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A B S T R A C T

Traditional and contemporary strategies to protect coastal communities from seaborne
hazards alone will fail to sustainably deal with future sea level rise. In the last 2000 years,
the global climate and mean sea levels have remained relatively stable, which facilitated
cultivation and population of coastal areas. Marine resources are an important factor in
the development of coastal and island communities, because they secure the livelihood of
their inhabitants. But with rising sea levels, coastal areas are prone to be more exposed to
increasing seaborne hazards. For example, when the sea level rises, structures are going to
be located closer to the shoreline and waves are going to break later due to deeper waters.
This, in turn, leads to higher loads on these structures. To protect against seaborne hazards
and decrease the vulnerability of coastal communities appropriate coastal infrastructure is
needed. To date, coastal protection structures are designed and implemented to withstand
predicted loads and stresses within their typical lifetime (i.e. their “design lifetime”). Thus,
they provide a certain level of safety from marine hazards. But as the climate is heating and
sea levels are rising, requirements on coastal protection changes. In addition, interactions
are complex between drivers and impacts of ocean-borne hazards in a heating climate. This
complexity induces further uncertainty when estimating future requirements on coastal
protection. To account for deep uncertainties, future adaptation strategies to climate change
must become more flexible to be support coastal communities to cope with rising sea levels.

This thesis outlines the traditional design approach to engineering structures and its
potential to be one of several responses to rising sea levels. But it also shows the limitation of
this design approach in a more complex and interdisciplinary approach to deal with climate
change effects. The literature review reveals common misconceptions of the disciplinary
engineering perspective on a sustainable approach to coastal protection and contrasts this
disciplinary viewpoint with interdisciplinary aspects of climate change adaptation. With
that, the literature review bridges the interdisciplinary gap and creates a common ground
for an interdisciplinary approach to climate change adaptation of “low-regret”. In this
interdisciplinary approach, engineering expertise still plays a key role – as demonstrated
by three studies, carried out within this thesis. The published studies make use of and
advance two typical coastal engineering methodologies – numerical modeling and field
measurements. These techniques are the basis for a process-based scrutiny of hydro- and
morphodynamic phenomena and facilitate assessing the impacts on hydraulic structures
as well as the effect of coastal infrastructure on the entire ecosystem (with humans being an
integral part of the ecosystem). Accounting for the human domain in the ecosystem requires
considering a socio-political perspective as well. Therefore, a fourth study synthesizes the
findings of this thesis in the interdisciplinary context it was framed it. This interdisciplinary
assessment reveals potentials and pitfalls when looking at sea level rise from multiple
perspectives.

Using the example of ports, this thesis demonstrates the benefits of traditional engi-
neering approaches but also elucidates the advantage of a broader, more interdisciplinary
perspective on “low-regret” adaptation when dealing with climate change effects. This
broader perspective builds on the experience from different disciplines and allows adapta-
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tion strategies to acknowledge and implement more recently brought up ecosystem-based
adaptation measures – despite a lack of experience considering their efficiency and imple-
mentation. But at the same time, a broader perspective also fosters identifying strategies of
“low-regret”, by avoiding to overemphasize or overrate the potential of any response option
(for example traditional protection schemes or ecosystem-based adaptation) to climate
change effects, but encourages a flexible and context-based consideration of the entire
adaptation portfolio.

Keywords:
Climate change adaptation · “Low-regret” adaptation · Ecosystem-based adaptation · Sea
level rise · Coastal protection ·Numerical modeling · Field measurements · Small islands
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Z U S A M M E N FA S S U N G

Es wird der Zivilgesellschaft in Zukunft nicht möglich sein sich nur anhand von traditionel-
len und den gegenwärtigen Ansätzen nachhaltig vor dem Meeresspiegelanstieg zu schützen.
In den letzten 2000 Jahren ist das globale Klima und der mittlere Meeresspiegel relativ stabil
geblieben, was die Bewirtschaftung und Besiedlung der Küstengebiete erleichtert hat. Res-
sourcen aus dem Meer waren und sind dabei ein wichtiger Faktor für die gesellschaftliche
Entwicklung auf Inseln und in Küstengebieten, da sie die Nahrungszufuhr und den Lebens-
unterhalt der Bewohner sichern. Seit der Industrialisierung erwärmt sich jedoch das Klima
zunehmend und es kommt in Küstengebieten zu neuen Gefahren. Durch einen steigenden
Meeresspiegel werden Küstenregionen stärker den Belastungen des Meeres ausgesetzt
(Exposition), während auch die Gefahren (Hazard) zunehmen. So stehen zum Beispiel
Gebäude näher an der Küstenlinie, während Wellen – durch eine erhöhte Wassertiefe –
später brechen und somit zu einer erhöhten Belastung am Ufer führen. Um sich vor den
Gefahren und Naturkatastrophen zu schützen, bedarf es geeigneter Küsteninfrastruktur,
um die Resilienz von Küstenregionen zu eröhen und die Verwundbarkeit (Vulnerability) zu
vermindern. Bislang werden Küstenschutzbauten so konzipiert und gebaut, dass sie den
vorhergesagten Belastungen innerhalb ihrer typischen Lebensdauer (oder “Bemessungsle-
bensdauer”) standhalten. Mit der Klimaerwärmung und dem Meeresspiegelanstieg ändern
sich jedoch die Anforderungen an den Küstenschutz. Dazu kommt, dass die Wechselwirkun-
gen zwischen den Treibern und Auswirkungen von Klimakatastrophen komplex sind. Diese
Komplexität führt zu mehr Unsicherheiten bei der Prognose zukünftiger Anforderungen an
den Küstenschutz. Daher müssen zukünftige Anpassungsstrategien and den Klimawandel
und den Meeresspiegelanstieg flexibler werden.

Diese Arbeit beschreibt den traditionellen Bemessungsansatz von Ingenieurbauwerken
im Küstenschutz und sein Potenzial eine von mehreren Antworten auf den steigenden
Meeresspiegel zu sein. Die Arbeit zeigt darüber hinaus auch die Grenzen dieses Bemes-
sungsansatzes auf, indem sie ihn einer komplexeren, interdisziplinären Herangehensweise
sich mit den Auswirkungen des Klimawandels zu befassen, gegenüber stellt. Dabei werden
allgemeine Missverständnisse aufgeklärt, die dem traditionellen, ingenieurmäßigen Ansatz,
sich nachhaltig vor steigenden Meerespiegel zu schützen, anhängt. In dem sie diese Miss-
verständnisse überbrückt, schafft die Arbeit eine gemeinsame Basis um ganzheitliche und
nachhaltige “low-regret” Ansätze der Klimawandelanpassung zu beschreiben. In diesem
interdisziplinären Ansatz spielt eine ingenieurwissenschaftliche Expertise nach wie vor eine
Schlüsselrolle – wie drei Studien, die im Rahmen dieser Arbeit durchgeführt wurden, zeigen.
In diesen Studien werden zwei typische methodische Themengebiete des Küsteningenieur-
wesens benutzt und weiterentwickelt, um hydro- und morphodynamische Phänomene
prozessbasiert zu beschreiben. Bei den zwei methodischen Themengebieten handelt es
sich um numerische Modellierung und Feldmessungen. Mithilfe dieser Methoden kann
beurteilt werden, wie sich der Meeresspiegelanstieg und die damit verbundenen Prozesse
sowohl auf Küsten- und Stömungsbauwerke auf der einen Seite als auch auf das umgebende
Ökosystem auf der anderen Seite auswirken. Um jedoch die Folgen des Meeresspiegelan-
stiegs auf ein Ökosystem ganzheitlich zu beschreiben, braucht es einen interdisziplinären,
sozio-politischen Ansatz, da der Mensch als integraler Bestandteil des Ökosystems gilt. Des-
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wegen fasst eine vierte Studie die disziplinären Ergebnisse der Studien im interdisziplinären
Kontext des zugrundeliegenden Forschungsprojekts zusammen, und zeigt anhand dieser
interdisziplinären Betrachtungsweise Potentiale und Herausforderungen im Umgang mit
dem Meeresspiegelanstieg.

Diese Arbeit zeigt am Beispiel von zwei Häfen den Nutzen von traditionellen Ingenieur-
bauwerken auf, verdeutlicht aber auch den Vorteil einer erweiterten, interdisziplinären
Perspektive um sich mit “low-regret” Maßnahmen an den Klimawandel anzupassen. Diese
breitere Perspektive baut auf den Erfahrungen verschiedener Disziplinen auf und erlaubt es
auch neuere, zum Beispiel ökosystembasierte Anpassungsmaßnahmen, in Anpassungsstra-
tegien zu implementieren, obwohl es zur Zeit noch keine weitreichenden Erfahrungen hin-
sichtlich ihrer Effizienz und Implementierung gibt. Gleichzeitig vermeidet eine “low-regret”
Strategie aber auch das Potential bestimmter Anpassungsmaßnahmen überzubewerten
(sowohl traditioneller Schutz als auch ökosystembasierte Anpassung), sondern fördert die
flexible und kontextbasierte Erwägung des gesamten Anpassungsportfolios.

Schlüsselwörter:
Klimawandelanpassung · “Low-regret” Anpassung ·Ökosystembasierende Anpassung ·Mee-
resspiegelanstieg ·Küstenschutz ·Numerische Modellierung ·Feldmessungen ·Kleine Inseln
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S TAT E M E N T O F C A N D I D AT E C O N T R I B U T I O N

This thesis builts on a series of scientific publications, which I have written as PhD stu-
dent of the Faculty of Civil Engineering and Geodetic Science of the Leibniz Universität
Hannover (LUH), Germany and as research associate at the Ludwig-Franzius-Institute
(LuFI) of the LUH. The content of this thesis is in accordance with the faculty’s regulations1

and recommendations2 for cumulative doctoral theses and represents my own work if not
specified by references or acknowledgements. Publications considered for this thesis are
(in chronological order of their acceptance by the publishers):

1. David, C. G., Roeber, V., Goseberg, N., Schlurmann, T. (2017). Generation and prop-
agation of ship-borne waves – Solutions from a Boussinesq-type model. Coastal
Engineering, 127, 170-187. DOI: 10.1016/j.coastaleng.2 017.07.001

This publication was supported by the Hamburg Port Authority (HPA) and the Japan
Society for the Promotion of Science (JSPS) and was partly carried out at Tohoku
University of Sendai, International Research Institute of Disaster Science (Tohoku, IRI-
DeS). The study is my own work, prepared under the guidance and with support from
Volker Roeber and Nils Goseberg. Nils Goseberg and Torsten Schlurmann supervised
the research. The results of this study were validated by recorded field data, provided
by the HPA with courtesy of Nino Ohle and Thomas Strotmann. This publication is
the basis for chapter 3.1.

2. David, C. G., Schlurmann, T. (2020). Hydrodynamic drivers and morphological re-
sponses on small coral islands – The Thoondu Spit on Fuvahmulah, the Maldives.
Frontiers in Marine Sciences, 7:538675. DOI: 10.3389/fmars.2020.538675

This research evolved from the project Dealing with change in SIDS: Societal action
and political reaction in sea level change adaptation in Small Island Developing
States (DICES) within the Priority Program (SPP-1889) Regional Sea Level Change and
Society (SEALEVEL). The program and project was funded by the German Research
Foundation (DFG). This study presents the first results of the three field campaigns,
carried out in DICES, which I designed and led. The work is my own, prepared with
advice and feedback from Torsten Schlurmann. This publication is the basis for
chapter 3.3.

3. David, C. G., Kohl, N., Casella, E., Rovere, A., Ballesteros, P., Schlurmann, T. (2021).
Structure-from-Motion on shallow reefs and beaches: potential and limitations of
consumer-grade drones to reconstruct topography and bathymetry. Coral Reefs 40,
835–851. DOI: 10.1007/s00338-021-02088-9.

This publication emerged from challenges in the post-processing of the first two
field campaigns, which I discussed with Alessio Rovere during a DFG research pro-
gram meeting. In the following, I designed the experiment addressing the discussed

1 see: Verkündungsblatt der LUH vom 04.06.2020
2 see: Handlungsempfehlungen für das Promotionskollegium der Fakultät für Bauingenieurwesen und Geodäsie

zur kumulativen Promotion vom 07.11.2019
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challenges. The experiment was carried out by Nina Kohl afterwards – with help of
Pablo Ballesteros and me. Together with Nina Kohl, I developed the post-processing
procedure. Elisa Casella and Alessio Rovere gave advice and feedback within the
entire process. A preliminary set of results was presented in Nina Kohl’s Master’s
thesis. The publication advances these results and contains further insights into
unaligned bathymetric reconstruction, while further modifications emerged within
the review process. As corresponding author, I wrote the manuscript with feedback
and editorial contributions from Pablo Ballesteros, Alessio Rovere, Elisa Casella and
Torsten Schlurmann. This publication is the basis for chapter 3.2.

4. David, C. G., Hennig, A., Ratter, B. M. W., Roeber, V., Zahid, Schlurmann, T. (2021).
Climate change induced effects or maldevelopment: small islands and conflicting
attribution of root causes. Nature Communications, 5882 (2021). DOI: 10.1038/s41467-
021-26082-5.

Following a conference contribution (David et al., 2019), this publication evolved
from the interdisciplinary cooperation between engineers and integrative geogra-
phers in the project DICES, and presents the combined view of both disciplines. Here,
I initiated the joint publication of results and provided the main manuscript, con-
taining the natural science perspective, adapted from the conference contribution.
The natural science analysis included numerical modeling, where Volker Roeber gave
advice on the setup of the Boussinesq model. Arne Hennig provided the social science
perspective of the study which I (as corresponding author) embedded into the main
manuscript. Beate Ratter and Torsten Schlurmann gave advice and feedback within
the study to Arne and me. They also made editorial contributions and reviewed the
final manuscript, as did Volker Roeber. Dr. Zahid, our local contact person in the
Maldives during the project, reviewed the manuscript with his local perspective. This
publication is the basis for chapter 3.4.

There are further publications I have contributed to as associated researcher at Ludwig-
Franzius-Institute, but which are not further considered for this thesis:

1. David, C. G., Schulz, N., Schlurmann, T. (2016). Assessing the Application Potential
of Selected Ecosystem-Based, Low-Regret Coastal Protection Measures. In: Renaud F.,
Sudmeier-Rieux K., Estrella M., Nehren U. (eds) Ecosystem-Based Disaster Risk Reduc-
tion and Adaptation in Practice. (pp. 457-482) Advances in Natural and Technological
Hazards Research, 42. Springer, Cham. DOI: 10.1007/978-3-319-43633-3_20

This book chapter originated from the TWIN-SEA project, building up an expert net-
work on low-regret climate change and sea level rise adaptation measures. Nannina
Schulz initiated the publication, drafting an introduction. I consequently built up
on this basis as corresponding author, with the experiences made on low-regret
adaptation measures in Indonesia and within the project network. Torsten Schlur-
mann provided guidance and feedback on the research and editorial contributions
on the publication. Albeit not directly considered as publication for the thesis, the
state-of-the-art chapters 2.3 and 2.2 build on insights from this book chapter.
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2. Lynett, P. J., Gately, K., Wilson, R., Montoya, L., Arcas, D., Aytore, B., Bai, Y., Bricker,
J. D., Castro, M. J., Cheung, K. F., David, C. G., Dogan, G. G., Escalante, C., González-
Vida, J. M., Grilli, S. T., Heitmann, T. W., Horrillo, J., Kânoğlu, U., Kian, R., Kirby, J.
T., Li, W., Macías, J., Nicolsky, D. J., Ortega, S., Pampell-Manis, A., Park, Y. S., Roe-
ber, V., Sharghivand, N., Shelby, M., Shi, F., Tehranirad, B., Tolkova, E., Thio, H. K.,
Velioğlu, D., Yalçıner, A. C., Yamazaki, Y., Zaytsev, A., Zhang, Y.J. (2017). Inter-model
analysis of tsunami-induced coastal currents. Ocean Modelling, 114, 14-32, DOI:
10.1016/j.ocemod.2017.04.003.

The paper is the synthesis of a benchmarking workshop, organized by the National
Tsunami Hazard Mitigation Program (NTHMP) on March 9 and 10, 2015 in Portland,
Oregon, the USA. Volker Roeber participated in the workshop as founder of the
Boussinesq Ocean and Surf Zone model (BOSZ). The publication lists the entire
developer team of each model benchmarked. Here, I contributed by implementing
the pressure term into the BOSZ model (see chapter 3.1 and David et al., 2017).

All images used in this thesis are either my own or their source is labelled. Some images
originate from the Ludwig-Franzius-Institute’s media repository and/or were provided by
courtesy of colleagues from the institute:

Figure 2.6b: Student exkursion to (Northern-) Spain in 2019,

photo taken by LuFI-staff

Figures 2.8b – 2.8d: Leon Scheiber

Figure 2.13b: Maike Paul
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I N T R O D U C T I O N

1.1 B A C K G R O U N D A N D R E S E A R C H Q U E S T I O N

The current geological epoch, the Anthropocene, is characterized by the imprint of hu-
mankind on the environment and the earth system (Steffen et al., 2007). The Anthropocene
is closely connected to the exponential growth of the human population within the past
three centuries (Crutzen, 2006), leading to drastic anthropogenic transformations of land
surfaces, a rapid urbanization within the past century, and a similarly large increase of
energy demand. This “Great Acceleration” (Hibbard et al., 2006) of several factors, which
are connected to human actions, shows an exponential growth since the industrializa-
tion in the late 18th century. The world economy has noticeably increased between the
beginning of the industrialization until the middle of the twentieth century. However after
1950, the economic growth has again accelerated sharply. Consequently, the global real
gross domestic product is about 15 times higher today than six decades ago – and growth
rates are continously increasing (Steffen et al., 2015). The global economic growth and
CO2 emissions are two epitomes of the “Great Acceleration”. In turn both, global warming
and global economic activity are directly connected to CO2 emissions. An increase of CO2

results from the use of fossil fuels, agricultural activities, deforestation, intensive animal
husbandry and other human activity (Crutzen, 2006; Steffen et al., 2007, 2015; IPCC, 2019a).
Such an increase can be measured for CO2 as well as for other greenhouse gases and the
measured levels go beyond a natural baseline. The consequences of global warming on
global sea levels have been subject to scientific research for the last third of the twentieth
century (Sawyer, 1972; Etkins and Epstein, 1982). Today, we know increasing temperatures
influence the cryosphere and lead to – locally varying – sea level rise and increased hazard
risk (IPCC, 2019b). On a global scale, sea level rise is also one of the “Great Acceleration”
measures and subject to accelerating growth rates (Nicholls and Cazenave, 2010; IPCC,
2019a).

With relatively stable sea levels since the last deglaciation (about 3000 years ago, see
Lambeck et al., 2002; Nicholls and Cazenave, 2010), the role of coastal engineers was to
provide protective infrastructure. This infrastructure safeguarded human activity in the
coastal zone and helped to fuel economic prosperity and support the rapid economic growth
since the industrialization. However, with rising contemporary sea levels, further options
beyond protection need to be taken into account as traditional engineering protection
measures are expected to reach their technical limits beyond the year 2100 under high CO2

emission scenarios (IPCC, 2019c). To mitigate global heating and act against rising sea levels
on a political level, 191 governments have signed the “Paris Agreement” under the United
Nations Framework Convention on Climate Change (UNFCCC) on December 12th 2015,
legally binding these states to limit global warming to “well below” 2 ◦C – preferably 1.5 ◦C
– compared to pre-industrial levels. Similar to the “Paris Agreement”, the 17 Sustainable
Development Goals (SDGs) of the United Nations Development Programme (UNDP) are a
global initiative with the aim to end poverty while providing decent economic growth and

1
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at the same time to protect the planet and strengthen universal peace. The SDGs have been
signed by all 193 United Nation member states, intending to reach these goals by 2030.

