refer to the mode of movement, as a single person
through walking, swimming, sailing, driving a car or as a vehicle by utilizing
jet or steam engines, carriage by horse or the titanic engines of container
ships(Birtchnell, 2016).

This includes personal factors like the ability to make the upfront investment
to start moving or the proper papers to overcome borders(Hannam et al.,
2006). It can be infrastructural, the ability to rest and refuel along a journey,
or the availability of an airport to land a plane(Sheller and Urry, 2006). The
capacity to enact movement is also closely related to the speed at which
movements might happen (Cresswell, 2010).

Constraints. This is the opposite force to Motivations, the reasons not to
start moving or to seize movement(Adey, 2006). Again, these can be per-
sonal, emotional, and binding to a place or responsibility to take care of
family or property (Hannam et al., 2006). There are cultural constraints on
the ability of di erent groups or genders(Adey, 2006) to move.

Moving is also connected to risks for personal health and wealth. These
risks can also be external, such as in the case of volcanoes preventing cer-
tain air tra ¢ (Adey and Anderson, 2011) or ships getting stuck in major
canals(Markkula, 2022). Within the school of mobilities, being stationary
describes the state where the in uences motivating movement are overpow-
ered by those constraining it(Birtchnell, 2016).

Experiences. Movement is something that can be mundane, like the daily
commute to work, or extraordinary, like moving to a new country. The
experiences or feelings of those who move vary greatly with the context that
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is provided by the rest of the aspects (Cresswell, 2006, P.4).

However, the experience of the traveler also shapes the movement, especially
in determining route and timing. A commuter can choose a time and mode
of travel that are best tting for their Journey, and a seasoned traveler can
plan for additional waiting times at borders or give some slack to planning
to account for delays(L6fgren, 2008). The journey also shapes the traveler,
as documented in the travel diaries movement, creating new connections and
opinions, thereby changing the traveler's outlook(Lean, 2012).

These in uences are in constant ux and interplay. A sailor needs to consult the
tides and weather before making a decision to set sail; this is based on motivation
to reach a goal but also the experience of their own capabilities. They play out
over di erent scales; the need to rest or re |l a tank leads to a temporary seizure of
movement, but it does not mean the termination of the overall journey (Cresswell,
2010).

At its core, mobility sees the world through a lens of change, especially the more
recent publications that connect it not only to movement but also more general as
shifts through form, function, and meaning (Sheller and Urry, 2016). Immobility,
or as it is often called moorings, remains essential as a world without points of
reference is impossible to describe(Adey, 2006). This focus on change makes mo-
bilities a good lense for thinking through the structures of ocean space, not only
for my deliberation on ships but the greater community of all who Il the ocean
with additional depth and understanding.

For ship mobilities, | approach this from two di erent elds of research that com-
plement each other in scope and the insights they provide/ search. The rst lens
is transport geography, and the second is human geographies of the sea.
Transport Geography provides the big picture for shipping mobilities, it deals with
the smooth running of the transportation system and helps to explain the main
motivation for ship transport, pro t that can be created by providing movement

of goods. To take the de nition of the eld from its central Handbook: "Trans-
port geography is a sub-discipline of geography concerned about the mobility of
people, freight and information and its spatial organization considering attributes
and constraints related to the origin, destination, extent, nature and purpose of
movements."(Rodrigue, 2020, P.1).

Transport Geography has a detached relationship with ships. While maritime
transport is responsible for the greatest share of global moving goods, it is not at
the center of attention. In a recent study, it was estimated that roughly 2.6 per-
cent of all published papers deal with maritime transport (Ducruet, 2020). The
areas where e ort was put in have mainly been vulnerability to disturbance, ow
optimization in terms of fuel usage and reliability, and the discovery of general
network patterns. Ships are conceptualized as vectors or numbers representing
the connection between ports, focusing on the ow of volume or mass and the
time delay between departure and entry into a target port.

Transport geography has adopted a positivist framework that situates the elds
closer to natural sciences and especially networks scholars, while links to the more
human-focused aspects have regressed. This has caused a rift in thinking and
publication between it and other elds (Ng et al., 2014).
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For network research, transportation systems are ideal test cases for real-life
applications of theory, especially structures like small worlds and scale-free net-
works that can be identi ed depending on how connections are drawn(Ducruet
and Zaidi, 2012). As the movement of people has been generally taken over by
planes (except for ferry services) (Rodrigue, 2020, P.176), the eld has grown most
closely to the forces that make ship transport necessary namely the economic sec-
tor of geography or economics in general.

For transport geography, the main concern is the ow of goods; for this, it is
more useful to conceptualize ships as vectors of ow generating a at transport
capacity per time. This enables the construction of a multi-modal network of
transportation and the determination of what transport geographies conceptual-
ize as mobility, the ease of moving an idea, person, or object(Rodrigue, 2020, P.4).
As the name suggests, the Human geographies of the sea have the goal of extend-
ing geographic thought to the "empty" ocean. This movement gained momen-
tum in the early 2000s, spearheaded by the works "The Social Construction of
the Ocean" by Phillip Steinberg(Steinberg, 2001) and later "Currents, vision and
Voyages: Historical Geographies of the Sea" by Lambert et al.(Lambert et al.,
2006). These researchers formulated their ideas on the social dimension of the
ocean(Germond and Germond-Duret, 2017), recognizing the unjust marginaliza-
tion of the ties between people and the oceanic environment as well as the con-
nections that bind together oceanic imaginaries and the sea(Steinberg and Peters,
2015; Peters, 2010).