At the same time, researchers have bundled their efforts under the umbrella of the In-
tergovernmental Panel on Climate Change (IPCC) to support addressing the challenges
of climate change and sea level rise. Since their first assessment report in 1990, the IPCC
assesses policy relevant information on global warming and the associated impacts (IPCC,
1990). With that, the IPCC provides decision makers with relevant scientific findings on the
risk and impacts of global heating and reveals pathways to reach the targeted Sustainable
Development Goals.
For example, the most recent Fifth Assessment Report (AR5) by the IPCC finds increased
disaster risks on coastal and low-lying areas due to sea level rise and related impacts (IPCC,
2014a). The report states that the rate of contemporary sea level rise will very likely continue
to accelerate, that 95% of the ocean will very likely experience sea level rise by the end
of the 21st century, and that global mean sea levels will virtually certain continue to rise
beyond 2100 (IPCC, 2013). The IPCC also published its “Special Report on the Ocean and
Cryosphere in a Changing Climate (SROCC)” more recently, building on findings of the
AR5. As sea level is continuously rising and (extreme) wave events intensify, the SROCC
states that historically rare extreme sea level events will become more common by 2100
(centennial events, which are local sea level events occurring historically once per century
“are projected to become at least annual events at most locations during the 21st century”;
IPCC, 2019c). For example, as of today, the tidal range of the Maldives at spring tide is about
1 m. The islands and atolls of the Maldives are typically sheltered with ridges being the
island’s highest elevation (Kench et al., 2005). This elevation is usually below 3 m in height.
But, together with the fringing reef, these heights are sufficient for Maldivians to safely
populate these islands, without experiencing flooding frequently. However, if the sea level
rises about 0.5 m – one possible scenario at the end of this century under “intermediate”
CO2 emissions (IPCC, 2014b; Wright et al., 2019) – the current spring tide level would be the
future mean sea level and future spring tide levels can reach the top of the island’s ridges.
Therefore, today’s extreme flooding events on reef islands can translate from hazards with
returning periods in the order of years, decades or centuries to hazardous flooding events,
recurring each spring tide (while spring tides occur twice each lunar month).

The IPCC also complements this assessment of future hazards, associated with a heating
climate and reveals pathways under which current and future generations are able to deal
with challenges. In the coastal zone, dealing with sea level rise, these pathways contain five
response categories: traditional protection, namely ecosystem-based adaptation, accom-
modation, advance, retreat, or a no-response pathway (see also Figure 2.3 in chapter 2.2.1).
But the requirements on adequate responses to sea level rise and the associated impact goes
beyond a structure-oriented perspective and must consider the broader, three dimensional
implications of human activity on the coast. This is because human activity on the coast
is framed in the two dimensional socio-political context and has significant implications
on the natural coastal environment – being the third dimension. The natural coastal en-
vironment itself provides important ecosystem services, for example reducing the risk to
suffer from seaborne hazards. This potential to reduce disaster risk is directly connected
to SDG 11 (“sustainable and resilient cities and communities”) and 9 (“building resilient
infrastructure”) and delivers distinct socio-political benefits, which in turn contribute to
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dealing with global heating and “to achieve a better and more sustainable future for all”1 –
the main agenda of the 17 SDGs by the UNDP.

In practice, different SDGs can collide – for example SDG 8 “Decent work and economic
growth” and SDG 9 “Industry innovation and infrastructure” with SDGs 14 and 15 “Life below
water” and “Life on land”. This is epitomized by coastal infrastructure, such as seaports:
Seaports are waterside infrastructures, providing connection, mobility, and access to the
global market (Barkin, 2003). They provide safe connectivity, an access to the outside
world, and therefore endow the regional economy and supply – especially through the
shipping of goods. The backbone of global economic activity are global transport networks,
where seaports handle more than 85 % of the international trade (Liu, 2008; Jiang et al.,
2014). Therefore, seaports are a cornerstone of the global economic network and fuel
the regional and global (economic) development. Designing seaports and implementing
response options to ocean pressures is a key competence of coastal engineers and is directly
linked to SDG 8 “Decent work and economic growth” and SDG 9 “Industry innovation and
infrastructure”.
Recent advances in port design allow the seaports to further expand into the hinterland –
this port regionalization is also known as the dry ports concept (Notteboom and Rodrigue,
2005; Roso and Lumsden, 2010). The dry ports concept facilitates an increase in ship traffic
and vessel sizes both on the ocean and in the seaports. This development – more vessels on
waterborne trade routes and the increasing vessel size – increasingly strains port structures,
for example in form of higher and more frequent waves. Additional stresses to harbors
come from increasing risks due to climate change effects: Ports – especially in the Pacific
Islands, Caribbean Sea and Indian Ocean – are at increased multihazards risks, with the
main contributors to this risk being increased coastal flooding and overtopping due to sea
level rise, as well as amplified heat stress impacts from higher temperatures (Izaguirre et al.,
2020). Damage and downtime of ports affect global supply chains and result in significant
economic costs and losses (Becker et al., 2018). To continuously ensure a secure and reliable
operation, seaports incorporate traditional, hard-engineered protection measures, such as
breakwaters or seawalls, or upgrade existing infrastructures. These measures shelter vessels
and port assets from seaborne hazards. To cope with locally characteristic seaborne hazards,
several strategies evolved throughout history. However, in the face of climate change, coasts
will experience ocean hazards more severely and frequently as a consequence of (ongoing)
climate change (IPCC, 2019a).

Traditional coastal structures and anthropogenic interventions have also often resulted
in the proliferation of engineering-type protection systems, defending coastal areas up to a
certain level of safety from coastal hazards. These interventions are man-made disruptions
of the coastal system, often undermining vital ecosystem services and interfering with the
morphodynamic interchange on beaches (Luijendijk et al., 2018), which becomes especially
apparent on small islands (Kench, 2012; Duvat and Magnan, 2019; Magnan and Duvat, 2020).
As such, disruptions of the coastal system collide with SDG 14 “Life below water: conserve
and sustainably use the oceans, seas and marine resources for sustainable development” and
SDG 15 “Life on land: protect, restore and promote sustainable use of terrestrial ecosystems,
[. . . ] and reverse land degradation and halt biodiversity loss”. From a coastal engineering

1 the United Nations describe their SDGs commonly as “the blueprint to achieve a better and more sustainable
future for all” – a description that has been widely disseminated and used by various media. For the original
description, see for example the United Nation’s homepage:
un.org/sustainabledevelopment/sustainable-development-goals/

https://www.un.org/sustainabledevelopment/sustainable-development-goals/
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point of view, with predominantly hard-engineered protection at hand, the perspective on
these traditional measures recently broadened towards adapting to climate change (and the
associated impacts) and exploring more sustainable solutions, which combine protectional
aspects and additional ecosystem services in form of ecosystem-based adaptation. However,
since the introduction of the “Working with Nature” concept by the World Association
for Waterborne Transport Infrastructure (PIANC) in 2008 (PIANC, 2008, 2014), there is an
increasing number of such “green” concepts that are aiming at more nature-based solutions,
but these concepts have a mutually diverging interpretations of a sustainable approach to
tackle climate change, sea level rise and their adverse impacts on the coast. In addition,
ecosystem-based adaptation is not always the most efficient solution and traditional “hard”
protection remains the most viable approach for exposed assets of high value (IPCC, 2019b).
Therefore, there is not one panacea – traditional coastal protection or ecosystem-based
adaptation – to deal with risk on coasts in a “good” and sustainable fashion. And still, the
key question in coastal engineering and of this this thesis is what are “good” and sustainable
approaches to adapt to climate change effects and what is the role of (or requirements on)
modern and future coastal engineering in it?

1.2 M O T I VAT I O N

Previous sections have recapitulated the traditional design approach of engineers and
outlined the risk perspective behind well-established coastal protection measures as well as
more recent, nature-based solutions. Against this background, recent research introduced
a paradigm shift from building in nature to “building with nature” (van Slobbe et al., 2013).
In association with this paradigm shift, several concepts and solutions have emerged (see
chapter 2.3.2), addressing a more sustainable handling of coastal protection in the face of sea
level rise and each concept has the aim to mitigate sea level rise and associated impacts with
nature-based measures (Stive et al., 2013; Temmerman et al., 2013; Shaw et al., 2014; Sutton-
Grier et al., 2015; David et al., 2016; Pontee et al., 2016; Schoonees et al., 2019). The SROCC
of the IPCC endorses these approaches and gives a very straightforward, own classification
– the IPCC defines the term “ecosystem-based adaptation” as a response to sea level rise,
which is based on sustainability, conservation, and restoration of ecosystems. Nevertheless,
implementing nature-based measures faces practical and institutional challenges (Triyanti
et al., 2017; Woroniecki et al., 2019): While several studies confirm the protective features of
ecosystems, these findings stand against the more robust experience of traditional measures,
manifested in building codes and design guidelines. Furthermore, while soft measures (such
as beach and shore nourishment) are a popular and viable option within the building-with-
nature framework, the latest IPCC reports classify them as “sediment-based protection” and
thus as additional option beside ecosystem-based adaptation and traditionally engineered
“hard” measures. This shows that a multitude of concepts exists with a discrepancy between
their definitions and interpretations.

In contrast, the scientific community’s increasing focus on nature-based measures is at
times misconceived as generally superior towards soft or traditional means of protection
among professionals and practitioners. The pinnacle of this logic is that modern infrastruc-
ture would always require a “green” component to be sustainable and relevant in the face of
climate change, while traditional “grey” solutions are unsustainable and disproportionate.
However, using “green” elements in a structure is not an indicator for its ecological value.
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Conventional sea dikes epitomize this: On the North Sea, they are traditionally covered
by grass, reinforcing the soil. The grass-mixture however is standardized and focuses on
technical requirements rather than ecological factors, leading to a rather low ecological
value (Scheres et al., 2020a).
Quite the opposite, in their definition, the IPCC does not give an a priori preference towards
one response to sea level rise and acknowledges multiple options as feasible to face future
challenges: protection, ecosystem-based adaptation, accommodation, advance, retreat, or
no response (IPCC, 2019b). In addition, the Fifth Assessment Report of the IPCC explicitly
underlines that “maladaptation may also occur if the true potential of [any] option or [. . . ]
technology is unduly over-emphasized, making it over-rated” (Noble et al., 2015). The IPCC
rather demands that any method – disregarding its conceptional implementation – should
be of “low-regret” to the community and environment (IPCC, 2014a).

In front of this background, the motivation of this thesis is to (a) address and thus over-
come the misconceptions of “low-regret” responses to sea level rise, (b) portrait their benefit
and limitations when complementing traditional hard protection methods, and (c) illustrate
the potential of coastal engineering when dealing with climate change adaptation. In this
sense, this thesis reveals misconceptions stemming from traditional engineering training
and portraits the recent diversification of different nature-based concepts. It provides the
theoretical background behind “low-regret” adaptation and by that elucidates the required
perspective change in coastal engineering. Such a transition from coastal protection to
climate change adaptation highlights that coastal engineering expertise is a key component
when exploring and scrutinizing sustainable means to deal with future climate-change
effects.

1.3 C O N T E X T, O B J E C T I V E S & O U T L I N E

In an overarching sense, a sustainable solution is one with the lowest adverse impact on,
and with the lowest regret for all socio-political and natural domains under current and
future development pathways – a solution of “low-regret”. “Low-regret” solutions aim at
reducing adverse impacts now, but also consider and limit their adverse impact on future
response options under different scenarios (the concept of “low-regret” solutions is fur-
ther elucidated in chapter 2.2). However, addressing the essential requirements in each
dimension is complex and requires cooperation and insights from different perspectives
beyond the reach of a single discipline (Colón et al., 2008; Lawrence, 2010). The degree of
cooperation between disciplines can vary from multidisciplinary over interdisciplinary to
transdisciplinary. A multidisciplinary approach is rather focussed on the individual disci-
plines, merging their results at the end. An interdisciplinary approach goes beyond adding
the disciplines’ single contributions, but combines their different methods and integrates
their different knowledge. A transdisciplinary approach is more integrated than an interdis-
ciplinary approach, creating a combined transcendent perspective (see Figure 1.1). But the
transitions between the approach is fluent. In general, more complex challenges require
more integrated approaches and scrutiny (Lawrence, 2010; Kumar et al., 2019).

Due to the interconnection between different drivers, impacts and responses of climate
change, dealing with climate change is a complex challenge. The different working groups
of the IPCC showcase the highly interdisciplinary – and at best transdisciplinary – attempt
to (a) assess the policy relevant scientific state of the art, (b) examine the climate change
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Multidisciplinary Interdisciplinary Transdisciplinary

Figure 1.1: Types of cross-disciplinary cooperation. Different disciplines working together on a
core topic. Their closeness in cooperation determines their type of cooperation: Multi-
disciplinary cooperation aggregates or sums up each discipline’s particular components.
Interdisciplinary cooperation interactively works on a core challenge and combines their
knowledge. In transdisciplinary cooperation, disciplines transcend their boundaries,
integrating their disciplinary viewpoints into a shared perspective (adapted from Zeigler,
1990; Colón et al., 2008; Kumar et al., 2019).

cause-effect chain, and (c) address the associated challenges. However in the beginning,
this requires to look beyond the disciplinary boundaries. This can be especially challenging
for experts, being well trained in their respective disciplinary methods and having adopted
to a discipline specific perspective or mindset.

1.3.1 Objectives

With the complexity of climate change adaptation in mind, the general and overarching
quest of this thesis is to demonstrate that (coastal) engineering provides several links to
other disciplines and thus can play a key role and mediate in an inter- and transdisciplinary
approach to sustainably adapt to sea level rise. This thesis evolved within two interdisci-
plinary research projects bringing together social sciences and engineering sciences to
work on coastal adaptation. One of the first and major contributions to a healthy collabo-
ration was to establish a common working base, because perspectives, terminology, and
experiences differed substantially between the disciplines at times. Creating this common
working base requires to (a) cater for project partners from more unfamiliar disciplines,
(b) acknowledge each disciplines expertise and potential, (c) discuss the different perspec-
tives, and (d) elucidate the mindset or origin, which shapes the specific disciplinary view
on an issue. Overcoming a disciplinary perspective of a civil or coastal engineer was the
main factor to identify “low-regret” solutions and see their benefit beyond the traditional
cost-benefit assessment. Bridging the disciplinary gap facilitates accounting for ecosystem
services and recognizing socio-political benefits or trade-offs accompanied by different
response options to sea level rise. In turn, other disciplines profit from understanding the
(coastal) engineering perspective with a traditionally strong expertise in hazards, impact
and effective disaster risk reduction. Therefore, the specific objectives of this thesis are:

• Advancing the traditional and contemporary aspects of coastal engineering to assess
climate change hazards and their impact:

Coastal engineers bring together different aspects of physical and engineering sci-
ences. By utilizing numerical models and employing oceanographic knowledge,
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coastal engineers calculate the generation and evolution of ocean water waves and
assess their impact on the coastal environment (for example in the form of sediment
transport). Such an assessment is based on several boundary conditions and requires
validation data from the field. With this in mind, the first objective of this thesis is to
improve the particular expertise of coastal engineering and improving the assessment
of climate change hazards. This is achieved by advancing the specific disciplinary
methodologies numerical modeling and field measurements.

• Creating a common ground for an (interdisciplinary) scrutiny of climate change
impacts and sustainable adaptation:

Engineers design and steadily improve coastal protection measures. However, several
new concepts emerged from a growing interest in more nature-based solutions and
the aspiration to provide sustainable approaches to protect shorelines from climate
change impacts. This thesis reviews these concepts in front of a traditional engi-
neering background and contrasts them with a broader risk concept as endorsed by
climate change scientists of the IPCC. The second objective of this thesis is to create
a common ground for an interdisciplinary assessment of sustainable climate change
adaptation. This is done with the help of a literature review (chapter 2) which (a)
overcomes common (disciplinary) misconceptions in providing sustainable climate
change adaptation (b) opens the disciplinary standpoint, (c) reveals interdisciplinary
contact points and links of (coastal) engineering, and (d) illustrates their benefits for
an (interdisciplinary) scrutiny of climate change impacts.

• Synthesizing different domains of sustainable, “low-regret” climate change adapta-
tion and illustrate them by the practical example of two ports:

In addition, this thesis elucidates the different requirements on contemporary and
future (coastal) engineering tasks to achieve the sustainable development goals given
the background of ports. Ports are an important factor to reach the SDGs 8 and 9
(“Decent work and economic growth” and “Industry innovation and infrastructure”).
But ports are also a major disturbance of the coastal environment, and as such com-
promise SDGs 14 and 15 (“Life below water” and “Life on land”). Therefore, this thesis
synthesizes the knowledge from the two previous objectives by (a) reviewing the
natural and socio-political context of an existing coastal infrastructure, (b) revealing
maladaptive tendencies of planned protection efforts, and (c) presenting an alterna-
tive “low-regret” measure, mitigating the infrastructure’s adverse effect on the coastal
ecosystem.

Aim and objectives of this thesis
The aim of this thesis is to overcome the disciplinary boundaries of coastal engineering
and illustrate the role of modern coastal engineering in climate change adaptation.
The resulting objectives are:

(a) advancing traditional and contemporary aspects of coastal engineering,

(b) creating a common ground for an interdisciplinary scrutiny of climate change impacts
with (coastal) engineering expertise being an integral part, and

(c) scrutinizing different domains of sustainability.
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1.3.2 Outline

At first, the thesis describes the traditional design of hydraulic and coastal structures in a
state-of-the-art chapter. The traditional engineering design considers a structure’s resis-
tance in relation to the projected impacts over the structure’s lifetime (chapter 2.1), in which
a structural design is acceptable, if the structure withstands the impacts resulting from
typical use cases and foreseeable extreme events. Then, the thesis discusses this approach’s
intrinsic perception of risk and contrasts it with a broader risk concept as endorsed by the
IPCC (chapters 2.1.1 and 2.2). This broader risk perception is based on the concepts of
hazards (impacts), vulnerability, and exposure and incorporates a characteristic, dedicated
terminology and uncertainty language. Understanding this risk perception requires to
overcome the disciplinary risk perspective of engineers (which usually has been gained
over years of higher education) with an interdisciplinary perspective. An interdisciplinary
approach however, entails understanding the single disciplines’ perspectives and putting
them into context.

A tangible example evolved from the interdisciplinary framework of this thesis: A social
scientist and a coastal engineer walk along a tourist beach. The social scientist sees the
people on the beach, acknowledges the beach as social space, and considers its benefit
for the community. The engineer sees the natural dynamics behind sediment transport
resulting in the current beach profile and its seasonal changes. Both perspectives have
different aspects and distinct contributions to the risk components hazards, vulnerability,
and exposure – for example the projected adverse impacts of climate change and sea
level rise are similarly important than socio-political decisions and actions leading to
maladaptation (one of the major findings in chapter 3.4). Therefore, sustainable adaptation
strategies synthesize aspects from multiple disciplines within the IPCC’s three dimensional
definition of risk to address all seventeen SDGs. The state-of-the-art chapter visualizes the
three dimensional risk definition and the interdependency of hazard, vulnerability and
exposure on the example of small islands (chapter 2.2.2). Afterwards, the thesis explains
the dimension of the IPCC’s risk concept and the associated “uncertainty language”, which
is required when dealing with future climate change projections (chapter 2.2.3). With the
traditional engineering perspective on risk and the IPCC’s risk concept at hand, the following
section of the state-of-the-art chapter elucidates the difference between coastal protection
and climate change adaptation by confronting common misconceptions, arising through an
indiscriminate use of terminology (chapter 2.2.4). For example, a common misconception is
that all nature-based solutions would be of “low-regret”, while traditional, hard-engineered
protection would always be of higher regret than nature-based alternatives. Therefore, the
knowledge gap identified by reviewing the current state of the art is rather an (inter-)2

disciplinary gap, resulting from an indiscriminate use of the terms and concepts of “green”
or nature-based solutions to deal climate change impacts (David et al., 2016; Schoonees
et al., 2019). A suitable approach of “low-regret” always considers the context and objectives
of a measure (chapter 2.2 elucidates this further, while chapter 2.3 gives an overview of
several protection measures).

In this sense, the published manuscripts outlined in this cumulative thesis (chapter 3
presents the adapted abstracts and conclusions of the manuscripts, which are substanti-
ated by a selection of the main articles’ figures) give an overview of different contemporary

2 Chapter 2.5 discusses the disciplinary gaps from a (coastal) engineering and an interdisciplinary perspective.
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features of coastal engineering, dealing with both traditional civil engineering and climate
change related aspects of seaports. Both contexts are described within three publications,
which aim to foster the mutual understanding and synthesis between engineers and other
disciplines when dealing with global heating and sea level rise. A fourth publication ad-
vances methodological aspects of working in the field with consumer-grade aerial vehicles3

– an efficient and highly flexible mean to obtain spatial information, which can be used, for
example, in numerical models.

The first publication (David et al., 2017; DOI: 10.1016/j.coastaleng.2017.07.001) within
this cumulative thesis demonstrates a very straight-forward advance in the design of a
hydraulic structure in the Port of Hamburg (chapter 3.1). The Port of Hamburg is a hub for
the Central and Eastern European economy and their access to the global marine trans-
port network. Since the formation of the Hanseatic League in the 12th to 14th century, the
Hamburg’s port has developed into one of the largest seaports of Europe (HPA, 2017). Mean-
while, the port and access through the river Elbe have been significantly modified to meet
the demands of a constantly increasing traffic. As a consequence, the Port of Hamburg
and the following seaward part of the Elbe, the lower Elbe, can nowadays be considered a
technical, man-made water infrastructure. Despite environmental concerns and protests,
the main objective of national and European policy is to maintain access, improve cargo
throughput and thus support economic efficiency of the Port of Hamburg. While concerns
on adaptations on the access waterway, the river Elbe, are controversially discussed by the
society, the population of Hamburg and the surrounding region are also aware of the port’s
significance for the region and that it must remain competitive in an European context
(Ratter and Weig, 2012).
As the growing world economy stands in direct relationship with logistics and transship-
ment, vessel traffic and vessel sizes are projected to increase in the Port of Hamburg
(Maatsch and Tasto, 2015). The thesis presents a study, determining the significant hy-
drodynamic loads on a port structure – a current deflection wall. This current deflection
wall was formerly designed by the (Ludwig-) Franzius-Insitute to decrease the sedimenta-
tion in the port (Ludwig-Franzius-Institut, 1989), but the current wall was recently damaged.
The results from this thesis serve as design base, allowing the structure to cope with future
dynamic loads from increasing ship-induced waves (see Figure 1.2). The current wall was a
prototype since its construction, but became a beneficial part of the port throughout its
lifetime. Both studies, the initial implementation and the new design was initiated and com-
missioned by the Hamburg Port Authority (HPA) (Ludwig-Franzius-Institut, 2015), who also
provided bathymetry data and hydrodynamic measurements for the study, which resulted
in the first publication within this thesis (see chapter 3.1). The objective within this project
was to define the dynamic loads on the current deflection wall, as usual building codes and
guidelines (BAW, 2005, 2010) only gave insufficient information on the spatio-temporal
evolution of ship-borne waves around the structure. The project included three main tasks:
(1) identifying characteristic loads on the wall (typical vessel types and trajectories around
the wall), (2) adapting a numerical model to account for the spatio-temporal evolution of
vessel waves, and (3) provide characteristic load combinations (see Figure 1.2). Besides ful-
filling the objectives for the project, the methodological advance of the numeric approach
in the associated publication became a cornerstone for the methods in the subsequent
research on small islands, because the experiences on how to deal with non-linear waves

3 This publication was also the result of an interdisciplinary effort, carried out with geoscientists in the same
research program.

https://doi.org/10.1016/j.coastaleng.2017.07.001
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Reinforcing a current wall
to withstand increased loads

Dynamic Loads

Load identifica-
tion

Adaptation of a
numerical model

Load combina-
tions

Structural design
(Loads < Resistance)

Construction

Increase safety and efficiency
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Figure 1.2: Framework of the project to rehabilitate a current deflection wall. The flowchart shows
the work packages of the project and their contribution to rehabilitate a current deflec-
tion wall in the Port of Hamburg (the project’s objective and outcome is in the purple
boxes); the approach combines coastal engineering, structural engineering and the im-
plementation in the form of construction works. The flowchart contains the working
packages of the coastal engineers (green) to estimate loads onto the structure, with work
packages yielding publications for this thesis (yellow, chapter 3.1); and working packages
of project partners (white). The project was commissioned and supported by the HPA.

in a 2DH approach also facilitated downscaling regional wave-climate to deliver a robust
impact-based assessment of the regional hydrodynamic drivers around a small reef island.

The small reef island Fuvahmulah in the south of the Maldives (see Figure 1.3) is the
focus of the following publications. The island also accommodates a seaport, providing
connection to the national transportation network of the Maldives and safeguarding fisher
boats and yachts of tourist divers. Just like the Port of Hamburg, Fuvahmulah’s seaport
has been a significant economic factor for the island since its construction in 2002. Today,
it is the island’s main transportation hub together with the adjacent airport. The seaport
consists of several structures, such as the large breakwater, improving port operation and
protecting the berthing vessels (see Figure 1.4).

But in the face of a heating climate, Fuvahmulah’s island dwellers are increasingly con-
cerned about sea level rise. These concerns are considerably more existential and impacts
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Figure 1.3: Location of Fuvahmulah. (a) Shows the island, the seaport, and airport location, as well
as the beaches Geiymiskih and Thoondu. Contour lines show the fringing reef depth.
(b) Location of Fuvahmulah and data nodes of the hindcast and reanalysis model, from
which the wave climate and wave heights were derived (chapters 3.3, 3.4 and 3.2). (c)
Location of Fuvahmulah within the Maldives and the Indian Ocean.

Figure 1.4: Drone image of the seaport of Fuvahmulah. The seaport of Fuvahmulah consists of the
port entrance (front) and the berthing area (back).
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(a) March 2017 (b) September 2017

Figure 1.5: Coastal erosion. A collapsing palm tree epitomizes local coastline retreat on the east
coast of Fuvahmulah.

of sea level rise affect disproportionately larger areas of land when compared to the city
of Hamburg. For example, the area adjacent to Fuvahmulah’s seaport is subject to severe
and ongoing erosion (see Figure 1.5). The visible erosion leads to concerns and fear among
Fuvahmulah’s population (Ratter et al., 2019). Public authorities of the Maldives and Fuvah-
mulah consider the erosion to be a consequence of “a combination of human interference
and natural causes” (Saleem, 2016; Hoogduin, 2016) and plan to reinforce the area with an
onshore revetment. This traditional structure-oriented approach is typical for the Maldives
and – with today’s knowledge on climate change adaptation – considered maladaptive
(Duvat and Magnan, 2019; Magnan and Duvat, 2020; David et al., 2021a; Nunn et al., 2021).

This thesis’ assessment of Fuvahmulah’s situation is framed within the project Dealing
with change in SIDS: Societal action and political reaction in sea level change adaptation in
Small Island Developing States (DICES), funded within the DFG’s priority program 1889
“sea-level”, (Grant No SCHL 503/17-1). The overall objective of the project is to consider the
natural and socio-political challenges on small islands when dealing with changes due to sea
level rise. The interdisciplinary approach assesses the impact of sea level rise on the coasts
of small islands and sets it into the societal and political context of Fuvahmulah and the
Maldives. It brings together engineers and social scientists (see Figure 1.6) to give insights
in the potentials of Fuvahmulah’s adaptive capacities and pitfalls of a traditional, structure-
oriented perspective (this structure-oriented perspective is documented in the reports
by Saleem, 2016; Hoogduin, 2016). The research carried out in this project contrasts the
structure-oriented perspective and delivers a context-based, future-oriented assessment of
challenges in climate change adaptation on a small, low-lying island.

The contribution for the project DICES from this thesis are based on three field cam-
paigns on the island and an interdisciplinary scrutiny of the situation on Fuvahmulah. The
assessment resulted in three publications:

In the context of DICES, the first publication (David et al., 2021b; DOI: 10.1007/s00338-
021-02088-9) finds methodological challenges when carrying out the three field campaigns
on Fuvahmulah in March and April 2017, September and October 2017 as well as in March
and April 2019 (chapter 3.2). The post-processing of the topographic data was done with the
emerging method of Structure from Motion - MultiView Stereo (SfM-MVS). The SfM-MVS
method uses aerial imagery, resulting in a three-dimensional reconstruction of the reef and

https://doi.org/10.1007/s00338-021-02088-9
https://doi.org/10.1007/s00338-021-02088-9
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adjacent beach. While dry areas have been successfully recreated with centimeter accuracy
(Murfitt et al., 2017; Casella et al., 2020; Talavera et al., 2020), the application for shallowly
inundated areas revealed challenges to reconstruct underwater areas due to the refraction
of light on the water surface. The publication addresses these challenges and showcases
ways to deal with them (see chapter 3.2 and methodology in Figure 1.6).

The second publication (David and Schlurmann, 2020; DOI: 10.3389/fmars.2020.538675)
uses the topographic data recorded in the field to estimate sediment volumes, as well
as boundary condition in numerical models to scrutinize the natural morphodynamic
response of the island towards the seasonally changing regional wave climate (chapter 3.3).
It assesses the natural changes (see Figure 1.6) on the reef system, as well as the resulting
natural potential to react to these changes (see chapter 3.3).

The following third manuscript (David et al., 2021a; DOI: 10.1038/s41467-021-26082-5)
discusses the findings of the previous publication on hydrodynamic drivers and morpho-
logical responses on small islands (chapter 3.4) and assesses the natural changes within the
island’s societal and political framing (see chapter 3.4). This subsequent study synthesizes
the engineers’ and social scientists’ work and discloses the potentials and pitfalls when
dealing with changes due to sea level rise.

In the following, the findings of all four publications are summarized and discussed in
front of the thesis’ main objective to elucidating the key role of (coastal) engineering in an
inter- and transdisciplinary approach (see chapter 4). It reviews the the maladaptive efforts
on Fuvahmulah and suggest a “low-regret” alternative to sustainably deal with current
challenges on the island. With that, this thesis exemplifies the potentials of changing the
perspective from coastal protection towards “low-regret” adaptation.

https://doi.org/10.3389/fmars.2020.538675
https://doi.org/10.1038/s41467-021-26082-5
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Societal action and political reaction in
sea level change adaptation on small islands

·Physical Science Basis Social Science Basis

Climate Change
Projections

Seaborne
Hazards
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Decisions
(governmental)

Preferences
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Methodology

·Natural Changes
&

Engineering Designs
Anthropogenic Changes

Potentials and pitfalls when dealing
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Figure 1.6: Framework of the project DICES and this thesis’ contribution. The flowchart shows the
research topic of the project and its contribution considering sea level rise adaptation
on small islands (purple); the interdisciplinary approach combines coastal engineering
(physical science basis), integrative geography, as well as behavioural and environmental
economics (both social science basis). The flowchart contains the working packages in the
project for the engineers (green, “Physical Science Basis”), working packages of project
partners (white, “Social Science Basis”), and working packages, yielding publications
for this thesis (yellow; chapter 3.3 for “Natural Changes”, chapter 3.4 for “Potentials
and pitfalls when dealing with [...] sea level rise” and chapter 3.2 for “Methodology”).
The project was funded by the DFG and carried out within the priority program 1889
“sea-level” (Grant No SCHL 503/17-1).
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S TAT E O F T H E A R T

2.1 B A S I C S O F S T R U C T U R A L D E S I G N

Building codes, such as the Eurocode EN 1990-1999, are dealing with the basis and design
for structures and civil engineering works (CEN, 2002). The Eurocode is divided into ten
parts, with the first – Eurocode 0 – describing the basis of structural design, the second –
Eurocode 1 – the actions and resulting loads on structures, and the following chapters 2 –
9 dealing with design criteria for different building materials, geotechnical design or the
design, assessment and retrofitting of structures for earthquake resistance. Such building
codes embody the research and experience gained with these structures and serve as legal
basis for their planning and construction. As such, the objective of building codes – for
example the EN 1990 – is to establish

“the principles and requirements for safety, serviceability and durability of struc-
tures. [The EN 1990] also provides the basis for the structural design and verifi-
cation of buildings and civil engineering works and gives guidelines for related
aspects of structural reliability.” (JRC, 2008)

Depending on the structure type, the EN 1990 defines typical lifetimes of stuctures, usually
varying between 10 to 100 years. Within its lifetime, the construction materials and the
combination of these materials must be designed to withstand certain impacts or load
levels (permanent or singular). The threshold of these levels are defined as limit states. Per
definition, two limit states exist in structural engineering – the ultimate limit state, defining
the total resistance of a structure, and a serviceability limit state as the limit under which the
structure can still be used (JRC, 2008). For example, if frequently recurring resonant waves in
a harbor basin do not affect the stability of harbor structures, the ultimate limit state is not
reached. But if the same resonant waves trigger the motion of vessels and floating structures
so that the structures are unusable, the serviceability limit state is already exceeded.

The basic approach in any structural design is to deterministically compare expected
design impacts Ed on a structure with the material and product design resistance Rd to
withstand these impacts. The Eurocode 1990 uses the partial factor method, assigning
different coefficients – partial safety factors – to the impacts and material values:

Ed ≤Rd (2.1)

with

Ed =
∑

i

γE ,i ·Ei (F d ,i ,αd ) (2.2)

and

Rd =
∑

j

R j (M d , j ,αd )

γR , j
(2.3)

15
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where Ed is the combined effect of all actions Fd , resulting from (mostly a combination
of different) actions and their loads. The resistance or capacity of the structure and its
elements to withstand actions without failure Rd results from the material and product
properties M . Indices d account for design loads and design resistance values, which
modify the characteristic loads by individual partial safety factors γi , and geometric data αi .
Furthermore, the Eurocode distinguishes between permanent and variable actions E , where
combinations of variable actions can be further reduced. Depending on their application
on the resistance or load, safety factors usually range between 0.85 to 1.35. Factors γ≤ 1
reduce forces which are beneficial for the resistance, while factors γ≥ 1 increase the design
load to characteristic loads1. The idea of safety factors is to provide “acceptable risk levels” or
“accepted risk levels” when designing the structure (Gulvanessian, 2009), but yet they are still
purely deterministic values. These safety factors are made for situations where sufficient
statistical data or experience is available. In other situations limit states are estimated from
probabilistic methods (see Figure 2.1), for example “where upper or lower design values of a
material or product property are established directly” (CEN, 2002). Probabilistic approaches
use probability density functions of load and resistance data. If both functions overlap,
the overlapping area is proportional to the failure probability (Jonkman et al., 2015). An
example to synthesize probabilistic with deterministic methods is the fractile value of a
structure’s resistance: here, the lower fractile of the resistance probability is unfavorable
and thus the characteristic value for a limit state (see Figure 2.1) and vice versa “where a
high value of material or product property is unfavourable, the characteristic value should
be defined as the 95% fractile value” – unless stated otherwise within the Eurocodes EN
1990 to EN 1999 (CEN, 2002). Similarly, the upper fractile is unfavorable for loads and is
therefore the characteristic value for a limit state (see Figure 2.1).

Short Summary of “Basics of structural design”
The general design of an engineering structure requires the structure’s resistance to be larger
than the projected impacts over its lifetime. Both, the calculated resistance and impacts
are subject to safety factors, accounting for an acceptable, deterministic level of risk, which
are essentially “safety margins”.

2.1.1 Risk in Structural Design

Summing up the above guidelines provide a framework for the design of safe and resistant
structures by incorporating safety margins in the respective calculation approaches. These
safety margins already contain the conventionally acceptable risk of failure in the design of
common structures. For less common designs, probabilistic approaches overcome a lack
of experience and derive characteristic safety factors directly from test data.

One significant difference in the practical application of the deterministic partial safety
factor approach and the probabilistic methods is their perspective on risk. In general, risk
R is defined as

R = P (A) ·C (2.4)

1 As a general framework, the Eurocode also allows national specifications (Gulvanessian and Holicky, 2005).
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Figure 2.1: Probabilistic and deterministic design. Comparing the probabilistic density function
for load and resistance with each other yields a failure probability where both curves
overlap. In comparison, the deterministic approach defines a characteristic load level
and combines it with a design value to increase the load or decrease the resistance.
Assigning these safety margins to the curve portraits the deterministic method against
the probabilistic approach (adapted from Jonkman et al., 2015).

with the occurrence probability of an action P (A) and the associated consequences C
(Jonkman et al., 2015). While the probabilistic approach can explicitly contain a residual
risk of failure beyond the anticipated design values, the deterministic partial factor method
yields specific load and resistance thresholds for which a structural design is considered
safe. In turn, this means that codes and guidelines already contain and comply to “accepted
risk levels” (Gulvanessian, 2009). Instead of incorporating and dealing with a dedicated
perspective on risk, the Eurocode uses a more positive connotation of “safety (factors)” and
even avoids to elucidate on the underlying risk concept:

“The word “risk” is not defined [in the EN1990], probably because it also relates to
the consequences of the hazard and the use of the structure. Risk in civil engineer-
ing is a complex concept, at least two-dimensional, covering both the possible
consequences of hazards and their associated probability.” (Gulvanessian, 2009)

Considering this statement in front of the legal background and significance of common
standards, the widespread acknowledgment and application of the rather straightforward
partial safety factors approach among (civil) engineers becomes obvious – as does the
reservations towards the probabilistic approaches and towards considering a wider, multi-
dimensional risk concept. When translated into a broader context,

“the task of an engineer is to make decisions or to provide the decision basis for
others in order to ensure that engineered facilities are established in such a way
as to provide the largest possible benefit” (Faber, 2012)

where the “largest possible benefit” focuses on economical efficiency, safety for human lives
and reduction of adverse effects (Faber, 2012). Therefore, in practice, the main interests of
an engineer is to optimize a structure for the loads it faces in its stipulated design lifetime
rather than dealing with consequences of failure or risk in general. The resulting perspective
on risk and structural optimization is structure-oriented.
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The Eurocode epitomizes this structure-oriented perspective reflected in a traditional
engineering approach of dealing with protection against climate change induced sea level
rise. Here, the main focus is again on the impact Ed and the structural and material prop-
erties of a protection structure Rd : Regarding the impact Ed , sea level rise and associated
impacts have to be considered within the structure’s lifetime:

“The characteristic value of climatic actions is based upon the probability of 0.02
of its time-part being exceeded for a reference period of one year. This is equivalent
to a mean return period of 50 years for the time-varying part. However in some
cases the character of the action and/or the selected design situation makes
another fracti1e and/or return period more appropriate.” (CEN, 2002)

In practice, this largely translates to deterministic approaches, when designing coastal
protection structures. This goes along with a predefined or determined impact level, based
on the information and knowledge at the time of designing. But different climate change
projections and emission scenarios exist. Thus, the future amount of CO2 emissions, as well
as the associated climate change effects depend on future human action and mitigation
efforts. Or in other words, the future impact level within the time-frame of 50 or 100 years
cannot be determined today as the latest trend of increasing CO2 emissions is counteracted
by climate change mitigation actions and policies. Even though a perspective change
becomes eminent from this when dealing with climate change and sea level rise, there
is still a preference for inflexible deterministic approaches in engineering designs, for
example when considering the assessment of design dike heights in Germany. However,
one exception exists:
A common guideline in German coastal engineering is the journal series “Die Küste” (The
Coast), compiling the widely acknowledged and commonly accepted state of the art in
coastal engineering in their “Recommendations for Coastal Structures”(KFKI, 2020). These
recommendations contain a discussion on the legal frameworks for design dike heights.
There are three different legal frameworks which are used to design dikes in Germany: (a)
on the North Sea Lower Saxony and Bremen, (b) on the Baltic Sea in Mecklenburg – West
Pomerania and (c) in Schleswig Holstein:

(a) Dikes on the North Sea in Lower Saxony and Bremen follow a deterministic single
value procedure (“Einzelwertverfahren”). The single value procedure accounts for the
mean high tide, the maximum spring tide, highest surge level and finally the secular
sea level rise for the coming 100 years – being about 25 cm to 30 cm (according to
the KFKI, 2020). If the data base is insufficient to apply the single value procedure,
a comparative value method (“Vergleichswertverfahren”) adapts the single value
procedure in estimating dike heights.