The ocean's contribution to human well-being creates a deep connection to people
as individuals and societies at the seaside(Anderson and Peters, 2016). The rela-
tion with the sea can take many forms, from understanding maritime traditions
and folklore(Anderson, 2012) to critical observations on the role oceans and ocean-
related action have played in colonialism(Belhabib, 2021), slavery(Anim-Addo,
2013), or globalization(Hasty and Peters, 2012). Understanding these factors and
in uence is important as they drive the decisions that shape ocean space taken by
the people on the coast materializing in shifts to the sh population(Bear, 2016;
Satizabal and Dressler, 2019) rebalancing of sediment transportation, or introduc-
tion of pollution(Choi, 2022).

Perceptions of oceans can be full of hope and opportunity, as in the case of immi-
grants of almost any era (Anim-Addo, 2013), lawless and freeing(Langewiesche,
2010), allowing the subversion of state repression(Gomperts, 2002; Peters, 2012).
Opportunity can also be found in the ocean itself, exploiting its vast resources or
disposing of bothersome objects. Other perceptions are mysterious and danger-
ous, when storm oods and tsunamis ravage the coastlines or loved ones vanish
with their ships.

All these are factors that shape the relationship between humans and the sea.
In the context of ships, the traditions and lives of seafarers are of great inter-
est(Borovnik, 2012). Contrary to common understandings, the ocean is not a
sedentary but a permanently inhabited environment. Ship crew can serve on a
vessel for years at a time, making ocean space their home(Borovnik, 2012). Ge-
ographies of the sea try to question the Western tradition where a lot of this has
been smothered. Technocratic approaches to the exploitation of the sea, universal
systems for navigation, and a mindset of predictability have made the engage-
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ment with the more traditional views on the ocean far less relevant(Anderson and
Peters, 2016). Industrialization has made work at sea a more arcane undertaking
than in ages before, as the jobs have become very specialized, requiring extensive
training to do correctly(Borovnik, 2022). The regular business of seafaring has
been shunted to workers from developing countries, leading to exposure to topics
of seafaring vanishing from everyday dialogue(Borovnik, 2022). At the same time,
the broader population in the West has isolated itself from the aspects of the ocean
in their everyday life. With the triumph of the container, the workforce required

to operate sea transport has been diminished. Other cultures have retained more
of their ancestral connections to the ocean, such as, for example, those of south-
east Asia. For them, ocean space is an inevitable part of life(Anderson and Peters,
2016).

Where | want to position this work is between these perspectives. Both elds have
a space for ships in them, but they are detached from thinking about the move-
ment of ships themselves, while transport loses the single ship to the large scale,
making it one of over 10000 entities feeding the system. Human geographies of
the sea lose themselves in the stories and meanings of the individual and cultural.
As ships are in the liminal space between these extremes mobilities does provide
the framework for thinking through both understandings of the movement.

The next chapter will demonstrate more closely what kind of questions can be
asked by taking the bird's eye perspective of transport and networks.
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2 Mobility on a Network

When looking at marine transportation from the mobilities side, it can be ar-
gued that the rst focus should be on the central motivation of building, main-
taining, and operating ships. This is the generation of transportation and its
sale(Rodrigue, 2020, P.4). Modern transport ships are reliant on port infrastruc-
ture for loading and unloading(Ducruet and Notteboom, 2012). This makes the
global shipping system a facsimile of a network and allows the viewer to analyze
shipping through the lens and language of network science(Lin and Ban, 2013).
In the next section | will introduce networks and the language surrounding them
in order to understand and discuss my ndings within a network context.

The basic components of a network are nodes and links. A node or colloquially
vertex is a de ned point, especially in geographically located networks in the case
of shipping. This refers to xed locations such as ports or entries and important
features such as straits or canals. A link or edge is a connection between two
nodes, a direct path or train line, shared ownership, or a ow of goods. To de-
scribe networks, it is su cient to list the full set of nodes and the full list of node
connections. But, especially for large and dense networks, it is more e ective to
create an ordered network matrix with every row corresponding to one node. As
the port name information is not conserved, it is important to remain cognizant of
the speci c order in any entry referred. An interaction between node i and j can
be found in row i column j; if this interaction is quanti ed through a number, it is
called a weighted matrix or weighted graph(Barabasi, 2016, Section 2.2). Di er-
ent possibilities to link the nodes produce their own speci ¢ networks. Checking
for an interaction between the nodes without assigning weights or a direction for
the connection leads to a simple graph, as is the example of the adjacency ma-
trix, that represents the possibility of getting from node i to node j in a binary
fashion. Groups of nodes that can be reached through the network form so-called
components. In the shipping case, the global ocean is one big component that has
been expanded further by the building of canals and deepening of rivers to span
even further, even up to the otherwise landlocked Caspian Sea or North American
Great Lakes. This makes the ocean shipping network "fully connected" (Wang
and Wang, 2011) because as long as a deepwater port is there, no additional in-
frastructure is needed to facilitate the movement.

Following a single ship over time, it draws its own network between the ports, fol-
lowing its assignments. For the perspective of transportation this single entity is
of lesser interest, instead the movements of many transport ships are compounded
into one larger network.

For this research, two weighted matrixes of the network are of special interest.
First is the distance matrix, while everything can be reached this describes how
much e ort needs to be expended in order to move between two nodes. Di erent
measures would be sensible to de ne distance, accumulated travel cost, fuel spend-
ing, or journey time. The upside of these other measures is that they might paint
a more accurate picture for de ned subsets of vessels, but my dataset is quite
diverse with ship types and sizes. Therefore, | opted for a distance that more
faithfully follows the classical understanding of the term. All of the distances are
geodesic, this means while determining the distance between two points we ac-
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count for the round shape of the earth(Karney, 2013). A more detailed description
of the process of determining distance is provided later in this chapter. The second
matrix describes the ow of vessels between the ports and will be referred to as
the ow matrix. Flow can be determined through di erent means, in this research
the ow has been determined from an analysis of positional data (Kaluza et al.,
2010), the data more often is taken from port operators or shipping companies
such as Lloyds List(Gastner and Ducruet, 2015). Flow is directed information,
meaning the direction of the link is important and must be accounted for. Ships
are treated as a conserved quantity. While new ships are introduced and old ones
are scrapped, this only accounts for a small number of journeys.

The number of edges that originate or end at a vertex is called its degree. In a
directed graph, the degree can further be broken down into incoming and outgo-
ing degrees(Barabasi, 2016, Section 2.3). From the perspective of the single node,
this indicates how well connected the node is and de nes its surroundings, but
when looking at the statistical spread of degrees or better the degree distribution
in the network, bigger structures emerge that allow for a classi cation (Kaluza
et al., 2010).

The Network of shipping can either be set up as a system of direct connections or
full paths over the network (Ducruet and Zaidi, 2012). The direct network is more
straightforward in structure, as it reduces the number of connections between the
individual ports. Long-distance travel happens in a number of successive steps.
This is an advantage in the description of the current state and ow between
regions but a downside for identifying the motivations for the ship movements as
the information on the ow between origin and destination on the incentive level
is discarded. Therefore, in this work, | will focus on the global all-links network.
While it is more complex in structure and more dense, it preserves the origin
and destination of the ow. Thereby, it is also a better basis for the modeling of
long-distance connections that will be a central topic for this chapter, as there are
no established short port-to-port steps through arctic waters (Ducruet and Zaidi,
2012).

The language of networks allows for useful shorthand descriptions of phenomena
in shipping. The rst issue is the diameter of a network or, better, the longest
shortest path between any two nodes in the network. For the shipping, this de-
scribes the longest travel between any two nodes necessary while still traveling
over the network in an optimal way(Barabési, 2016, Section 2.8).

The problem of determining the shortest paths between any two nodes while
traversing the network is an old one. For my work the most important method
for achieving this is Dijkstra's shortest path algorithm, it allows for a reliable
determination of the optimal path, not only through counting steps but also in
weighing the connections by the distance or other constraining factors. The al-
gorithm works by determining the distance of all other nodes from the starting
position step by step, always going for the closest so far unchecked node until the
distance to the whole network has been determined. From there, the resulting
shortest path is determined in a second step, tracing the optimal path from end
to beginning (Dijkstra et al., 1959). This is necessary because, while in theory, the
network is fully connected, in reality, this would be an ine cient mode of orga-
nizing shipping, as it discards one of the greatest bene ts, the economies of scale.
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Container cargo is instead organized in so-called hub and spoke systems(Wang and
Wang, 2011; Ducruet and Notteboom, 2012). This means multiple local ports are
forming a small component with their neighbors; one of these ports is bigger and
connects to other bigger ports for long-distance connections. This structure makes
the shipping network surprisingly small in diameter and makes it fall within the
perimeter of so-called small-world networks(Kaluza et al., 2010).

The second network-based descriptor for the shipping sector is centrality. Cen-
tralities are a class of measures that provide insight into the importance of a
single node in the network's overall structure(Kanrak et al., 2019). My focus is
mainly on betweenness centrality as it highlights the main ports and current bot-
tlenecks such as straits (Malaka, Dover) or the canals of Suez and Panama(Kanrak
et al., 2019). To calculate the betweenness centrality, the shortest path between
all pairs of ports is determined. During each calculation, the nodes along the
shortest path are recorded. Finally, it is counted how often every node is part of
a shortest path. As this measure is relative to the network in question, it is of
interest to discuss the relative height of the betweenness centrality rather than
the absolute value(Kanrak et al., 2019).