(b) In Mecklenburg – West Pomerania, the historical flood of 1872 serves as reference
height and fixed values between 20 cm to 30 cm account for sea level rise until 2070
(LUMV, 2009).

(c) Only the state of Schleswig-Holstein uses a statistical method, where dikes have
to be designed for events with a return period of 200 years (Hofstede, 2019), being
equivalent to an occurrence probability of 0.5 %. Both, return period and occurrence
probability, are extrapolated statistical values from wave gauges with records of about
100 to 150 years – at best (Jensen et al., 2006). In addition, dike heights in Schleswig-
Holstein account for a sea level rise of 50 cm.
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This example of German coastal protection epitomizes the widespread preference for mostly
deterministic methods, although these methods are based on statistical and probabilistic
deliberation. Lately, some acknowledgment of increasing sea levels and different sea level
rise projections have found their way into strategic considerations of coastal protection
and resulted in adaptive protection approaches (Hofstede, 2019). On the North Sea coast
of Schleswig-Holstein, updates of dikes increase the dike height, but the design already
accounts for an additional update if sea levels rise further. This concept is called “Klima-
deich”, composed of the German words for climate (Klima) and dike (Deich).
But in general, the traditional risk perception of engineers is highly centered on hazards
versus structural resistance, as embedded in today’s building codes and guidelines. As
a consequence, such a preference for deterministic methods is embedded in common
standards (and thus in the culture) of coastal engineering. However, this approach fails
to consider the complexity of future climate change – for example climate change and
sea level rise projections inhere uncertainties (IPCC, 2019c), with consequences on the
prediction of hazards, hazard risk and ultimately the characteristic loads on a structure. In
addition, sea level rise will trigger dynamic cascading effects, for example resonant waves
or a non-linear increase of wave-energy on shore (as described, for example, by Quataert
et al., 2015; Gawehn et al., 2016; Arns et al., 2017), having an additional impact on the loads
at coastal structures.

Short Summary of “Risk in Structural Design”
Building codes, recommendations and guidelines are legal bases for the design of engi-
neering structures. As legal bases, they presuppose an inherent and socially accepted risk
perspective and, by that, support the engineer to focus on optimizing the structure. Even-
tually, this cultivates a structure-oriented perspective, fostering a risk perception which
falls short to address the uncertainties and complexity of future climate change projections
and their impacts.
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2.2 S E A L E V E L R I S E A N D C L I M AT E C H A N G E A D A P TAT I O N

Marine and seaborne hazards are gradual or slow-onset processes, such as sea level rise and
coastal erosion, or single, rapid onset extreme events, such as storms and storm surges or
tsunamis. The traditional engineering approach is to provide coastal protection measures
to mitigate disaster risk from marine hazards. Modern protection approaches, such as
ecosystem-based solutions, also have a strong focus on the protection aspect but provide
co-benefits in the form of ecosystem services. When categorizing protection measures, they
fall within an ecosystem-based approach with respect to their building material as well as
in regard of their immediate function and effectiveness for coastal protection. Although
being a more modern approach, ecosystem-based solutions are mostly in line with the
traditional, rather structure-oriented perspective of a civil engineer.

But ecosystem-based adaptation is only one possible response within a “low-regret”
adaptation strategy to deal with rising sea levels. There are different interpretations of the
term “low-regret”:

1. An early definition by the World Bank classifies “low-regret” adaptation as moderate
investment with the capacity to cope with future climate risks (The World Bank, 2010).
In combination with the engineer’s effort “to provide [a solution with] the largest
possible benefit” (Faber, 2012; as discussed in chapter 2.1), the main benefit of “no-”
or “low-regret” solutions according to this definition is to provide a very good cost-
benefit ratio (Herron, 2013; Hills et al., 2013; Verner et al., 2013). In general this is
in line with the principle of sustainable adaptation pathways, which are in favor of
adaptation in small steps, rather than big one-time investments (“not all problems of
tomorrow must be dealt with – but prepared for – today”; see chapter 2.2.4). But the
interpretation, of “low-regret” being always an investment with a positive (direct2)
cost-benefit ratio is misleading. Even though “low-regret” approaches to climate
change adaptation can have a positive monetary impact and prevent costly solutions
at an early planning stage (see chapter 2.2.4), there is a different ideology behind the
“low-regret” concept as promoted by the IPCC:

2. Considering the deeply uncertain nature of climate change, a different perspective is
required when dealing with climate change effects and climate change adaptation:

“Adaptation needs to be reconceptualized away from the incremental han-
dling of residual risk to preparing for continuous (and potentially transfor-
mational) adaptation [. . . because] climate change in the foreseeable future
will not be some new stable ‘equilibrium’ climate, but rather an ongoing
‘transient’ process, requiring an on-going adaptation process.” (Pittock and
Jones, 2000; Stafford Smith et al., 2011)

In this reconceptualized perspective, future risk and the underlying risk perception
(as described further in chapter 2.2.1) is a key element. In addition, “low-regret” ap-
proaches to sea level rise adaptation build on a broad, strategic perspective including
scenario-based pathways and an “agree-on-decisions” approach (Lempert, 2019; this

2 here “direct” cost-benefit ratio refers to presently available information on direct costs of providing the means
of adaptation, for example building and maintaining a structure, while direct benefits account for the protected
or preserved value of assets. In this context, a “direct” cost-benefit ratio does neither provide a retrospective
assessment with information unavailable at the time of designing or implementing the adaptation, nor does it
include a global cost-benefit assessment, for example, in-form of climate change mitigation effects.
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concept stands in contrast to the more traditional “predict-then-act” approach, which
is further dealt with in chapter 2.2.4). The “agree-on-decisions” approach hints at the
wider context, climate change adaptation is set in, as it not only requires a structure-
oriented perspective, but also implicates the socio-political dimension. This is also
reflected by the definition of the term “adaptation”. In this context it refers to

“processes of adjustment by natural or human systems to actual or expected
climate and its effects, intended to moderate harm or exploit beneficial
opportunities.” (definition by the IPCC in Abram et al., 2019)

Climate change adaptation aims at providing the best solution to tackle the current
challenges at the coast in the same way as the traditional protection perspective. But
in contrast to a structure-based perspective, this definition of “low-regret” adaptation
aims at reducing adverse effects to the coastal community now, but also considers
and limits their impact on future response options under different climate change
scenarios.

The second definition of “low-regret” adaptation should become the standard approach
to climate change adaptation, as it is more sustainable and already considers the impact
of current adaptation measures on future actions – however, at the cost of a changing
perspective. Yet, the change of perspective ultimately benefits the entire coastal habitat
and prevents maladaptation, as it avoids

“for example, some development policies and measures that deliver short-term
benefits or economic gains but lead to greater vulnerability in the medium to long
term, such as in cases where the [unsuitable] construction of “hard” infrastructure
reduces the flexibility and the range of future adaptation options.” (Noble et al.,
2015)

From this quote, it becomes obvious that “low-regret” adaptation requires to take an envi-
ronmental, societal, and political viewpoint to benefit the coastal community beyond pure
protection aspects. Some concepts of ecosystem solutions explicitly consider the wider
societal implications of nature-based solutions (for example the building-with-nature ap-
proach, described by van Slobbe et al., 2013; the Eco-DRR3 concept as presented by Estrella
and Saalismaa, 2013; or “coastal adaptation with ecological engineering”, as outlined by
Cheong et al. 2013), while others focus more on the measures themselves (as described by,
for example, Temmerman et al., 2013).

However, a “low-regret” solution to climate change and the associated impacts is not
only limited to ecosystem-based solutions, as shown in the example of the Thames Barrier’s
recent assessment on flood protection beyond 2030 (The Thames Estuary 2100 Project;
see Ranger et al., 2013). This assessment showed, that the current level of protection of
the Thames Barrier is not sufficient for future rates of sea level rise. The adaptation plan
considers a probable increase of sea level rise between 0.9 m to 4.2 m and shows a range of
nine protection measures, which in several combinations, are feasible and gradual “low-
regret” updates of the existing system. Within the portfolio, the ultima ratio is a new barrage
with a design water height of over 4 m, clearly being the most extensive and expensive
option within the portfolio. However, along the way, there are several intermediate steps,
such as over-rotating the Thames Barrier and restoring interim defenses or providing a
new barrier instead of an entire barrage. Each measure has an associated maximum water

3 Ecosystem-based approaches to disaster risk reduction (Eco-DRR)
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level threshold it can withstand and several options can be taken as water levels increase
incrementally.
This approach can be considered a robust assessment in dealing with sea level rise adapta-
tion – even without a prominent consideration of nature-based solutions. This is underlined
by the AR5 of the IPCC, emphasizing that false adaptation or maladaptation “may also occur
if the true potential of [any response] option or [. . . ] technology is unduly over-emphasized,
making it over-rated” (Noble et al., 2015). This becomes more obvious, when looking at the
risk concept of the IPCC and the associated response options endorsed in the reports.

Short Summary of “Sea level rise and climate change adaptation”
The fundamental difference between protection and adaptation is the structure-oriented
perspective of optimizing the protection structure itself versus the broader socio-political
context, climate change adaptation is embedded in. This implies that traditional protection
is an integral part of adaptation to sea level rise – as are ecosystem-based approaches
to reduce hazard risks and ocean-borne pressures. The overarching goal of sea level rise
adaptation is not a transition into an era of nature-based solutions, but to find responses of
“low-regret”, which (a) sustainably tackle the current challenges at the coast, but also (b)
consider the response’s leverage on future response options, and thereby (c) retain a diverse
response portfolio to react to different climate change scenarios and sea level predicitons.

2.2.1 Risk concept in climate change research

Adaptation cannot be applied (and maladaptation cannot be prevented) without under-
standing the underlying concepts of an ongoing “transient” impact and risk perspective. In
general, the IPCC defines risk as

the potential for consequences where something of value is at stake and where
the outcome is uncertain, recognizing the diversity of values. Risk (R ) is often
represented as probability of occurrence of hazardous events (P (A)) or trends
multiplied by the impacts if these events or trends occur (C ):

R = P (A) ·C (2.5)

As depicted in Figure 2.2, risk results from the interaction of vulnerability, expo-
sure, and hazard. (IPCC, 2014a; Oppenheimer et al., 2014)

This risk definition of equation 2.5 is identical to the one for structural design in equa-
tion 2.4 (see chapter 2.1). But the IPCC’s concept of risk contains one important aspect,
distinguishing it from other risk definitions: risk is regarded as the interplay of three core
elements, which are hazard, vulnerability and exposure (see Figure 2.2). These elements
are defined as:

Hazard: "The potential occurrence of a natural or human-induced physical event or
trend or physical impact that may cause loss of life, injury, or other health impacts,
as well as damage and loss to property, infrastructure, livelihoods, service provision,
ecosystems, and environmental resources. In this report, the term hazard usually refers
to climate-related physical events or trends or their physical impacts." (IPCC, 2014a)
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Figure 2.2: The IPCC’s risk definition. The figure combines the IPCC’s and SROCC’s key concepts
of risk (IPCC, 2014a; Garschagen et al., 2019) and responses to sea level rise (Box 4.3 in
Oppenheimer et al., 2019).

Vulnerability: "The propensity or predisposition to be adversely affected. Vulnerability
encompasses a variety of concepts and elements including sensitivity or susceptibility
to harm and lack of capacity to cope and adapt." (for a broader discussion on the
terminology and challenges of vulnerability in an interdisciplinary context see Hinkel,
2011; IPCC, 2014a).

Exposure: "The presence of people, livelihoods, species or ecosystems, environmental
functions, services, and resources, infrastructure, or economic, social, or cultural assets
in places and settings that could be adversely affected." (IPCC, 2014a)

When applying this risk concept to the coast, coastal hazards are – for example – waves
or rising water levels. These hydrodynamic impacts shape the coast and render the coastal
environment a constantly changing system. But coastal communities also benefit from
the resources of both adjacent terrestrial and marine ecosystems. Increasing economic
prosperity and well-being decreases the vulnerability towards coastal hazards, because
there are higher capacities to adapt to hazardous events. However, being located at or close
to the shoreline is associated with a higher exposure to marine hazards and in turn the risk
to suffer from these.

In contrast to the engineering perspective on risk, the IPCC’s risk concept requires to con-
sider the multiple dimensions (hazard, vulnerability and exposure) of it – but also endorses
a wider range of response options to sea level rise. These options are protection, ecosystem-
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based adaptation, accommodation, advance, retreat, or no response (see Figure 2.3 or IPCC,
2019b). Furthermore, on small islands, there are also tendencies of de-engineering (removal
of engineered protection measures) (Duvat et al., 2020). While the (coastal) engineering
approach “protection” is one of the response options to mitigate climate change effects, the
entire response portfolio aims to provide a relevant selection to decision makers to adapt
to future climate change to improve any of the three core elements of risk.

Short Summary of “Risk concept in climate change research”
The broader socio-political context of climate change adaptation looks beyond the risk
and consequences of, for example, structural failure of coastal protection and considers
adverse effects on multiple dimensions, namely in the domains of hazard, vulnerability
and exposure. By that, this risk perception also endorses a wider range of response options
to be of “low-regret”.

2.2.2 Small Islands – a tangible example for the interdependence of the risk components
hazard, vulnerability, and exposure

The importance of adaptive and dynamic planning becomes especially noticeable when
considering the bandwidth of impacts of the different Representative Concentration Path-
ways (RCPs). The RCPs are trajectories of greenhouse gas concentration, describing dif-
ferent climate futures and associated effects. The IPCC elucidates that historical extreme
sea level events will become common under all concentration scenarios, meaning that
many low-lying coastal areas will experience formerly historical extreme events on annually
(Oppenheimer et al., 2019). Therefore, small islands and atolls are at increased risk to suffer
from climate change impacts and seaborne hazards, as they lie only a few meters above
mean sea level, while being fully surrounded by water (Nurse et al., 2014). Such an exposure
to seaborne hazards and with the inherent lack of means for retreat, coastal structures play
a distinct role in protection and climate change adaptation on small low-lying islands. But
under the high emission scenario RCP 8.5, the hard or traditional engineering protection
measures are expected to reach their technical limits – notwithstanding the associated
economic challenges (high confidence; IPCC, 2019c). At the same time, eco-system based
protection may reach their biophysical limits under this scenario (medium confidence;
IPCC, 2019c). Due to their immediate exposure, small islands are considered as one of the
most affected areas by sea level rise and of special attention when dealing with climate
change and the associated impacts.

Politically, small island nations gather under the United Nations (UN)’s collective term
Small Island Development States (SIDS), describing nations that face common social, eco-
nomic and environmental challenges. SIDS also share common features, such as their small
areal size, their remote location and inherent exposure to ocean-borne natural hazards
(Briguglio, 1995).
The small size and remote location of SIDS have an adverse influence on their economic
situation, as they are more isolated while, at the same time, also being equipped with only
limited natural resources. Both, the narrow portfolio of domestic products and the islands’
spatial restrictions hamper the SIDS’ export of local commodities, making SIDS highly
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Figure 2.3: Responses to sea level rise. Different responses to sea level rise exist: (a) No response,
(b) advancing by building seaward and thus protecting the areas behind the elevated
land, (c) protecting by hard- or sediment-based protection measures, (d) managed re-
treat to reduce exposure of coastal communities, (e) accommodating by, for example,
elevating buildings, or (d) eco-system based protection by sustainable management,
conservation and restoration of ecosystems (van Wesenbeeck et al., 2017). This figure
shows schematically different response options to sea level rise as found in the SROCC
(Box 4.3 in Oppenheimer et al., 2019).
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dependent on imports and foreign financial sources. The economic situation of SIDS makes
them highly vulnerable to hazards and the associated adverse effects. The high vulnerability
of SIDS, paired with their inherent exposure to increasing risks to suffer from seaborne
hazards, leads to a significant need for action. In-situ adaptation measures in SIDS most
often rely on external technical knowledge and funding (Petzold and Magnan, 2019). The
implementations are imported solutions. They are based on international design guidelines
and building codes, following best-practice examples, mainstreamed for environmental
conditions as found at mainland coasts, but at times inappropriate for the islands’ setting.
In addition, SIDS commonly endorse traditional hard coastal protection, which is further
fueled by both, their top-down governance structure as well as their dependency on inter-
national funding and knowledge, due to insufficient own financial resources and absent
facilities for higher (technical) education. However, this proliferation of hard-protection
measures led to serious consequences for the islands. Rigid coastlines impairing the natural
dynamics of coral ecosystems and thus their resilience to withstand rising sea levels. Further
fortification of the coastline intensifies the dependence of artificial armoring, which in
turn, increase societal vulnerability through increased urbanization and decreased risk
awareness (Magnan and Duvat, 2020). For example, in the case of the Maldives’ small reef
islands, consequent consideration of hard structures and acceptance of their associated
adverse impacts on the environment is historically grown, and ill-prepared policies and
policy compliance is projected to continually exist (Magnan and Duvat, 2020; Gussmann
and Hinkel, 2021). Yet, transcribing inappropriate mainland design criteria to sensitive reef
environments have caused an insufficient level of coastal protection on small islands in
the past. In most cases, there is a straightforward transfer from external knowledge and
guidelines to local circumstances leading to a proliferation of sea walls on small islands.
While sea walls can be an eligible solution in some cases, their widespread use and generic
designs have also led to maladaptation (Nunn et al., 2021), as such designs overlook the
special features and services of the island’s fringing coral reef. False application of seawalls
in sensitive reef environments has led to the deterioration of corals, which are essential
for the livelihood and protection of the accommodated reef islands and provide important
ecosystem services for island dwellers. Regarding coastal protection, healthy coral reefs are
most efficient in attenuating waves (Ferrario et al., 2014) and supply the reef island with
coral sediments (Perry et al., 2013; David and Schlurmann, 2020).