A structure that can be found in the shipping network speci cally are gateway and
intermediate hub ports (Ducruet and Notteboom, 2012), this is focussed around
the role they play for the goods within the network. A gateway is a port receiv-
ing a signi cant amount of ow because it is the point where goods enter and/or
exit ship transportation. Large ow is directed towards them, but they are low
in centrality for the network overall. This is exempli ed by the main ports of
the United States, where the strength of their economy is turning over to the
water. The intermediate hubs are lling a di erent role. They are nodes where
trade routes intersect. A relatively small amount of goods is entering or exiting
ships here. Instead, they function as pivots, organizing the tra ¢ ow(Rodrigue
and Notteboom, 2010). Containers are processed and stored in the port facili-
ties to change between ships. This allows for a minimization of travel times and
greater utilization of the employed ship hulls. Intermediary ports are high cen-
trality nodes; the greatest examples of this function are the ports of Singapore
and Rotterdam, where the trade between Europe and Asia is bundled from the
region of origin and dispersed after arrival in the region of destination.

2.1 Shipping Scenarios

With the insight to the network structures that describe shipping at the transport
network scale we can further our understanding of shipping mobilities. From the
research into the network structures, we can identify current high centrality nodes
in the canals, and we can ask the question of how the shipping sector would react
to the establishment of new routes.

The most likely scenario for a major opening of so far unpassable waters is the sea
routes through the Arctic(Mudryk et al., 2021; Ng et al., 2018); these would make
Atlantic to Paci c travel signi cantly shorter as they cut the need to go through
the Mediterranean, Suez, and then around India to the east Asian ports. On
the American continent, the detour from the US east coast through the Panama
Canal to reach the west coast or Asia. How much these routes are cut will be
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determined later in this chapter.

The opening of the arctic waters is a consequence of climate change(Mudryk
et al., 2021), with the average maximum and minimum ice extend reducing over
the last 40 years(Ng et al., 2018). This also means a quicker melting of the sea
ice in spring, lengthening the season of plausible arctic traversal for ship traf-
c(Melia et al., 2016). Currently, there are only a few exploratory voyages and
supply runs through the Arctic, but there is already a measurable increase in traf-
c(Gunnarsson, 2021). In the future, it is foreseeable that commercial shipping
might utilize the routes, even without vessels that have an ice class(Ng et al.,
2018).2

This is a danger to the remote and, so far, relatively pristine arctic coastline. Both
potential accidents and the establishment of arctic intermediary ports will increase
anthropomorphic pressures such as pollution in the region(Qi et al., 2024). Deter-
mining the potential for utilization might provide impetus to establish the rules
for the passage even before they enshrine themselves into unregulated customs.
There are two sea routes most often discussed in reference to arctic waters: the
Northern Sea Route (NSR) that runs along the northern Russian coast and
the North West Passage (NWP) that charts a course through Canada's arctic
archipelago. Depending on the development of global climate change, a passage
through the central Arctic is also imaginable (Figure 1). It will be included in
this consideration as the least constrained scenario for shipping.

The currently most reliably usable passage is the NSR. This makes the pas-
sages not only a signi cant economic and ecological factor but also a political
one(Savitzky, 2016). This complex interplay between di erent entities shaping
the shipping through the Arctic will be a test case for improving the understand-
ing of the mobilities that play out to shape the systemic movement of ships. The
model that is introduced in this chapter will establish a baseline to compare future
developments against, opening up the questioning on the driving mobilities.

The second major impact on the shipping infrastructure is the security of the
major shipping straits. The Panama Canal is no longer suitable to allow for the
biggest ships to pass, leading to the establishment of the post-Panamax ship size
class (Kuroda et al., 2005). The Panama Canal has continued to have problems
maintaining its water level. Due to changes in precipitation patterns the gatoon
lakes that previously provided the canal with waters are running low, endanger-
ing the passage even for vessels that have been speci cally build to be able to go
through the canal(Carse, 2024).

The vulnerability of the Suez Canal is of a di erent nature and has been far more
visible in the grand scope. In 2021, the vessel Evergiven got stuck in the canal,
blocking it for nearly a week(Markkula, 2022) and causing global delays in the
usually smooth-running system of shipping. The most recent problem has not
been directly linked to the canal itself. A militant group has undertaken strikes

at ships going through the Red Sea, a required passage to use the canal. This
caused major shipping companies to reroute their vessels around the southern tip
of Africa until the attacks were stopped by international navy actions.

2An ice class rating is undertaken by dierent National Authorities, what it universally
classi es is the ice conditions a ship can navigate without endangering its safety of travel(Ng
et al., 2018).
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Figure 1: An opening of the Arctic does create four possible scenarios, a shippable
Northern Sea Route, an open Northwest passage, both at the same time, as well
as a completely central cross-polar route (Portal, 2015), all of these routes meet
in the Bering strait

What makes these cases especially interesting is the observed reorganization or
dismissal of distance as the main measure of cost. Post Pamanamax vessels serve
as a reminder that economies of scale can even outperform a several thousand-
kilometer detour around the southern tip of South America. The same can be said
about the utilization of the Suez Canal in crisis, while a sudden breakdown of the
infrastructure has caused massive delays and activity spikes around the world,
the deliberate reaction to reduce tra c ow almost to zero instead of taking the
small chance of an attack has caused less of a commotion, though the pressure
on the international community was high enough to react quickly and remains
unresolved (Notteboom et al., 2024).
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2.2 Determining Distance

The radiation model relies on the distances between ports and their populations
to predict ows. These distances are accumulated in a matrix and represent the
main di erence between my shipping scenarios. The population is based on the
AIS dataset used by Kaluza et al. (Kaluza et al., 2010). To understand how the
di erences arise, | will introduce the process of generating the distance matrix
step by step.

The rst step is the selection and preparation of a polygon representing the land
areas of our planet; the one chosen is the standard Matlab coastlines set. To
save on computation and reduce artifacts this shape is cleaned and simpli ed.
First, Antarctica has no major ports and is remote from the other continents,
S0 no shortest paths run along its coasts. Therefore, a new and reduced shape
is introduced. Second, the dataset is cleaned of lakes, they create artifacts and
provide little insight to the global shipping system. Finally, the shape of the coast

is simpli ed.

In the second step, a matrix of points is created that represents the shape of
the land and the positions of the ports. The polygon from the rst step is Geo-
referenced, so the points necessary for drawing it can be extracted, as well as
middle points for stretches of coastline that are too long. This is complemented
by the introduction of points for all ports from the dataset. The ports in the set
are geo-referenced but need to be adjusted so every port has a connector to the
coastline if the provided position is within the land area. To do this, a point on
the closest coastline is created as long as the point is not too close to one already
in the matrix.

The third step is the most computationally demanding. The goal is to check
ship connectivity between every pair of points in the matrix. Ship connectivity
means that the route between the points does not cross over land areas. Every
pair of points is checked against this shipability, though due to being undirected,
the connections only need to be checked in one direction, halving the necessary
checks. In order to account for the three-dimensional rounded shapes of the earth
that allows for travel in a straight line, quite impossible on a at map, a geodesic
algorithm is employed. The code also breaks down every route into 13 parts to
allow for gradual connection lines over the planet's surface. Each segment is then
checked against crossing the land polygon. If they cross land, the connection is
marked as impossible; if the connection is open, the geodesic algorithm is employed
to determine the real distance between the points.

The fourth step is adjusting the distance matrix and creating the scenario for a
frozen Arctic. The current process creates a number of connection anomalies due
to the detailed grade of the map and fails to adjust for the man-made connectors in
shipping. Therefore, manual connections representing the Panama, Suez, and Kiel
canals are introduced, and a manual connection to the Black Sea and the Sea of
Azov is made that would otherwise be unconnected. Then, to introduce scenarios
with a closed Arctic, a new distance matrix is created where Arctic connections
are disabled. The original matrix is duplicated, and then every connection running
north of 70 degrees latitude is removed.
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The fth and nal step is creating a distance matrix between the ports, as
required for the radiation model. So far, the distance matrix created, while in-
cluding the ports, only accounts for direct connections between the points. To
get to the port distances now, a shortest path algorithm like Dijkstra's Shortest
Path Algorithm (Dijkstra et al., 1959) is employed between every pair of points
connected to a port. This then creates the port distance matrix.

In the project, | set out to check di erent distance scenarios, and these di erent
parts of the process have been amended. The Ice/ no ice scenario has already
been described in step four. For shutting o the canals they are not added in
step 4. To get to the diering ice lanes is more involved, here | introduced a
nonexistent "landmass" to the arctic region. This island would di er between the
scenarios and allow for either a passage along the Northern sea route, the North
West Passage or both, this in combination with a not cut o at 70 degrees latitude
matrix provides the di erent distance matrices.

2.2.1 Results of Distance Determination

This method of determining the distance does provide insight into the e ects the
scenarios would have. An opening of the Arctic and the closure of the canals
would lead to new shortest connections between ports (See Figure 2). To provide
an idea of where these new connections are created, the connections can be drawn
on a globe.

To make the e ects more palatable, | have created two tables showing the
distance between di erent regions of the shipping network. The rst contains the
length under the current scenario and the relative change to the scenarios; the
second can be found in the appendix(4) and contains all rounded values. The
regions are here represented by a single Port: For Europe, it is Rotterdam; for
East Asia, it is Shanghai; US Westcoast, it is San Francisco; and for the Gulf
of Mexico, it is Galveston. These ports are only examples, but they serve as
good indicators for the patterns that are found, and as will be shown, a focus on
regional patterns does provide the e ects produced by the scenarios.

Connection Current (km) Ice Free | Passages | NSR NWP No Canals | No Suez
Europe to East Asia 19130 0,68 0,75 | 0,75 0,77 1,32 1,29
Europe to US West 14850 0,80 0,89 | 0,89 0,91 1,69 1.0
East Asia to Gulf of Mexico 18540 0,94 0,94 1,0 | 0,93 1,69 1,0
US West to Gulf of Mexico 8730 1,0 1,0 1,0 1,0 2,89 1,0

Table 1: Relative distance change between regions: the rst column presents the
distance in the current scenario in kilometers, and the rows afterward show the rel-

ative change between the alternative scenario and the current state. Connections
between East Asia and the American Westcoast(9910 km), as well as between
Europe and the Gulf of Mexico(9060km) have been excluded as they are not im-
pacted by the scenarios
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Figure 2: With the opening of the Arctic, new shipping lanes become accessi-
ble. Here, a globe is utilized to show the new shortest path between the port of
Rotterdam (Red Dot) and Tokyo (Green Dot). This is portrayed under scenario
two, which represents an Arctic with no ice at all. The green line follows the tra-
ditional route between Europe and South East Asia, through the Mediterranean
and Suez Canal, then to the Strait of Malacca, around Singapore, and nally to
Tokyo. In magenta, the Northern Route is considerably shorter; from the North-
sea, the Ships aim directly for the Bering Strait and, from there, down the Coast
to Japan. A secondary Information has been integrated to this image, the Ports
that are visible in this perspective are colorde by the Impact the scenario has
for the length of the shortest connection starting from the Origin in Rotterdam.
Yello Dots represent a port with no gain at all, while the more purple they get in
color, the greater the Impact of the Icefree Scenario. A positive change in route
distance is achieved for ports in Vietnam and further North.