Short Summary of “Hazard, vulnerability and exposure on small islands”
Small islands and atolls are at increased risk to suffer from climate change impacts and
seaborne hazards, as they lie only a few meters above mean sea level, while being fully
surrounded by water. SIDS most often rely on external technical knowledge and funding
and commonly endorse hard coastal protection. But especially in small island environment,
rigid coastlines disturb the natural dynamics and the island’s natural resilience to withstand
rising sea levels.

2.2.3 The time dimension of risk and the role of uncertainty

The load versus resistance perspective has a traditionally strong focus on the hazard side
of the IPCC’s risk concept (see Figure 2.2). This engineering perspective usually accounts
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for hazards in stationary terms by means of statistical return periods – for example of 200
years in the aforementioned example of designing dike heights in Germany (see chapter
2.1). But this practice falls short when considering the uncertain future rise in sea levels
and the non-linear dynamics of associated impacts. In general, uncertainty can mean that

“there is no scientific basis on which to form any calculable probability whatever.
We simply do not know. Nevertheless, the necessity for action and for decision
compels us [. . . ] to do our best.” (Keynes, 1937; Sayers et al., 2012)

However, the IPCC report provides a set of Representative Concentration Pathways (RCPs),
which acknowledge the inherent uncertainty of future climate change projections. Accord-
ing to the AR5 of the IPCC,

“the RCP describe [. . . the] 21st century pathways of Greenhouse Gas (GHG) emis-
sions and atmospheric concentrations, air pollutant emissions and land use.
[. . . ] The RCPs [presented in the AR5] include a stringent mitigation scenario
(RCP 2.6), two intermediate scenarios (RCP 4.5 and RCP 6.0) and one scenario
with very high GHG emissions (RCP 8.5).” (IPCC, 2014b)

Any projection of future changes are based on model computations of the mentioned
climate scenarios (RCP 2.6 – RCP 8.5). Climate models incorporate the current scientific state
of the art, but can potentially underestimate or oversee phenomena yet to be discovered.
They can also fail to implement unforeseen developments in climate, socio-economics, and
technology. Furthermore, these models underlie specific simplifications and assumptions.
Both, unforeseeable developments and model limitations lead to uncertainties within the
model computations. In addition, the RCPs show that climate change is dependent on
future human actions, rendering future projections deeply uncertain. Therefore, dealing
with uncertainty is especially important and the IPCC endorses a consistent treatment to
address this uncertainty appropriately.

The latest IPCC reports introduce an integrated uncertainty language and uncertainty
is assessed in a designated process (Cubasch et al., 2013): In the first step, the reports
evaluate findings according to their evidence and agreement. In a following step, evidence
and agreement are synthesized within a confidence matrix, yielding a confidence level
(see Figure 2.4). The resulting confidence level is a qualitative judgment. In the next and
last step, the confidence scale can be translated into likelihood where applicable – either
by translating the confidence level into likelihood, which “may be based on statistical or
modeling analyses, elicitation of expert views, or other quantitative analyses” (Cubasch et al.,
2013), or more directly with a probability distribution if it exists. The likelihood terms range
from “Virtually certain” over “About as likely as not” until “Exceptionally unlikely” and can
be associated to a likelihood percentage range (see Table 2.1). In turn, a “Virtually certain”
finding coincides with “high confidence” and thus high agreement and robust evidence
(see Figure 2.4).
This designated uncertainty language is applied throughout the report. For example the
RCP 2.6 corresponds approximately to a 2 ◦C heating scenario (Guiot and Cramer, 2016)
which can be met with a “likely” (> 66 %) probability (Schleussner et al., 2016). In this thesis,
the uncertainty language has been applied when working in an interdisciplinary context
(see chapter 3.4).
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Figure 2.4: Dealing with uncertainty – the IPCC’s confidence metric. The confidence matrix syn-
thesizes the IPCC’s uncertainty language to give information on the confidence of state-
ments in the IPCC reports and the assessed research findings (adapted from Cubasch
et al., 2013; Mastrandrea et al., 2010).

Short Summary of “The time dimension of risk and the role of uncertainty”
The IPCC endorses a more qualitative approach to assess their policy relevant information
on climate change. This helps to overcome challenges in modeling, for which simplifications
have to be made, or unavailability of sufficient data (volumes), which would be required
for probabilistic estimates. The dedicated uncertainty language facilitates a differentiated
overview on the different drivers and responses on the earth’s system in a heating climate.

Table 2.1: The IPCC’s likelihood terms. Likelihood terms within the integrated uncertainty language
of the IPCC’s AR5

Term Likelihood of the Outcome

Virtually certain 99 % to 100 %

Very likely 90 % to 100 %

Likely 66 % to 100 %

About as likely as not 33 % to 66 %

Unlikely 0 % to 33 %

Very unlikely 0 % to 10 %

Exceptionally unlikely 0 % to 1 %

2.2.4 Adaptation strategies and pathways

The “uncertainty language” is the key component in the IPCC reports. As the RCPs show,
future climate change effects are highly interlinked with future societal actions and political
decisions. Therefore the IPCC reports primarily address policy and decision makers and
aims at providing a robust decision basis to deal with climate change and climate change
effects. The IPCC reports assess policy relevant information on the climatic system (working
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group I), the impact of climate change on socio-economic and natural systems (working
group II), and ways to mitigate climate change effects (working group III). To support
decision makers, the reports also endorse different response options to address climate
change effects (see chapter 2.2.3). These response options are immediate means to react to
current challenges – for example on the coast. However, a sustainable adaptation strategy
requires to embed and fit these relatively short-term responses into long-term adaptation
strategies. “Robust” strategies require an adaptive management approach, to deal with
the deep uncertainty of future socio-political pathways and their projections. “Robust”
is defined beyond the physical robustness of a structure, but requires a flexible strategy,
performing

“acceptably well in the widest set of plausible future scenarios [and] avoiding
strategies that are tailored to a given view of the future or historical setting, and
only perform well in that context.” (Sayers et al., 2012)

Flexibility, in this regard, ensures that

“the strategy can be changed based on monitoring and observation; avoiding,
where possible, measures that foreclose future options, while promoting others
that keep future options open. By considering multi-staged decisions rather than
single trajectories, flexible strategies can be developed that have clear decision
points.” (Sayers et al., 2012; for further definitions and examples on robustness
and flexibility in decision making strategies, see also Ullman, 2001; Offermans
et al., 2011; Haasnoot et al., 2013; Marchau et al., 2019)

While the IPCC report’s RCPs compile several climate trajectories, the reports do not
prescribe “multi-staged decisions”. Instead, the principles of the IPCC reports are to deal
with scientific, technical and socio-economic factors objectively, while remaining neu-
tral with respect to policy. To close this implementation gap, a recent framework named
Decision Making under Deep Uncertainty (DMDP) facilitates planning future adaptation
(Marchau et al., 2019). Several approaches within the framework have already been recently
implemented in infrastructure projects4. The DMDP methods support robust decision
making under deep uncertainty. Within the DMDP framework, Robust Decision Making
(RDM) has become a fixed term beyond the above mentioned definition (Lempert, 2019).
Within the framework, the RDM concept compiles a set of concepts, processes, and tools
to support decision makers in reviewing their decisions in a range of plausible futures,
instead of a more traditional “predict-then-act” approach to policy analysis (Lempert et al.,
2013). While RDM is an approach within the framework of Decision Making under Deep
Uncertainty, so are the concepts Dynamic Adaptive Planning (DAP) and Dynamic Adaptive
Policy Pathways (DAPP) (Walker et al., 2001; Haasnoot et al., 2013; Marchau et al., 2019).
While differences among the concepts are discussed by experts in the field, they all provide
similar means for flexible and strategic planning (Kwakkel and Haasnoot, 2019).

The aim of RDM is not to improve predictions and encourage prediction-based analysis,
but to facilitate a constant assessment and scrutinize decision making under conditions of
deep uncertainty (Lempert, 2019). Translated into, for example, coastal adaptation, RDM
would not require to constantly improve numerical wave models, remedy the flaws of their

4 The book by Marchau et al. (2019) gives a good overview on several DMDP approaches for robust decision
making, adaptive planning, and policy approaches and is the basis for this chapter. It also showcases some
applications. Earlier examples of adaptive pathway concepts in practice are presented in Kwakkel et al. (2010);
Reeder and Ranger (2011); Haasnoot et al. (2013); Barnett et al. (2014); Rosenzweig and Solecki (2014).
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numerical schemes, and alleviate the acquisition of suitable boundary conditions. RDM
rather acknowledges that boundary conditions remain prone to imprecise probabilities and
oversee unlikely or inconsiderable future changes and events. A traditional approach would
focus on the most likely and probable future and then decide on a rather static coastal
protection plan. Instead, RDM reverse-engineers this approach by considering a portfolio
of several protection measures, and assesses their suitability and vulnerabilities in a range
of future scenarios. The resulting database then serves as a decision base to identify and
evaluate potential response options in the foreseeable future within the portfolio. In the case
that current assumptions fail over time, the portfolio still contains viable alternatives. In fact,
dynamic adaptation deliberately considers an expiration date of single actions and provides
further actions beyond the lifetime of the initial action. This plan beyond the expiration
date is expressed in form of trigger values and tipping points (Walker et al., 2019; Haasnoot
et al., 2019). One concept within RDM – Dynamic Adaptive Policy Pathways – employs
an adaptation pathway map (Haasnoot et al., 2013, 2019), visualizing the adaptation plan
(Figure 2.5) and its trigger values and tipping points. Here, trigger points are threshold
levels, indicating that further action is soon required. Tipping points are defined as

“the point where a system change initiated by an external forcing no longer re-
quires the external forcing to sustain the new pattern of change . . . [For example]
we define adaptation tipping as points where the magnitude of change due to
climate change or sea level rise is such that the current management strategy
will no longer be able to meet the objectives” (Kwadijk et al., 2010)

This approach requires ongoing monitoring on the natural and societal impact of the imple-
mented measures. It also requires pro-active authorities, adjusting the pathway roadmap
when the current status, a policy action or actions will soon fail and an trigger or tipping
point is reached. There are several types of considerable tipping points (van Ginkel et al.,
2020), which can generally be classified into (a) climate tipping points, which are critical
thresholds where large-scale (at least sub-continental) components of the Earth’s climate
system switch to a qualitatively different state; (b) ecological tipping points, which lead to
changes of biological or ecological systems; (c) transformation tipping points, governed
by innovation, technology or behavior; and (d) adaptation tipping points, focusing on
decisions, actions and strategies to deal with climate change impacts (as defined in the
quote above). Another important category of tipping points in the context of this thesis
and the broader concept of maladaptation are anthropogenic tipping points, which are
“human-driven critical thresholds in [a natural] system that, when exceeded, lead to a signifi-
cant change in the state of the system and induce a major shift in the associated [eco-system
services], often in an irreversible way” (Duvat and Magnan, 2019).

In general, any adaptive and dynamic adaptation approach follows the mindset of “not
all problems of tomorrow must be dealt with – but prepared for – today”. An example of this
mindset is the Thames Barrier update in the Thames Estuary 2100 Project (see chapter 2.2
and Ranger et al., 2013). The dynamic and adaptive planning of the Thames Barrier is a
stepwise adjustment to higher water levels. It considers immediate, short-term options as
well as intermediate steps, which in turn provide lead time for further monitoring and a
wider scope of future actions. In the meantime, decision makers can accumulate funding,
decide on future actions and react to new scientific developments.
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Figure 2.5: Adaptation Pathway Map. A conceptual adaptation pathway map following the example
of Haasnoot et al. (2013). The adaptation pathway map visualizes the current situation
(left triangle labelled today) shortly before an adaptation tipping point, when the action
in place will miss its targets soon and a decision on future actions has to be made. After
this, the adaptation pathway map shows four possible options (A to D), following the
grey path of today into the near future. Both actions A and D are able to improve the
current situation and achieve the targets (for example, to withstand a rising water level)
beyond the next 100 years under all scenarios. Action B is an intermediate solution
and requires to shift to actions A, C, or D soon, while action C is a medium to long-term
solution. The decision nodes are located a few years before the tipping points, accounting
for lead times, which are required to implement actions. In adaptation pathway maps,
several scenarios can be accounted for. Condition based scenarios are based on "if,
then" scenarios, for example if the sea level rises more than 50 cm, then we need to
elevate protection measures further. Temporal scenarios account for an expiration of
certain actions and uncertainties can be accounted for by using different low- or high-
end scenarios. In any scenario, robust decision making and adaptive pathway planning
requires ongoing monitoring on the natural and societal impact of the implemented
measures.
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Short Summary of “Adaptation strategies and pathways”
Future climate change effects are highly interlinked with societal actions and political
decisions. To deal with the deep uncertainty of future socio-political pathways and climate
change projections, the concept of Robust Decision Making (RDM) reconceptualizes the
decision making process under deep uncertainty: It moves away from improving the pre-
diction of the most likely and probable future and a “predict-then-act” approach, towards
considering a portfolio of responses and constantly assessing the responses fitness and
vulnerabilities in a range of future scenarios. The resulting strategy is more robust, because
in the case that current assumptions fail over time, the portfolio still contains other viable
alternatives. This “agree-on-decisions” approach, considers an expiration point of single
actions and provides further actions beyond the lifetime of the initial action. The mind-
set behind this approach is that “not all problems of tomorrow must be dealt with – but
prepared for – today”.
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2.3 C O A S TA L P R O T E C T I O N A N D D E S I G N I N P R A C T I C E

An adaptation pathway map considers several actions which are able to deal with changing
conditions in the future (Figure 2.5). When considering rising sea levels and ocean-borne
hazards, coastal protection is required to safeguard lives and assets on the coast. This
chapter presents a typical set of traditional hard protection structures and complements
them with practical examples of nature-based concepts (as introduced by David et al., 2016;
Schoonees et al., 2019).

2.3.1 Traditional hard-engineered protection structures in practice

Traditional hard-engineered protection structures are mostly solid and impermeable struc-
tures, that hold back increasing water levels and incoming waves. To withstand both the
hydrostatic and hydrodynamic forces, they are made from concrete, rock or timber as well
as sand bags, soil and geotextiles. They can be classified into two structure types, namely
(a) onshore structures, which are built on land and (b) foreshore structures, which extent
into coastal waters (Schoonees et al., 2019). This chapter follows this classification for an
overview on traditional engineering structures as found in USACE (2002, chapter 6, “Design
of Coastal Project Elements”) and KFKI (2020, chapter 4, “Approaches for the design of coastal
protection structures5”).

2.3.1.1 Onshore structures

Seawalls

Seawalls protect the coast or assets on the coasts from waves and high water levels. Due to
their vertical6 construction, they provide efficient protection on relatively small space. In
port constructions, seawalls and precast concrete structures are widely accepted construc-
tion elements. Especially on coasts, which are exposed to high wave energy, such as in the
Bay of Biscay, large rock and concrete elements are usually the only constructive solution
to withstand the incoming storm waves. Here, seawalls shelter port basins, safeguard assets
and activities and ensure access to global trade routes (Figure 2.6a and 2.6b).

But on coasts, seawalls protect at the cost of inducing erosion at adjacent areas. Therefore,
implementing a seawall for protection in one place has often led to a proliferation of seawalls
or other hard protection measures in other places, because of the seawall’s adverse effect
on adjacent areas – for example on small islands such as on the Maldives’ capital Malé
(Figure 2.6c and 2.6d). If well designed, sea walls are an acceptable protection measure in
an urban setting, but their use in peri-urban and rural settings is highly controversial (IPCC,
2019b; Nunn et al., 2021).

Dikes

Dikes are generally parallel to a riverbank or shoreline and protect the hinterland from
seaborne hazards (such as storm surges) due to their elevated ground level. Dikes are also
known as embankments or levees and are made of a soil core with predefined land- and

5 KFKI (2020) is written in German
6 Seawalls are in general vertical structures, although curved seawalls exist.
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(a) Satellite image of Gijón. (b) Seawall in the city of Gijón

(c) Satellite image of Malé (d) Malé waterfront

Figure 2.6: Seawall. (a) in urban environments, such as in Gijon (Asturias, Spain), seawalls protect
valuable assets, such as the church of San Pedro, adjacent to the city’s main beach (b).
(c) the densely populated island and capital of the Maldives, Malé, is a small reef island,
which is fully surrounded with and protected by hard engineered measures – usually
seawalls as shown in (d). Satellite images are taken from Google Earth Tiles in (c). Satellite
images were post-processed via QGIS LTS, Version 3.16.4 ‘Hannover’. The image in (d)
was recorded in 2016 by David Stanley from Nanaimo, Canada. The image is taken from
commons.wikimedia.org.

commons.wikimedia.org/wiki/File:Male_Waterfront_(32822673711).jpg
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(a) Top view – Aerial image (b) Side View

Figure 2.7: Dike. The figure illustrates a dike section on the tidal river Elbe, in Schwinde (Drage),
Lower Saxony, downstream the Elbe weir at Geesthacht. The images show the transition
between two dike sections – one covered with a revetment and one without. Here, the
river is still influenced by the tide, local residents are prone to face floods both from
storm surges and run-off, and the structures also have to withstand waves from ship
traffic. (a) was recorded with a DJI Phantom 4 Pro.

seaward slopes. Considering their slopes, the landward slope is usually steeper than the
seaward slope (USACE, 2002; KFKI, 2020). Conventional dikes on the North or Baltic Sea
are covered with a standardized grass mixture – a plant-based top layer with rather low
ecological value (KFKI, 2020; Scheres et al., 2020a). Due to a wide range of requirements,
demands, and settings, dikes have other features, such as, for example, geotextile sealings,
berms with access roads or revetments protecting both the dike toe as well as the seaward
slope from hydrodynamic loads (Figure 2.7).

The early developments of (sea) dikes have facilitated population and cultivation on
the North Sea’s hinterland since the 8th century (Klinge, 1962). As they have been steadily
improved over the centuries, dikes provide a high level of protection today and allow for
wave energy dissipation on their slopes. But due to their slopes, dikes require significantly
more space to reach their predefined design height in contrast to seawalls. Especially in
coastal settings or when subjected to waves, further space is required, because the foreshore
area of a dike is ideally flat and already dissipates incoming wave energy (Arns et al., 2017).
To account for typically incoming waves, the design of dikes requires additional constructive
measures. For example, the toe of sea dikes normally feature a revetment at around mean
water levels. In cases, where higher wave loads occur, for example during storm conditions,
more elaborate revetments, covering wider parts of the dike, are necessary.

Revetments

Revetments are technical features of larger protection units, such as dikes or dunes. Revet-
ments protect from wave impact, erosion, scour and currents (for example by wave run-up)
by reinforcing banks, scarps or sloping coastlines (Friebel, 2016). For example, the East
Frisian islands feature dunes on their north side, (naturally) protecting island dwellers and
their homes from incoming waves. On the North Frisian islands, where the settlements are
close to the northern beach, revetments reinforce the dunes and protection structures to
withstand extreme events – such as on the island of Wangerooge (see Figure 2.8). Traditional
revetments are made of rock, stone or concrete elements, which can be interlocked, ce-
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mented, bonded or sealed – for example by asphalt (Figure 2.8). These various construction
designs, together with the revetment’s slope, have an effect on wave loads and run-up
and thus on the overall stability of the protection structure (Liebisch et al., 2014; EurOtop,
2018). A higher permeability of the revetment’s top layer decreases the wave run-up and
overtopping, but puts higher requirements on the material underneath. Permeable slopes
can suffer from infiltrating water and lead to, for example, excess pore pressure – a typical
failure mechanism of dikes protected by revetments (Dekker, 1988). In turn, impermeable
slopes generally have a lower roughness, leading to higher wave run-up and overtopping
than permeable slopes. A common solution to this is implementing roughness elements on
the top layer of the revetment (Figure 2.8b – 2.8d). In urban environments, stepped revet-
ments are popular elements, combining protection with aspects of urban planning (see
Kerpen and Schlurmann, 2016). The case of stepped revetments showcases the influence
of a slope’s roughness, independent of the revetment’s permeability.
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(a) Satellite image (b) Left section in (a)

(c) Mid section in (a) (d) Right section in (a)

Figure 2.8: Revetment. The images show three revetment types on Wangerooge in front of the
island’s new lighthouse (“Neuer Leuchtturm Wangerooge”). (a) The satellite image shows
the position of the adjacent figures in (b – d). The satellite image stems from Google
Earth Tiles, processed via QGIS LTS, Version 3.16.4 ‘Hannover’.



38 S TAT E O F T H E A R T

2.3.1.2 Foreshore structures

Breakwaters

Breakwaters are common protection structures, sheltering beaches and ports from waves
and safeguarding various activities, such as recreational swimming on beaches as well
as loading and unloading of vessels in ports. Breakwaters are usually constructed from
concrete elements or rock to withstand constant wave attack and remain stable within high
energy waves. Breakwaters can take on a curved or bent layout (mostly in a port environ-
ment, see also jetties below), to connect to the shore or other port protection structures
and provide protection from waves in the entire port basin (Figure 2.9a and 2.9b).
On coasts and beaches, breakwaters are mostly detached and parallel to the shoreline
(Figures 2.9c and 2.9d). Detached breakwaters have an influence on the coastal sediment
transport (or morphodynamics), leading to salient and tombolo formations. These forma-
tions are sediment accumulations on the lee-side of breakwaters. Salients do not reach
the detached breakwater and are smaller in scale than tombolos, while tombolos already
reach the breakwater and attach them to the shoreline. Usually both formations have an
influence on the adjacent shoreline in the form of a small cross-shore, but a large longshore
retreat.

Jetties and groynes

Protection structures perpendicular to the coastline are jetties and groynes. The function
of jetties is to secure navigation out of ports or waterways, rather than protecting a beach
or a section on the coast. Therefore, they are usually long, seaward structures, reaching into
coastal waters (see Figure 2.10). This functional aspect is decisive, when comparing bent
breakwaters (which can be orthogonal to the shore) and jetties. Because jetties are usually
constructed similar to breakwaters, a distinction between bent breakwaters and jetties is
sometimes hard to make. Similarly, jetties can also be used as pier to access vessels, which
again can lead to an overlapping designation.

Other, usually shorter perpendicular protection structures on river banks and coasts
are groynes, which are used to protect the coast. Usually, areas are not protected by a
single but a set of groynes, with a groyne field in between two structures (see Figure 2.11).
In combination, groynes offer protection against erosion due to their influence on the
longshore sediment transport and their function is to stabilize or reinforce banks and
coasts. Groyne fields also have an own specific morphodynamic behaviour, leading to
erosion on the groynes’ downdrift (or lee) side, while sediment accumulates on their updrift
side (side facing the longshore drift). The internal morphodynamics of groyne fields mainly
govern the cross-shore length of single groynes.
In waterways, groynes are also constructed to confine the navigation channel, concentrate
the river flow on a defined cross-sectional area to mitigate or even avoid maintenance
dredging. There are also different groyne types, for example when the groyne’s head is
connected to a breakwater (Figure 2.11c). Typical construction materials for groynes are
rocks (Figure 2.11a and 2.11c) and timber (Figure 2.11e and 2.11f), or typical revetment
elements (see groyne tip in Figure 2.7a and 2.11b).
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(a) Satellite image and orthomosaic (b) Aerial image

(c) Satellite image and orthomosaic (d) Aerial image

Figure 2.9: Breakwater. (a – b): A curved breakwater as part of a marina in the health resort of
Damp, north of Kiel. (c – d): A detached breakwater on the German Baltic Sea, east of
Kiel, Schleswig-Holstein, protecting the popular adjacent beaches Strand Stakendorf and
Schönberger Strand. Plane view figures (a) and (c) have a Google Satellite Tile background,
overlayed with an orthomosaic of the coastal structures from several aerial images. Side
views (b) and (d) are single aerial images from the structures. The aerial images were
recorded with a DJI Phantom 4 Pro on March 8th, 2021 and postprocessed with Agisoft
Metashape Professional, Version 1.5.3 build 8432. Satellite images are Google Earth tiles
combined with the orthomosaics in QGIS LTS, Version 3.16.4 ‘Hannover’.

Short Summary of “Traditional hard-engineered protection structures in practice”
Protection structures are widely spread on a global scale. Their design, implementation and
best-practice examples are described in guidelines, recommendations or building codes.
Seawalls, dikes and revetments are onshore structures, that can be combined with foreshore
measures, such as breakwaters, jetties and groynes. Traditional protection structures are
usually made from concrete, rock or timber as well as sand bags, soil and geotextiles and
are therefore also referred to as “hard” or “hard-engineered” measures.
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(a) Satellite image and orthomosaic (b) Aerial image

Figure 2.10: Jetty. Jetty at the fishing port of Niendorf on the German Baltic Sea, adjacent to Timmen-
dorfer Strand – Niendorf, Schleswig Holstein. The jetty safeguards entrance and exit of
local fisher boats, private vessels, and (small) cruise ships. Satellite image, orthomosaic
and aerial image were acquired and combined as described in Figure 2.9.
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(a) Top view – Aerial image (b) Side view – Aerial image

(c) T-shaped groyne – Aerial image (d) Construction material

(e) Brushwood filling (f) Timber groyne

Figure 2.11: Groyne. (a – b): Groynes at Timmendorfer Strand – Niendorf on the German Baltic Sea
(see also Figure 2.10). (c – d): T-shaped groyne – a groyne combined with a breakwater –
at the Baltic Sea, east of Kiel, Germany (adjacent to the breakwater shown in Figure 2.9c
and 2.9d). Groynes are made from rock material (a – d). But groynes can also consist
of other material (e) such as brushwood filling of a timber groyne in Damp, Schleswig-
Holstein, Germany or (f) timber groynes on the North Sea island Wangerooge, Lower
Saxony, Germany. When regarding the entire coastline of Wangerooge, these timber
groynes are supplemented with rock groynes (see Figure 2.8). A DJI Phantom 4 Pro
recorded the aerial images in (a – c).
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2.3.2 Nature-based protection measures

The paradigm shift from building in nature (or even protection against nature) to “building
with nature”7 (Temmerman et al., 2013; van Slobbe et al., 2013) encompasses making use
of natural dynamics and emphasizes the role of ecosystems to reduce disaster risk – with
humans being an integral part of ecosystems. The protection measures associated with
this paradigm are in general classified by their construction material as – for example –
“green”8 or “soft”. Beside the concepts of “working with nature” (PIANC, 2008) or “building
with nature” (BwN, Temmerman et al., 2013; van Slobbe et al., 2013) and ecosystem-based
disaster risk reduction (Eco-DRR, Estrella and Saalismaa, 2013) other concepts are soft
engineering (Stive et al., 2013; van Slobbe et al., 2013), nature-based solutions (NBS, Pontee
et al., 2016), green infrastructure (Schoonees et al., 2019), engineering with nature (Bridges
et al., 2018) or hybrid solutions (Sutton-Grier et al., 2015; David et al., 2016; Schoonees et al.,
2019). However, there are challenges to establish and mainstream the general idea behind
these concepts.
These challenges arise from the variety of concepts and perspectives of the involved disci-
plines in building with nature solutions. For example, while soft measures (such as beach
and shore nourishment) are a popular and viable option within the building-with-nature
framework (van Slobbe et al., 2013), the IPCC’s SROCC classifies them as sediment-based
protection and thus as another option beside ecosystem-based adaptation and traditional
engineered “hard” measures (Magnan et al., 2019). The IPCC describes ecosystem-based
adaptation also to have

“advantages of contributing to conservation goals and providing additional
ecosystem services such as . . . improved water quality”. (IPCC, 2019b)

Nature- and ecosystem-based adaptation have received broader attention in the scien-
tific community and is increasingly being implemented in practice (Geneletti and Zardo,
2016; Narayan et al., 2016; Schoonees et al., 2019). A general distinction between different
concepts can be made when looking at their stand towards sediment-based “soft” mea-
sures, such as sand nourishments. Sand nourishments can be considered nature-based,
as they exploit abiotic drivers (wave and currents) to naturally (re-)distribute native re-
gional sediment in the coastal zone (de Schipper et al., 2020). However, sand nourishments
are “disturbances of the environment” (Staudt et al., 2021) and their ecological benefit is
affected by several factors (Speybroeck et al., 2006; Staudt et al., 2021). The IPCC or the
concept of Eco-DRR (Estrella and Saalismaa, 2013) divide their nature-based counterparts
further into (a) soft, or sediment-based measures, underlining the engineering origin of
sand nourishments and (b) ecosystem-based measures (see Figure 2.12).

Nevertheless, implementation of nature- and ecosystem-based measures faces practical
and institutional challenges (Triyanti et al., 2017; Woroniecki et al., 2019). While studies find
evidence in the protective capacities of ecosystems, these findings still stand against the

7 This section (and the thesis in general) does not strictly refer to the “building with nature” initiative between
Dutch national authorities, dredging contractors, engineering consultants and research institutes as described
by van Slobbe et al. (2013); Temmerman et al. (2013). The thesis rather uses the very ostensive metaphor of the
concept’s title, which stands in contrast to “building in nature”. van Slobbe et al. (2013) themselves see their
approach in line with several other initiatives, such as the “Engineering with Nature” concept, making this
thesis’ reference to the concept and the synonymous use of “building in nature” with Nature-based solutions
(NBS) and “Engineering with Nature” valid.

8 “Also, [. . . ] “green” is not the preferred nomenclature.” – adopted quote by Walter Sobchak.
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Figure 2.12: The IPCC’s responses to sea level rise and nature-based solutions. This figure sum-
marizes the IPCC’s response categories to sea level rise (Box 4.3, IPCC, 2019a) in contrast
to other concepts, such as NBS or building with nature (BwN). The IPCC acknowledges
that other concepts, such as Ecological Engineering, Eco-DRR and NBS are synony-
mously used when referring to ecosystem-based adaptation, but an undifferentiated
can lead to misunderstandings in an interdisciplinary environment.
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robust and quantifiable experience of traditional measures, manifested in building codes
and design guidelines. For example, deriving safety factors for natural building materials
and “structures” is much more complex compared to their artificial counterparts, as the
material component and structural properties are diverse and depend on multiple aspects.
Therefore, current and future research has aimed and keeps on aiming to overcome practical
and institutional obstacles by providing best-practice solutions on the one hand, as well
as parameterizing eco-hydraulic processes for design criteria and equations on the other
hand (David et al., 2016; Goseberg et al., 2020).

2.3.2.1 Nature-based protection in practice

Similar to traditional hard-engineered protection measures, nature-based coastal pro-
tection aims to reduce ocean-borne hazards but emphasizes the ecologic value and the
inherent services of a healthy, “natural” coastal ecosystem. Consequently nature-based
protection aims at reducing the adverse impact of any man-made interference on the entire
coastal ecosystem. When scrutinizing the mindset behind “building with nature”9, this
thesis finds two distinguishable approaches: one recognizes the coast as natural dynamic
zone with an inherent buffer function, while the other interprets “building with nature”
more directly by using natural materials or mimicking natural (protection) features.

Dynamics in the natural buffer zone

The first approach towards “building with nature” acknowledges the coast as a naturally
dynamic zone. Anthropogenic activities have confined and restricted this area, leading
to disturbances of the natural dynamics and a multitude of associated adverse effects.
One example of this concept is that constricting natural buffer zones amplifies coastal
hazards, such as storm waves, storm surges and rising water levels (Temmerman et al.,
2013). Vegetation in this buffer zone induces turbulence in the hydraulic flow and reduces
the incoming (wave) energy (Paul, 2018). This can lead to wave attenuation by

“(1) inducing wave breaking [. . . ]; (2) dissipating energy through flow separation;
(3) dissipating energy through friction on rough surfaces; (4) dissipating energy
through porous friction; (5) producing a barrier effect that reflects energy in the
offshore direction – and a combination of the above mechanisms.” (Duarte et al.,
2013)

Wave attenuation and energy dissipation is an ecosystem service, provided by all coastal
vegetation including seagrass (Ondiviela et al., 2014; Paul, 2018), salt marshes (Möller et al.,
2014) or more rigid vegetation patches (Maza et al., 2016) such as mangroves (Maza et al.,
2015, 2017). However, vegetation does in general not provide a barrier function (such as
dikes or seawalls). Their major protection service is that of wave and flow (or current)
attenuation. With the induced turbulence and the associated decrease in flow velocity,
vegetation patches and wetland areas also favor sedimentation processes (Temmerman
et al., 2013), have the potential to act against erosion (Paul, 2018) and accrete soil vertically.
In this context, coral reefs play a special role in sediment provision, as they act as “carbonate
factory for sediment supply to reef islands” (Ryan et al., 2019, this aspect will be further
outlined below). In turn, there is a general (scientific) consensus and agreement on the
negative impact of human interference with natural dynamics (for example in Ratter et al.,

9 See footnote 7
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(a) Satellite image (b) On site image

Figure 2.13: Marshland. Salt marsh in front of a dike along the Langwarder Groden, Butjadingen,
Lower Saxony, Germany. Satellite images are Google Earth tiles combined with the
orthomosaics in QGIS LTS, Version 3.16.4 ‘Hannover’.

2016; Gattuso et al., 2018; Duvat and Magnan, 2019; Petzold and Magnan, 2019). As a result,
several laws and legal guidelines exist, acknowledging and incorporating these findings. For
example, in Germany, a “Federal Act for the Protection of Nature” (Bundesnaturschutzge-
setz) deals with impacts on the environment. The act requires to assess the impact of human
activity on the environment to avoid or minimize any deterioration. In cases, where adverse
impacts on nature can only be insufficiently addressed, the (remaining) adverse impacts
must be compensated for. A classical example following the natural protection act is the
renaturation along the Langwarder Groden (Lower Saxony, Germany).

The renaturation attempts along the Langwarder Groden followed the newly constructed
container port in Wilhelmshaven, Lower Saxony, Germany (Figure 2.13a and 2.13b). The
Jade-Weser-Port is located at the Jade Bight. The port was constructed to deal with increasing
global container transports and to provide large deep-water container vessels an alternative
to the Port of Hamburg. But a new deep-sea port was a massive intervention into the coastal
environment, requiring several compensational measures – one being the renaturation
along the Langwarder Groden. This compensational measure started in 2013, shortly after
the port construction was finished and included opening a summer dike and renaturating
the area between the summer dike and the main dike. In the beginning, “surrendering”
areas in front of the main dike to the tidal dynamics was controversial amongst residents.
However, the measure became increasingly popular by locals and tourists (JadeWeserPort,
2020). As of today, the area is subject to the tidal dynamics and large sections accommodate
salt marshes (Figure 2.13b). Even though not initially projected, the flatlands in front of
the dike can already play an important role to decrease wave energy (Arns et al., 2017) and
coastal vegetation, can further attenuate waves and reduce the hydraulic load on dikes
(Barbier et al., 2008; Temmerman et al., 2013; Ondiviela et al., 2014; Losada et al., 2016;
Rupprecht et al., 2017; Paul, 2018; Reidenbach and Thomas, 2018).

Acknowledging the natural dynamics in the coastal zone is an important aspect of the
first “building with nature” approach. This is not only restricted to the salt marshes as found
in Langwarder Groden or other temperate climate zones, but also to tropical ecosystems
such as coral reefs and mangroves.
Mangrove biomes consist of different tree and shrub types and grow in (sub-) tropical
peatlands (Figure 2.14). Since they grow in the intertidal area, their roots are mostly covered
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(a) Satellite image (b) Mangrove forest

(c) Satellite image (d) Mangrove reforestation

Figure 2.14: Mangroves. (a – b): Mangrove conservation area in Benoa Bay, Bali, Indonesia. (c –
d): Mangrove conservation area in Muara Angke, Jakarta Utara, Indonesia. Satellite
images are from 2021, while photos were taken in 2017 (b) and 2015 (d). Satellite images
are Google Earth tiles combined with the orthomosaics in QGIS LTS, Version 3.16.4
‘Hannover’.

with water during high tide, but are exposed to air during low tide. Their dense root network
traps organic compounds from upstream, thus creating a hypoxic (suboxic) or anoxic
environment. In order to guarantee oxygen supply, many mangrove plants have developed
special aerial root systems, or pneumatophores. There is evidence of the mangroves’ benefit
for coastal protection and their important role as carbon dioxide storage (Bouillon, 2011;
Donato et al., 2011). Several studies describe mangroves’ ability to attenuate both wind and
swell waves (Marois and Mitsch, 2015), their positive impact on reducing storm surges and
their adaptability to rising water levels by accumulating sediment and thus elevating soil
(for example Schuerch et al., 2018).

Another important ecosystem, especially for small islands, are coral reefs. Coral reef
islands are one of the five main island types (see also chapter A.1). Despite their impor-
tance as habitat and ecosystem, breeding ground of marine life and food-source for island
dwellers, an important ecosystem service of coral reefs include their ability to dissipate
most of the waves, propagating towards a reef island (Ferrario et al., 2014). In colder waters,
oyster reefs have similar wave dissipation features (Wiberg et al., 2018). Another decisive
ecosystem service of coral reefs is their role as the reef island’s sediment source (chapter 3.3
and 3.4). As living organism, coral reefs built a calcareous skeleton, which erode and serve
as marine aggregates that are transported towards the reef island (Kench and Mann, 2017;
Ryan et al., 2019). This potentially allows the island to naturally adapt to certain levels of
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sea-level rise (Masselink et al., 2020, 2021), if these natural dynamics are not disturbed
(chapter 3.3 and 3.4 of this thesis show negative implications of man-made disturbances in
the natural dynamics of a coral reef).

Natural materials and exploiting or mimicking natural (protection) features

The second, from an engineering point of view, more explicit approach of “building with
nature” aims at providing more nature-based coastal protection structures (or components),
by redesigning protection measures. As a consequence, the focus of this approach is to (a)
increase the structure’s (or the structural components’) ecological value; or (b) deliberately
exploit an ecosystem’s protective service; or (c) utilize ecosystem elements directly in or as
a protection structure; or (d) process natural raw-products into construction materials for
protection structures; or (e) a combination of the above. Examples for this are vegetated
revetments (Schoonees et al., 2019), adapting smooth seawalls with reef-like elements to
mimic an aquatic habitat (also known as “Living Seawalls”, Schoonees et al., 2019; Bishop
et al., 2020), or combining these measures to update a conventional protection measure -
for example a dike - resulting in a hybrid solution (David et al., 2016; Schoonees et al., 2019).
The following examples of the second concept of “building with nature” further epitomize
the paradigm change towards more nature-based research in coastal engineering:

The first example is an artificial approach, aiming to mimic reef properties and charac-
teristics to provide the same or foster the above mentioned ecosystem services. Artificial
reef-like structures provide shelter for and sustain ocean life while reducing water depth
and increasing bottom roughness, which in turn dissipates wave energy (David et al., 2016,
showcases the “Reef Ball” project; hollow concrete structures with holes, installed in tropical
nearshore waters). There are also other approaches, using electrolysis to create a natural,
limestone layer on a conductive material – such as a metal structure. The metal structure
is made from a cathode, on which the limestone layer forms, and a sacrificial anode. This
structure is then connected to a small electric power source, such as a solar panel, which
initiates the electrolysis (Hilbertz, 1979; Goreau, 2012). After two months, the initial lime-
stone layer is about 0.5 cm to 1 cm thick (van Treeck and Schuhmacher, 1997) and protects
the metal cathode of corroding in salt water (Goreau, 2012; Goreau and Trench, 2013). The
electric artificial reef favors coral breeding by transplanting coral nibs onto the structure
and improves coral growth (Goreau and Trench, 2013). There is some evidence, that electric
artificial reefs can reverse erosion on beaches (Goreau and Prong, 2017), but challenges in
the installation remain (Goreau, 2014) and any means of coral restoration are care-intensive
endeavors (Rinkevich, 2005).