The rst main result is that tra ¢ staying within one of the oceans, so across
the Atlantic from Europe to the east coast of America (including the Gulf Coast
and the Caribbean) or East Asia to the west coast of America, is not impacted by
my scenarios at all and has therefore only been left in table 4. This is a repeating
pattern in the data as, for example, the shortening of the paths only impacts
connections longer than 10000 km in length (see gure 3). In the scenarios with
canals closing, impacts are felt most strongly on the inter-ocean routes and close
to the canals. This becomes visible when the greatest relative length growth is
determined between the Gulf Coast and the American West Coast. However, due
to the central position of the canals, the shortest in uenced connections start at
the length of the canal itself and then their surrounding areas.
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Figure 3: Distribution of the lengths within the global shipping network. The x-
axis shows the length of connections, while the y-axis represents the percentage of
all connections of the corresponding length. The blue trend represents the current
scenario, the red trend represents a scenario where both arctic passages are open,
and the green trend represents a scenario with closed shipping canals. The short
connections do not di er between the scenarios.

The Europe to Asia connection is the one in uenced the strongest by an open-
ing of the Arctic; the connections could be cut by up to a third in length. This
has the same magnitude of impact the canals have on the current system, where
the distance without the canals is a third longer. This e ect is followed by more
Northern ports on the American East Coast (New York to Shanghai is reduced to
72 percent from 19460km to 14200 km). These have not been treated separately
a Northern position, in addition to closeness to the shipping canals are the main
axis of in uence here(See Figure4). The In uence of the current canals becomes
visible in Europe to the American West Coast example. Here, the savings are
smaller. The Panama Canal seems to have a bigger relative impact on the dis-
tances that need to be traveled, though this could be due to the selection of the
representative ports. It manifests in two ways, the rst are the smaller possible
gains through the availability of the Arctic, including the only outlier where an
Arctic route is longer than the traditional one for an opening Northern Sea route.
Interestingly, a closure of the Suez Canal leads to some Europe to Asia routes
being redirected through the Panama Canal.

The overall distribution of path lengths repeats the patterns and demonstrates
the impact of the di erent scenarios. As the number of connections is constant,
the scenarios are directly comparable. The distribution strengthens the insight
from table 1. This shows the structure of the shipping system, a large number of
port connections are short, they are not impacted by the scenarios at all. They
manifest as a peak of short-distance connections. These represent within-region
connections between the hub and spoke ports (less than 5000km) or journeys
crossing the Pacic or the Atlantik (5000km -1000km). Changes to shipping
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route availability impact the long inter-regional connectors. An opening of the
Arctic routes leads to the number of long connections receding while increasing
the number of medium-length connectors. The closure of the canals has the op-
posite e ect. Medium and shorter-distance connections are reduced in number
while the number of routes that are more than 20000km in length is increasing.
These represent North Atlantik to North Paci c connections.

The average route in the current conditions has a length of 9224 km. An opening
of the Arctic will impact 18 percent of all port-to-port connections; the average
impact on the shortened routes is 10,4 percent, representing a shortening of 790
km. The e ect closure of the canals impacts 54 percent of all connections and
has led to an average port-to-port length of 11335km; here, the distance that has
to be traversed increases on average by 22 percent, leading to an additional 2100
km that needs to be traversed. The closure of just Suez mainly impacted the
European Asia trade, which becomes visible in table 1.

Looking at the average distance change per port reveals more patterns. A north-
to-south gradient is detected for the scenarios with an opening arctic, and the
northernmost ports are receiving the greatest reductions(Figure 4). What is in-
teresting is the impact on the southern Paci c region, where a direct northern
route shortens travel distance from both sides of the north Atlantic region, lead-
ing to a recognizable reduction of the port's connection distance (Rotterdam to
Brisbane changes by 4000 Km 21800km to 17700km).

Figure 4: A global distribution of the ports provided by the dataset. The color
corresponds to the impact an opening of the Arctic has on the average lengths of
all connections to the port in question. Yellow represents no change or impact; the
redder the color gets, the more the distances are reduced. The greatest reduction
happens in the northern Paci c region, followed by northern Europe. There is an
overall north-south gradient on the impact of an open Arctic.
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When comparing the di erent sea ice scenarios, considerable overlap is calcu-
lated between those with a partly traversable Arctic. While a completely open
arctic produces the most signi cant reduction in the journey lengths (Table 1), the
scenarios with limited arctic traversability produce very similar outcomes(Figure
5). Therefore, when referencing a partially traversable Arctic, we will reference
only one of these, the scenario with both routes open.

Figure 5: Distribution of the lengths within the global shipping network. The
x-axis shows the length of connections, while the y-axis represents the percentage
of all connections of the corresponding length. The blue trend represents the
case of both passages being open, the red trend represents a scenario with an
open Northern Sea Route, and the green trend represents a scenario with an open
North West passage. The scenarios show a strong overlap, with the NSR having
the worst overall distances.

Now that the distances for the di erent scenarios have been determined, the next
step is to model the impact that the new distances have on the global ow of
ships.

2.3 Flow Model

The quest to understand human movement is an ongoing one, mobilities research
is approaching it mostly from the qualitative side(Manderscheid, 2016), but there
is also a path through modeling that makes predictions based on quantitative
data. This meshes well with the positivist worldviews predominant in transport
geography. Tackling the mobilities of ships at this level does provide a look into
the main motivator for shipping, namely the prot from providing the service of
transportation.

Models are working representations of reality, they allow for an approximation
and prediction of the behaviour in the system they where made for. Models do
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not claim to get to a perfect answer, just one that is close enough to reality. This
is undertaken on the basis of as few assumptions about the system as possible.
Two core components are necessary for modeling movement as | will do it: a poten-
tial gain (a reason to move) and the cost of movement (an obstacle to movement).
Three main models have been proposed for the modeling of movement(Barbosa
et al., 2018), the gravity model, the intervening opportunities model and the ra-
diation model.

In the gravity model, a pull between two places (or nodes to stick with networks) is
determined. An agent in the start node is feeling a push to leave and a pull by the
neighbouring nodes to visit them instead. What is preventing them from always
going for the greatest pull is the distance they have to overcome in order to make
the journey(Kaluza et al., 2010; Ducruet et al., 2020). An intervening opportuni-
ties model looks at the likelihood of being distracted from the original course of
action by nding a better or similar o er at a lower cost on the route(Stou er,
1940). The radiation model determines the probabilistic likelihood that the best
opportunity in relation to distance can be found in every reachable node of the
network (Kang et al., 2015). The merits of these models have been discussed at
length in the literature(Lenormand et al., 2016; Barbosa et al., 2018). For this
application, the radiation model was selected, as it runs on fewer assumptions and
promises a better result for the long-distance connectors characteristic for ship-
ping(Simini et al., 2012). Especially the ability to run without extensive ts to
real data is bene cial for exploring a vastly di erent world of connections(Simini

et al., 2012).

As models of movement are generally starting from land based observations of
human tra c a central role is played by the so called population of a node. This

is a measure for the amount of opportunities the node o ers, for cities it is useful
as larger population centers tends to be richer in industry and jobs. In the case of
shipping we take the amount of ships entering and exiting the port as a measure
of attractiveness, this is also called the node strength. The assumption is that
Ports are points of focused opportunities, the bigger they are, the more likely it
is; they o er pro table business for the vessel.

The Radiation model determines the likelihood of the best opportunity for trade
being found in any node when compared to all cheaper-to-reach nodes(Simini
et al., 2012). This makes it a more systematic extension of the original interven-
ing opportunities model(Kang et al., 2015)). It gets the name radiation model
from treating the modeled objects like nuclear radiation emitted from a source.
Every emitted particle will end up at some other atom absorbing it. The likelihood
for every single one is calculated by the relative sizes of the atoms surrounding
the source(Alis et al., 2021).

Only a few parameters are needed for this: the node strength for every node and
the distance matrix between them, as determined in the last section. While the
original model is based on positional distances, network-based distance determi-
nation has also been employed for the radiation model(Ren et al., 2014). If |
am speaking of the best opportunity in the following section, this refers to the
greatest gain at the lowest distance to the origin. The radiation model has been
introduced and formulated in 2012(Simini et al., 2012).
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In the model, the ow T between nodes i and j is the probability that j contains
the best opportunity for a vessel multiplied by the total number of vessels emitted
from i, T;. For this calculation, i is always the starting node and m refers to the
starting node's population, j is always the target node and n refers to the target
node's population. The opportunity is calculated by the product of the total
populations of i and j divided by the product of the population of i added to the
population of all other nodes that are closer to i than j, called; , and the added
population of i,j and s;; .

Or better expressed in an equation:

m;n;
(m; + s5)(M; + nj + s5)

hTij i = Ti

This can alternatively be understood as the out ow termT; and the probability
term pi -
m; N;
(m; + s )(m; + nj +s5)

hoj i =

hTyj i = Tip;

The physical radiation model works based on a system with quasi in nite
boundaries, this is not a property of the shipping system, we are con ned to the
limited boundaries of oceans with a nite number of ports to absorb all shipping
that is emitted. If not accounted for, the model systematically underestimates the
ow between the nodes(Masucci et al., 2013). To account for this and to make
sure all vessels that are emitted end up in a port, the model has to be normalized
(Kang et al., 2015). A very general case for a normalization is the factor:

N
N n;

Leading to the Formula for ow:
hTy i =T 1 py

To optimize the results of the model additional constraints and factors can be
introduced, like a distance elasticity coe cient, adjusting the results to t better
with the results(Kang et al., 2015). It was decided against this approach as we
lose the benet of not requiring an extensive tting dataset to adjust this pa-
rameter. The radiation model can be employed in two directions: emission and
absorption-based (Kang et al., 2015); the absorption model turns the focus around
and determines for every node how likely it is that it does contribute to the ow
into the target node. This also introduces terms for normalizing the ows into the
nodes. This results in a di erent probability function based on the destination
rather than the origin. This leads to the probability function p;

_ nin;
(ni + s)(Ni + nj + s5)

hpi |
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Based on the model proposed by Kang et al. (Kang et al., 2015), di erent
variations of the radiation model have been tested against each other prior to the
work. The best outcomes have been produced by a model where the probability is
based on the ship emissions from the origin, but the ow is based on both emission
and absorption and a normalization for both. To achieve this a normalisation is
determined in a process that is similar to the doubly constrained gravity models.
It introduces the factorsK; as the normalization of the ows out of i andL; as
the normalization of ows entering j.