The second example of increasing the ecological value of structural components are
natural geotextiles made from coir fibers. Coir is a byproduct of coconuts (Figure 2.15) and
coir fibers have been tested to reinforce soil, while supporting the cultivation of vegetation
on sea dikes. The coir geotextile serves as initial protection for the dike’s vegetation, which
eventually is going to suffer from wave run-up (David et al., 2016). Nearshore vegetation,
such as seagrass, has a significant impact on waves (Paul, 2018), but in turn, waves also
affect the settling, growth and reforestation of seagrass. Artificial biodegradable seagrass
meadows advance reforestation of natural seagrass by reducing bed shear stress and erosion
under currents (Carus et al., 2020) and current studies scrutinize the potential of coir
fiber geotextiles to further facilitate seagrass cultivation in hydrodynamically challenging
environments (Villanueva et al., 2017).
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(a) Coir fiber production (b) Application on site

Figure 2.15: Coir fiber geotextiles. (a) Coir ropes are raw materials, which are tied and knotted into
coir fiber geotextiles. (b) Coir fiber geotextiles can then be used to reinforce soil and
give initial protection for newly cultivated vegetation on sea dikes.

The last example is vegetation on conventional sea dikes, which has been subject of recent
studies: While the typical vegetation on European sea dikes is grass, the grass seeds proposed
by conventional guidelines (for example KFKI, 2020) are in favor of technical requirements
rather than ecological factors (Scheres et al., 2020a). Alternative grass-mixtures yields more
diverse flora on dikes and (in general) provides a similar level of protection (Wrage-Mönnig
et al., 2020, and Figure 2.16)10.

Short Summary of “Nature-based protection measures”
Several protection concepts have evolved as nature-based solutions, extending the portfolio
of hard-engineered protection measures. They aim to reduce ocean-borne hazards but also
acknowledge the value and the co-benefits of ecosystems and their ecosystem services.
Within the paradigm’s context, this review identifies two approaches: one acknowledging
the natural dynamics and exploiting the natural buffer zone, which induces turbulence and
attenuates waves (but in general does not provide a barrier function). The other approach
uses or mimics natural building materials to improve the measures’ ecological value. Nature-
based protection becomes increasingly popular, but system knowledge is not sufficient and
practical challenges as well as institutional barriers remain until today.

10 This statement by Wrage-Mönnig et al. (2020) was made according to early findings within the project EcoDike.
In contrast, Scheres et al. (2020b) put the findings of Wrage-Mönnig et al. (2020) into an engineering context and
discuss the resistance of different grass-mixtures against hydrodynamic impacts – without a final conclusion on
their resistance. As one of the first studies on more diverse grass-mixtures on sea dikes, the evidence from this
project is still limited and there is at most a medium agreement among the working groups. Nevertheless, in
summary, the compiled knowledge of Scheres et al. (2020a) is positive towards using more diverse grass-mixture
on sea dikes and thus worth to be mentioned here – even though further research is required.
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(a) Aerial image (b) Test run

Figure 2.16: Alternative dike vegetation. (a) Aerial image of the test facility to scrutinize the interac-
tion between water level, waves and different dike vegetation. The test field is divided
into two areas – one with only hydrostatic loads, the other with hydrodynamic impact.
Each area is again divided into four zones with different grass-mixtures. The inner tracks
are standard grass-mixtures as proposed by German guidelines, while the ecologic value
of the grass-mixtures improves in the outward tracks (b) Test run in the facility with
hydrostatic (back) and hydrodynamic impact (front).
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2.4 N U M E R I C A L W AV E M O D E L I N G

All studies presented in this thesis either make use of numerical wave models or provide
important input data for such models. Therefore, this chapter gives an overview of differ-
ent numerical model types available for and applied in coastal engineering. The basics
explained in this chapter, are gathered, compiled, and adapted from several textbooks,
providing further information and covering a broader scope (Dean and Dalrymple, 1991;
Zanke, 2002; Holthuijsen, 2007; Bosboom and Stive, 2015; Oertel et al., 2015; KFKI, 2020).

The most fundamental description of water motion is given by the Navier-Stokes-Equations
– a set of mathematical expressions to describe the viscous flow of incompressible fluids
in all three dimensions. Solving these equations facilitates predicting fluid motion at any
time. However, the Navier-Stokes-Equations are non-linear differential partial equations
and can only be solved analytically under the consideration of further simplifications, or
numerically by approximations on a computational grid. Numerical approaches to solve
the Navier-Stokes-Equations directly are unfeasible for engineering problems, due to their
high computational cost (see appendix A.2). Instead, two different approaches exist to
describe waves in oceanic and coastal waters: (a) a set of phase-averaging governing equa-
tions, based on the wave spectra. These equations describe the typical wave climate in a
region and are commonly used to account for wind-wave generation and propagation. (b)
a depth-integration of the Navier-Stokes-Equations’ vertical velocity potential facilitates
describing fluid motion in the two planar dimensions and maintains the phase-resolving
representation of waves (similar to simplifications in three-dimensional models to two-
dimensional cross-sections; see for example Larsen et al., 2020). These models are usually
employed to account for wave propagation and transformation.

2.4.1 Phase-averaging numerical models

Phase-averaging numerical models are well known by oceanographers and coastal engi-
neers and widely implemented to hind- or forecast the wave climate or study hydrodynamic
phenomena in specific ocean or coastal environments. Instead of solving a simplification
of the Navier-Stokes-Equation, phase-averaging models use equations based on the wave
spectrum (Holthuijsen, 2007)11. The wave spectrum decomposes a measured time-series
of water surface elevations into a large set of harmonic waves with the help of a Fourier
transformation. The resulting (co-)sinusoidal waves have only one constant amplitude,
wavelength or frequency, and phase12. However, the concept behind wave spectra is not to
describe one specific wave record, but to see the observed surface elevation as representa-
tive of all possible observations that could have been made under the same circumstances.
As such, the wave spectrum is a stochastic description of the wave climate and the de-
composed time-series are expressed as random phase or amplitude spectrum. In a wave

11 This section summarizes briefly the theory and idea behind wave spectra and elucidates the significance of the
spectra’s potentials and limitations for phase-averaging numerical models mostly based on the textbook of
Holthuijsen (2007).

12 The wave phase is a measure of the wave’s position or shift from a reference, for example the coordinate origin
or another wave. This can be exemplified by compairing the wave functions sin(π) and cos(π). Both functions
share the same amplitude and frequency, but their phase differs by π/2. This difference is also called phase
angle, phase difference or phase lag.
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spectrum, each amplitude is assigned to its associated wave length or frequency, but with a
random phase. Further modifications to the amplitude spectrum result in

E ( f ) = lim
∆ f→0
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∆ f
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ª
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as the amplitude’s variance over an infinitesimally small frequency interval
1/∆ f (with f being the wave frequency), forming a continuous, variance density spectrum
E ( f ). This implies that

“the variance density spectrum gives a complete description of the surface eleva-
tion of ocean waves in a statistical sense [. . . and] all statistical characteristics of
the wave field can be expressed in terms of this spectrum.” (Holthuijsen, 2007)

This stochastic description (or treatment) of the wave climate is the most important feature
of phase-averaging models. The variance density spectrum E ( f ) describes the stationary
sea-state observed in one point over time and misses information on the wave direction –
or in other words, on the horizontal orientation of the sea-state. But a three-dimensional
description can be achieved by considering equation 2.6 over the wave direction θ (Holthui-
jsen, 2007), resulting in
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This three-dimensional consideration of the sea-state facilitates to consider changing spec-
tral parameters over time and space, for example with the help of computational models.
Probably the most prominent representatives of phase-averaged models are WAVEWATCH III
(Tolman and Chalikov, 1996) and the ocean wave model (WAM, see WAMDIG, 1988) as well
as WAM’s coastal equivalent Simulating WAves Nearshore (SWAN).

Phase-averaging models – or more precisely “spectral” models – are popular tools for
experts dealing with waves in ocean and coastal environments, because describing wave
generation and propagation within the spectral domain has several practical advantages.

(a) Wind-wave generation is a key strength of phase-averaging models and has been
improved over several model generations13 (Holthuijsen, 2007). Wind-wave interac-
tions remain unconsidered in widely applied phase-resolving models (sections 2.4.2
and A.2 name several of these models) and are almost exclusively embedded into
spectral wave models.

(b) A common metric for the stability of numerical models is the Courant-Friedrichs-
Lewy (CFL; Courant et al., 1928) number, with c ·∆t/∆x = CFL ≤ 1 (Oertel et al.,

13 Wind-wave generation is based on the positive-feedback mechanism between wind and waves (Miles, 1957),
where wind pushes on the wave-front (on the windward side of the wave crest) and drags the wave at the
leeward side of the crest, resulting in a coupled wind-wave generation process. First and second generation
wind-wave generation models (or modules within the spectral model software) assume similarities in wind-
wave generation mechanisms within the spectrum and compute a simplified net wave growth. However,
with today’s computational resources, current third-generation wind-wave models allow the spectrum to
develop freely without any postulated, predefined shape (Holthuijsen, 2007). Still, SWAN provides several
dedicated formulations for the source term S i n (for SWAN’s governing equations, see chapter A.3), accounting
for restricted and free wave-spectral development under linear and exponential wind-wave growth (see SWAN,
2020: Cavaleri and Malanotte-Rizzoli, 1981, for linear wave growth; Snyder et al., 1981; Komen et al., 1984;
Janssen, 1989, 1991, for exponential wave growth.) These descriptions of wind-wave generation are also
considered in and adapted to other operational ocean wave modules of climate models (for example in WAM,
see ECMWF, 2016b).
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2015)14. In general, a numerical procedure is considered stable, if an existing error
does not grow in subsequent time steps. This is commonly violated, if the spatio-
temporal discretization is larger than the considered phenomenon.
In addition, the spatial discretization on a computation grid can only feature wave
lengths complying with the sampling theorem and the associated Nyquist frequency
– one wave length must be described by more than two sampling points or discretized
on more than two grid nodes (or in analogy to signal processing, the sampling fre-
quency of a signal has to be greater than twice the frequency of the signal’s highest-
frequency). In phase-averaging models however, the spatial domain is less effected by
spatio-temporal restrictions like the CFL-number or the Nyquist frequency, because
these models compute the energy transfer in the spectral domain. Thus, computa-
tional grids can account for wave lengths well below their spatial discretization. In
fact, the CFL-number is not even relevant for SWAN’s stability, but rather affects the
model accuracy (the role of the CFL-number in SWAN and WAVEWATCH III is further
elucidated by Dietrich et al., 2013).

In practice, spectral models use computational resources very efficiently and, for example
SWAN can readily be used on user-grade computers to analyze wave generation and propa-
gation in coastal areas or lakes. SWAN’s equivalents to compute ocean waves are WAM and
WAVEWATCH III. These ocean wave models are used to fore- or hindcast wind-wave interac-
tion in climate models reanalysis models, provided by, for example, the European Centre
for Medium-Range Weather Forecasts (ECMWF), Collaboration for Australian Weather and
Climate Research (CAWCR) or National Oceanic and Atmospheric Administration (NOAA).
The associated data bases can be exploited to scrutinize the wave climate over decades and
also give information on future projections of sea states, as they are coupled with other
earth system models, giving further climate related variables of, for example, the earth’s
atmosphere (ECMWF, 2016a).

Nevertheless, the stochastic functionality of phase-averaging wave models also limits
their capabilities. On the one hand, the wave spectrum does not contain information on the
phase and the spectrum is based on the assumption of a normal or Gaussian distribution
of a random phase. This is in general true for wind-generated waves, except for steep waves
and high waves in shallow waters. However, this implies not an explicit or specific – for
example measured – but only a characteristic description of the sea state. On the other
hand, wave propagation phenomena like diffraction are “not properly represented” in the
governing equations of spectral wave models (Holthuijsen, 2007, or see appendix A.3).

14 In their explanation Oertel et al. (2015) use c as gradient, however the example for the CFL-number also
works if c is considered the wave velocity and ∆x , y , t the spatio-temporal discretization in a water wave
model – which is a better fit within this thesis. For example, if the grid size ∆x , y and the time step ∆t in a
phase-resolving water wave model is too large, information on the wave and its propagation is beyond the
model’s “spatio-temporal sphere” – which is in accordance with the gradient example presented by Oertel et al.
(2015). In turn, the CFL-number can also be reverse-engineered to provide an adaptive time step, as usually
done in modern wave models (see for example Kamath et al., 2015; Roeber and Cheung, 2012)
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Short Summary of “Phase-averaging numerical models”
Phase-averaging models efficiently compute (wind-) wave generation and propagation
processes and thus excel when applied in oceans, nearshore areas or lakes (for example
Roeber and Bricker, 2015; Mao et al., 2016; Wiese et al., 2018). The models are scalable from
small regional scales, running on user-grade office computers to a global extent, as operated
on high-performance computers by meterological services. However, the stochastic nature
of their governing equations prevent the models from resolving surface elevations and
directly accounts for specific wave phenomena like diffraction.

2.4.2 Phase-resolving numerical models for coastal zones

In contrast to phase-averaging models, phase-resolving models provide an explicit re-
production of sea surface elevations and wave propagation (for one phase). In doing so,
phase-resolving models allow a process-based consideration of wave-object interaction
as well as wave transformation and wave-induced currents, for example on reef platforms.
Three dimensional Large Eddy Simulation (LES), Reynolds-averaged Navier–Stokes equa-
tion (RANS) and Smoothed-Particle Hydrodynamics (SPH) models require a high amount
of computational resources. Therefore, depth integrated (2DH) models are a feasible, phase
resolving method to study hydrodynamic processes on local or regional scales, such as
entire beaches and reefs. There are different approaches of depth integration, based on Non-
linear Shallow Water Equations (NLSWE) – such as Simulating WAves till SHore (SWASH;
Zijlema et al., 2011) – or by models implementing Boussinesq-type Equations (BTE). BTE
combine Non-linear Shallow Water Equations (NLSWE) with a dispersion term and have
been implemented, for example, in the Boussinesq Ocean and Surf Zone model (BOSZ),
the FUlly Nonlinear Boussinesq-type phase-resolving numerical WAVE model (FUNWAVE;
Shi et al., 2012) or the Cornell University Long and Intermediate Wave Modeling Package
(COULWAVE; Lynett and Liu, 2002).

As simplification of the Navier-Stokes-equation phase-resolving models compute wave
propagation and transformation on a physical, rather than on a stochastic foundation.
However, these models are subject to two major limitations.

(a) The first limitation is that wave generation cannot be considered in either of the
above mentioned models (as discussed in section 2.4.1).

(b) The second limitation is the equation’s depth-dependency and the associated accu-
racy as water depths and dispersion characteristics increase. This is typically analyzed
by comparing the linearized form of BTEs with results from the linear wave theory and
computing the error with regard to the wave-specific water depth k h . Early versions
of BTEs (for example those by Peregrine, 1967) remain accurate for shallow waters
of k h < π/10 but the error increases over depth (see Figure 2.17). In the meantime,
BTEs have been successively improved and modern implementations based on the
equations by Nwogu (1993), with an adjusted reference depth zα, calculate the wave
velocity c more accurately in larger depths (for further information on the evolution
of BTE see chapter 3.1 or Brocchini, 2013).
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Figure 2.17: Accuracy of Boussinesq-type Equations (BTE). The dispersion characteristics of dif-
ferent BTE depend on their formulation and on the reference depth zα, at which the
velocity is evaluated within the depth-integration. The figure shows the wave (phase)
velocity c of two, linearized BTE and compares them to the analytical solution of cAiry

from the linear wave theroy. The BTE are those of Peregrine (1967) and Nwogu (1993).
The figure also the influence of a varying zα in the BTE by Nwogu (1993) with (a) the
initial value of zα=−0.53h and (b) zα=−0.53753h , as suggested for and implemented
in the BOSZ model (Roeber et al., 2010a).
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Short Summary of “Phase-resolving numerical models for coastal zones”
In summary, 2DH models excel in the analysis of long waves in shallow waters, such as
tsunamis, while errors increase when dealing with short, non-linear waves in deeper waters.
Compared to phase-averaging models, phase-resolving models reconstruct wave propaga-
tion on more physical, rather than stochastic governing equations and yield the explicit
sea-state, described on the basis of a specific wave phase.

2.4.3 Coupling of different model approaches

A general approach to overcome the shortcomings of both approaches and benefit from
their combined strengths is to couple phase-averaging and phase-resolving models. In such
a tandem, phase-averaging models are used for the generation of wind-waves, based on
typical weather or single storm events, and the evolution of wave spectra, as wind- or storm-
waves propagate towards the coast. In nearshore and coastal zones, phase-averaging models
can give more detailed information on wave transformation over irregular bathymetries
as well as the influence of waves and resonances on coasts and coastal infrastructure
(see for example Roeber et al., 2010b; Roeber and Bricker, 2015; Li et al., 2018). Coupling
wind-generation and near-shore wave propagation over irregular bathymetries facilitates
down-scaling the impact of global climate changes and regional or trans-regional storm
events on coastal areas.

In this sense, this thesis also gives insights beyond its main objective of assessing the
role of coastal engineering in the face of a changing climate and the associated sea level
rise. It also gives methodological insights in dealing with the limitations of phase-resolving
models. The ship wave implementation (chapter 3.1) analyzes the ability of BTE to account
for highly non-linear dispersive waves. Several techniques, such as selecting a feasible grid
resolution or choosing an appropriate cutoff-depth (see also Roeber and Bricker, 2015),
and the according experience made, facilitate exploiting a 2DH model to scrutinize the
hydrodynamic impact of shorter waves and their transformation over irregular bathymetries
– for example waves characteristic of the wave climate around small reef islands (chapter 3.3
and 3.4). In the studies on Fuvahmulah, wave data from climate data repositories serve
as boundary condition for the depth-integrated BOSZ model. The data repositories use
hind- and forecast wind and weather data to provide insights into the ocean-wave climate.
Some repositories make data available, dating back to the 1950s (for example ECMWF),
while others account for different climate projections (for example CAWCR or ECMWF).
This data is quality proved with robust estimates, when compared to measured Satellite
Radar Altimetry (SRA) data (Saha et al., 2010; ECMWF, 2016a; Durrant et al., 2019; Hemer
et al., 2015; David et al., 2021a) and thus give valuable information, serving as input for
numerical models with finer resolutions.
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2.5 C H A L L E N G E S A R I S I N G F R O M T H E S TAT E - O F - T H E - A R T

The review in this state-of-the-art-chapter shows, that an (inter-) disciplinary gap exists:

(a) On the one hand, the disciplinary gap within the engineering discipline is that any
“green” approach is falsely attributed as more sustainable (chapters 2.1 to 2.3 portrait
misconceptions stemming from traditional training and the recent diversification of
different nature-based concepts, while chapter 3.4 gives insights into more deliberate
maladaptation).