1
K| =
K6 | I—kapik
1
Lj =P
kej Kk TPy

As these values are dependent on each other, the normalization is approxi-
mated in an iterative process over all nodes of the network. The process runs as
long as it takes the maximum change on any of thig or |; to be not greater than
1e & percent. With these in place, the formula for determining the ow between
| and j used for this work is:

hTij i = TiK|Tijpij

As the ows into and out of ports are conserved in this approach, the main
analysis is determining the redistribution of ship trac. The ow between ports
allows for the construction of ow over sea lanes; this is approached in a way
similar to the betweenness centrality. | return to the global network of shipping
links constructed from step four of the distance calculation between ports. Then
| recalculate the shortest path between each pair of ports, the ow between the
ports is added to all links along the path. In this fashion, | can make a prediction
on the expected global shipping reorganization in the scenarios.

2.3.1 Results Radiation

The Radiation model does provide a prediction on how the tra c between ports
will change. The analysis of ow garners results for the global network of shipping,
and allows for a reconstruction not only between ports but more importantly the
sea areas that are utilized.

The pathing distance network has more than 6799 individual nodes, leading to
23109801 possible links. Even excluding those links that were not utilized leaves
us with an enormous number to discuss. Therefore, | have selected a small group
of links to look at more closely to represent speci c interests. The rst two are the
Suez and Panama Canal; while they are turned o and therefore zero in some sce-
narios, they give great insight into the amount of change for the northern routes
and provide a good frame of reference. Third is the Bering Strait, as this is an
inevitable bottleneck that all Arctic tra c needs to pass. Next are the Cape of
Good Hope and the Strait of Magellan as indicators. the last two are the main
routes that have to be taken in case the canals are closing and show a potential
change in the southern hemisphere in the case of the opening Arctic.

Doctoral Thesis 25 0.J. Miller



2.3 Flow Model 2 MOBILITY ON A NETWORK

Connection Current Ice Free | Passages| No Canals | No Suez
Suez Canal 48116 0,54 0,83 0,0 0,0
Panama Canal 28691 0,9 0,91 0,0 1,26
Bering Strait 0 (15119)*| 0,31 0,22 0,0 0,0
Cape of Good Hope 7224 0,99 0,99 5,72 2,47
Magellan Strait 258 0,81 0,83 14,30 1,11

Table 2: Relative change of ow on selected shipping lanes: the rst column

presents the number of vessels in the current scenario, and the rows afterward
show the relative change between the alternative scenario and the current state.
*The Bering Strait is a special case, as no commercial tra ¢c has been detected in

the current state. The number in brackets represents the scenario of a fully open
Arctic. The base for comparison is the Suez Canal to have an order of magnitude.
The full numerical table is included in the appendix table. 5

In the current shipping regime, the Suez Canal is detected as being the most
central passage for global ships, with an annual throughput of 48116 vessels (See
Table.2). A reorganization of the shipping network due to open passages in the
Arctic would mean a reduction to 54 percent of the current usage. Accordingly,
the Panama Canal is a ected by the current tra c of 28691 ships per year, which
is reduced to 91 percent to 26143.

Under present-day ice conditions, the Bering Strait is not utilized for commercial
shipping at scale (or at least not encapsulated by the dataset); with an opening
of the Arctic passages, this is expected to change as all routes traversing the Arc-
tic have to navigate this bottleneck. To still have a frame of reference, it will
be compared to the Suez Canal under current circumstances. From currently O
ships, the Arctic passage would be used by 15119 ships in case of a fully opened
Arctic, which means it has tra ¢ equivalent to 31 percent of the current Suez
Canal utilization.

To get insight into the shipping networks overall, | have visualized them, allow-
ing for contemplation of the network. The e ects of the scenarios become most
apparent when visualized. For the visualization, an azimuthal projection of the
earth with a focus on the North Pole has been chosen as this provides the greatest
amount of detail for the Arctic region while also being lower on distortion along
the major shipping routes situated in the northern hemisphere. Antarctica has
been removed as it is not a central hub for shipping and is a remote region from
shipping lanes.

Visualizing the di erences between the scenarios(See Figure 6), a general pat-
tern emerges that matches the ndings from the distance realignment. The results
correspond to the expectations from the actual system. In the current state (Fig-
ure6), a multitude of connections serve the global system; the greatest number of
them connect the wealthy nations of the global north and the strong exporting
nations of Asia. Tra c between the US and Europe for example is happening
over almost the whole Atlantic.
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