(b) On the other hand, in an interdisciplinary context, engineering methodology has a
greater potential than just providing and statically designing protection measures.

Therefore, the aim of this thesis is (a) addressing these challenges, (b) overcoming the
disciplinary boundaries of traditional engineering and (c) demonstrating the potential of
modern coastal engineering to provide sustainable, “low-regret” climate change adaptation.
The following chapters give insights into typical engineering works, such as the application
of 2DH numerical models (chapter 3.1) and post-processing of field data (chapter 3.2).
With that, these chapters outline the disciplinary boundaries of coastal engineering and
demonstrate the capacities and benefits of coastal engineering expertise. The subsequent
chapter uses these methodologies to assess the hydro- and morphodynamic changes on
small reef islands and scrutinizes their natural capacities to react to climate change effects
(chapter 3.3). This assessment then serves as basis to reveal insights in the socio-political
dimensions of false climate change adaptation in SIDS and define – for the first time – the
concept of maldevelopment. This original finding closes the overarching (inter-) disciplinary
gap identified through the course of this thesis (chapter 3.4). With that, this thesis describes
the transition from providing mere coastal protection towards offering “low-regret” coastal
adaptation by means of a changing perspective on impacts and risk assessment when
dealing with sea level rise. To this effect, the motivation of this thesis is to (a) elucidate and
thus overcome the misconceptions of “low-regret” responses to sea level rise, (b) portrait
their benefit and limitations as complementary of traditional hard protection methods,
and (c) illustrate the potential of coastal engineering when dealing with climate change
effects (such as sea level rise), providing sustainable adaptation strategies and avoiding
maldevelopment along the way.



3
P U B L I C AT I O N S

This chapter gives an overview of the published work considered in this thesis. The sections
contain an adapted version of the manuscript’s abstract and conclusions, which are com-
plemented by a selection of the main articles’ figures. All articles have been or are going
to be published under open access licenses and are freely available for everyone from the
publishers. They can be found by their citation or Digital Object Identifier (DOI), provided
at the beginning of each section in this chapter.

3.1 G E N E R AT I O N A N D P R O PA G AT I O N O F S H I P- B O R N E W AV E S - S O L U T I O N S F R O M A

B O U S S I N E S Q - T Y P E M O D E L

David, C. G., Roeber, V., Goseberg, N., Schlurmann, T. (2017). Generation and propagation
of ship-borne waves – Solutions from a Boussinesq-type model. Coastal Engineering, 127,
170-187. DOI: 10.1016/j.coastaleng.2017.07.001.

3.1.1 Abstract

Ship-borne waves are of significant interest for the design of port and waterway infrastruc-
ture and the maintenance of its surrounding environment. Computation of these nonlinear
and dispersive waves has mainly focused on their near-field generation as fluid-body in-
teraction. This study presents an approach for the computation of ship waves generated
by a moving pressure disturbance with phase-resolving and depth-averaged equations. To
support a wide range of applicability, the paper deals with the evolution of the vessel wedge
compared to an analytical solution for sub- to supercritical speeds and the assessment of
wave patterns from a broad range of pressure term dimensions, including cross-references
to findings in other studies. The conducted numerical experiments showcase the typical
response of a Boussinesq-type model to a simplified moving pressure disturbance and
identify the main factors and criteria for ship-wave propagation in the far-field of a vessel.
Finally, a unique field dataset underlines the capability of an extended Boussinesq-type
model to compute the propagation of vessel waves over an irregular bathymetry.

3.1.2 Conclusions

This study presents the implementation of a pressure term into the governing equations of
Boussinesq Ocean and Surf Zone model (BOSZ) to account for ship waves. It then outlines
the validation of the pressure term implementation in the phase resolving, depth aver-
aged wave model and visualizes key parameters which influence non-linear dispersive and
non-dispersive ship waves. The waves generated by the pressure term technique compare
well with field measures and physical experiments (see Figures 3.1 and 3.2). Successfully
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Figure 3.1: Application of the model in the Port of Hamburg. The figure shows the free surface
elevationη, (blue) over a varying bathymetry (gray) shortly after the vessel has passed the
wave gauge. The wave gauge (red) is only visualized in the figure and was not included in
the computation.

validated, the model BOSZ becomes capable of modeling data from a customized field
campaign in the Port of Hamburg. The numerical model is thus proposed as a potential
design tool, solving ship-wave related problems. Until today, coastal and hydraulic engi-
neers have been studying moving local pressure terms (see Liu and Wu, 2004; Dam et al.,
2006; Bayraktar and Beji, 2013) and have been using this approach to predict wake wave
heights in confined or unconfined water bodies (see Dam et al., 2008; Soomere and Ran-
nat, 2003; Soomere, 2007; Nascimento et al., 2011). The present study contributes to the
literature by presenting convergence tests and validation scenarios and shows that ship-
wake phenomena can be efficiently and accurately computed by depth-integrated models.
The computations of BOSZ match the analytical solution of ship wake half angles θk as
described in Havelock (1908). This underlines that a moving local pressure disturbance
represented by an idealized ship hull is a feasible and practical methodology. This study
further supports the evaluation of numerical schemes for non-linear, dispersive waves.

The paper further utilizes existing field studies and physical experiments to validate the
numerical model. The implementation of pressure terms allows to determine maximum
wave heights related to both Froude numbers F rh and F rL . This study provides a sensitivity
analysis, which shows the model’s response to changes in pressure-term dimensions. The
model is able to recreate the findings of the physical experiments of Johnson (1957), who
found that the wave amplitude depends on both changes of vessel dimensions and speed,
while the wave shape only responds to the latter. BOSZ confirms the design approach for
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Figure 3.2: Comparison of measured and modeled water level elevation η at the wave gauge. The
circles denote the raw data points, connected with the dashed line, while the turquoise
line represents the computed η.
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waterways by BAW (2010), stating the highest water level elevation is found when vessel
speed and length lead to the superposition of primary and secondary wave systems. The
results also underline the findings of other studies (Sorensen, 1973; Wang and Zou, 2008;
Tarafder, 2007) which correlate ηma x to F rL . The maximum water level elevation ηma x

is highest, when Bs > 0.375L s , while the ratio between draft and ηma x follow a linear
relation. The model is capable of reproducing multiple interacting wave train systems as
well as the far-field propagation of vessel waves, shown by physical experiments and field
measurements (Johnson, 1957; Nece et al., 1985; Macfarlane, 2012).

Ship-borne wave periods can be the driving forces for erosion and damage of waterway
structures in fetch restricted waters (Houser, 2010; De Roo and Troch, 2013, 2015). Typical
ship wave periods are on the order of wind waves, agreeing well with the computed wave
periods in the range of T = 5.05− 6.62s for this study. In addition, BOSZ successfully
computes the waves of a vessel in the river Elbe at the entrance of the Port of Hamburg.
Therefore, BOSZ may serve as a suitable engineering tool for future investigations with
respect to erosion and ecohydraulic problems at hand.

By both explaining the procedure of the pressure term implementation as well as by
identifying the driving factors for wave heights and periods of vessel waves, this study aims
at facilitating future applied research:

• On the one hand, the presented pressure term implementation serves as a benchmark
test for phase-resolving models and can help to further validate existing codes. For
this thesis and in the following publications, this study gives insights on numerical
procedures to account for wave propagation and transformation on local (i.e. port
scale) to regional scale. It also provides procedures to deal with and overcome limita-
tions of 2DH approaches. The results of this study show that 2DH models, such as
the BOSZ model, are able to give robust estimates for shorter, more non-linear waves,
despite being designed for longer waves or shallower waters. This facilitates downscal-
ing regional or supraregional wave climate from models, accounting for wind-wave
generation and propagation. This broader regional information with coarser resolu-
tion can then serve as boundary conditions in higher resolution, 2DH models. 2DH
models excel when scrutinizing the hydraulic impact of near- and on-shore waves,
propagating and transforming over irregular coastal bathymetries.

• On the other hand, this study shows, that planners and engineers can use depth-
integrated models for the design of coastal, port, and waterway assets exposed to
ship-borne waves, or other more non-linear wave phenomena. In the context of this
thesis, the methodology and results of this study are components in a straight-forward
engineering design approach (as described in chapters 2.1): Former guidelines, codes
and dedicated studies about ship wave impact on waterway structures gave only
insufficient information on the spatio-temporal behavior of vessel waves (Sorensen,
1997; BAW, 2005, 2010). This study presents a novel approach to account for ship
waves dynamically with changing vessel sizes and trajectories. It also shows vessel
wave evolution with changing vessel dimensions, which have an influence on the
design of port structures. Here, vessel waves are characteristic loads Ei , which turn
into design loads Ed in combination with partial safety factors γE ,i . When calculating
the structure’s stability, design loads are opposed by the structure’s design resistance
Rd (consisting of the characteristic resistance R j of single components, combined
with partial safety factors γR ,i and geometric data αi ). In a controlled, technical
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environment, the structure is then considered fit to withstand typical loads (which
can also be extreme conditions such as severe ice loads or disasters with a high return
period) for its designated lifetime.
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3.2 S T R U C T U R E - F R O M - M O T I O N O N S H A L L O W R E E F S A N D B E A C H E S : P O T E N T I A L

A N D L I M I TAT I O N S O F C O N S U M E R- G R A D E D R O N E S T O R E C O N S T R U C T T O P O G -
R A P H Y A N D B AT H Y M E T R Y

David, C. G., Kohl, N., Casella, E., Rovere, A., Ballesteros, P., Schlurmann, T. (2021). Structure-
from-Motion on shallow reefs and beaches: potential and limitations of consumer-grade
drones to reconstruct topography and bathymetry. Coral Reefs 40, 835–851. DOI: 10.1007/s00338-
021-02088-9.

3.2.1 Abstract

Reconstructing the topography of shallow underwater environments using SfM-MVS tech-
niques from Unmanned Aerial Vehicle (UAV)-borne aerial imagery is challenging, as it
involves non-linear distortions caused by optical water refraction. This study presents an
experiment with aerial photographs collected with a consumer-grade UAV on the shallow-
water reef of Fuvahmulah, the Maldives. Under conditions of rising tide, we surveyed the
same portion of the reef in ten successive flights. For each flight, we used SfM-MVS to
reconstruct the Digital Elevation Model (DEM) of the reef, and used the flight at low tide
(where the reef is almost entirely dry) to compare the performance of DEM reconstruction
under increasing water levels. Our results show that differences with the reference DEM
increase with increasing depth, but are substantially larger if no underwater ground control
points are taken into account in the processing. Correcting our imagery with algorithms
that account for optical refraction did not improve the overall accuracy of reconstruction.
We conclude that reconstructing shallow-water reefs (less than 1 m depth) with consumer-
grade UAVs and SfM-MVS is possible, but its precision is limited and strongly correlated
with water depth. In our case, the best results are achieved when ground control points
were placed underwater and no optical refraction correction is used.

3.2.2 Discussion & Conclusion

In photogrammetry, when light refracts on the water surface, submerged objects appear dis-
torted on airborne images, leading to falsely estimated water depths in SfM-MVS algorithms.
This study quantifies these errors with data from a specially designed field experiment. Our
results show the SfM-MVS algorithm underestimates underwater areas by 13.2±21.7 % (see
Figure 3.3) of the water depth when both surface and submerged Ground Control Points
(GCPs) are used in the optimization process. The result does not significantly improve
(12.1±15.3 %) when considering only submerged GCPs. But in both cases, reconstruction
accuracy of adjacent surface areas decreases with this method. Without using submerged
GCPs in the optimization process, the error is at 35.2±13.9 % of the water depths and the
reconstruction benefits from refraction correction in waters deeper than 0.55 m. Beyond wa-
ter depths of≈ 1 m, the uncorrected reconstruction would impair the refraction correction’s
relatively stable performance in deeper waters (Figure 3.4). In our example, the uncorrected
reconstruction leads to underestimated water depths while the corrected reconstruction
overestimated the submergence.

https://doi.org/10.1007/s00338-021-02088-9
https://doi.org/10.1007/s00338-021-02088-9
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Figure 3.3: Performance of underwater reconstruction. The figure combines the occurrence prob-
ability of depth differences e px between the reference DEM and the submerged DEMs
with the associated water depths h in the study area. (a) illustrates the results for DEMs
being aligned with all GCPs, (b) with DEMs considering only submerged (“wet”) GCPs,
and (c) only surface (“dry”) GCPs. A linear regression O = 1 for each case summarizes
the scatter plots by giving a function µ(h) of the mean deviation in dependence of the
depth. The function is valid in the range of 0.05 m to 0.73 m.
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Figure 3.4: Performance of underwater reconstruction with refraction correction. The figure
combines the occurrence probability of depth differences e px,corr between the refer-
ence DEM and the refraction corrected, submerged DEMs with the associated water
depths h in the study area. (a) illustrates DEMs considering all GCPs and (b) the results
for DEMs being only aligned with dry surface GCPs. The scatter plots of the refraction
corrected DEMs are best summarized by higher order regression functions µ(h) with
O > 1. The results are plotted against the linear regression with O = 1 from Figure 3.3a to
visualize the error scale compared to the uncorrected reconstruction. The functions are
valid in the range of 0.05 m to 0.73 m.
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Comparing airborne photogrammetry with other methods to obtain bathymetries (for
example Light Detection and Ranging (LiDAR), echosounder, etc.) reveals that SfM-MVS
algorithms provide good estimates of shallow water depth as well as mapping abilities for
clear waters with low hydrodynamic activity. This study however uses the approach in more
challenging environments and utilizes data recorded under field conditions: The survey
was carried out on a sunny day with low winds, which can be considered normal for the
late dry-season in the Maldives. Also, the off-shore wave height Hs of 0.88 m to 1.00 m is
normal for Fuvahmulah in March, albeit lower than average (David and Schlurmann, 2020).
The fringing reef attenuates these waves, but the study site still experiences hydrodynamic
activity – for example in form of bores, surges, associated wave run-up etc. (Monismith,
2007) – which increases as the tide rises. Waves in the study area affect the results in several
aspects:

• Reconstructing underwater scenes suffers from light effects such as sun glint or
reflections on the plain water surface as well as caustics, which are brighter areas
from wave-induced fluid lenslets focussing sunlight on the seafloor (Casella et al.,
2016; Dietrich, 2017; Overstreet and Legleiter, 2017; Chirayath and Li, 2019; Muslim
et al., 2019). If the water surface changes while recording, the incident and reflection
angle change in Snell’s Law. As consequence, the SfM-MVS algorithm get ambiguous
information on an object’s location and shape, which impairs the reconstruction and
can fail to give any information for these areas.

• Ambiguous information impacts the refraction correction even stronger than it af-
fects SfM-MVS, since the refraction correction relies stronger on camera position and
orientation to emend the appearing depth to the actual depth of each underwater
dense point. This ambiguity results in more noise. In addition, the refraction cor-
rection algorithm considers a plain water surface to compute refraction correction.
But this is not the case in coastal waters, leading to increased errors when compared
to riverine environments with calmer water surfaces (compare Dietrich, 2017 with
our results for the refraction correction in Table 3.1). This underlines that the quality
of the refraction correction highly benefits from calm waters, improving mapping
of submerged structures. However, even with waves present, it still enhances the
bathymetric reconstruction without underwater GCPs.

• Water surface undulations also impact the mean water level estimation, used to
calculate the water depth h of each pixel in ∆DEM, as well as for the refraction
correction. Both use an averaged water level derived from the measurements in the
study site, neglecting the spatio-temporal variation of h within each flight. In absence
of water level measurements, the plain water level for the refraction correction could
be estimated by sampling the water edge on a river’s bank (Dietrich, 2020). However,
this post-processing step is less accurate on beaches, because they experience wave
run-up. With wave run-up, the coastline is varying and therefore, manual water edge
or coastline detection is more difficult and somewhat more arbitrary in coastal areas.

• In practical terms, the results of this study suggest the best workflow for reconstructing
aerial imagery of coastal areas is to separate surface and shallowly submerged areas,
if sufficient GCPs in inundated areas exist. The bundle adjustment in the SfM-MVS
algorithm corrects the sparse point cloud to match the GCPs, having a negative effect
on adjacent areas (see 3.3a and b, where submerged, wet GCPs affect surface areas
negatively and vice-versa for Figure 3.3c).
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The aim of this study was to scrutinize the performance of user-grade UAVs used for
topographic reconstruction of coastal areas and associated sediment volumes. Coastal
environments consist of surface and underwater areas. SfM-MVS has been successfully used
before to create DEMs of dry coastal topography with errors in the order of centimeters
(Casella et al., 2020), but through-water photogrammetry is still prone to inaccuracies
due to the inherit physical challenges – especially when waves disturb the water surface.
Sophisticated approaches use the fluid lensing effect of waves as an advantage to provide
high-quality reconstruction of underwater areas (Chirayath and Earle, 2016; Chirayath
and Li, 2019). But such numeric procedure is not (yet) widely available. Other refraction
correction algorithms exist, which also aim at improving the precision and accuracy of
bathymetric reconstructions from aerial imagery (see Table 3.1). If complementary, sparse
bathymetric measurements from echo-sounding or LiDAR sensors exist, machine learning
procedures support SfM-MVS algorithms for submerged areas up to about 15 m water
depths in clear water conditions (Agrafiotis et al., 2019, 2020). Without any preparations
or post-processing, SfM-MVS algorithm natively facilitates bathymetric reconstruction
and aerial mapping of shallowly inundated areas, albeit the reconstruction error increases
with water depth and hydrodynamic activity (see Table 3.1 or Casella et al., 2016; Ye et al.,
2016; Shintani and Fonstad, 2017; Genchi et al., 2020). However, a confident error metric of
standard SfM-MVS has been missing for in field campaigns in coastal surveys or on coral
reefs with user-grade UAVs. Therefore, this study quantifies the depth-dependent error
in a typical field campaign environment. The results encourage to extent surface (“dry”)
beach surveys with conventional UAVs beyond the coastline. The reconstruction improves
from adapting aligning strategies, which can already be considered in the planning of the
field campaign or pragmatically adapted to the conditions on site. If field conditions do not
allow for improved GCP placement, aerial imagery of submerged areas can still be utilized
in a SfM-MVS algorithm, but DEMs of these areas contain higher errors. Beyond a depth of
0.55 m, reconstruction of underwater areas further benefits from refraction correction when
post-processing the field data. But the reconstruction remains vulnerable to disturbances by
waves and sun reflections. In these cases, further correction of the aerial images is required
or more advanced techniques, such as fluid lensing, should be considered.

Within this thesis, the combination of global navigation satellite system (GNSS) mea-
surments, UAV-borne aerial photogrammetry and SfM-MVS software was one of the three
major methods from the engineering and natural sciences (see Figure 1.6; the other two be-
ing (a) numerical modeling, outlined in chapters 2.4 and 3.1, as well as (b) analysis of wave
climate repositories, addressed in the method sections in David and Schlurmann, 2020 and
David et al., 2021a, which are the publications associated with chapters 3.3 and 3.4). The
idea of this study evolved within the interdisciplinary program, the project DICES was set
in. The program brought together scientists with different backgrounds and experiences,
helping to advance the – at the time – novel and upcoming application of UAV-borne pho-
togrammetry in coastal areas. The field measurements and SfM-MVS procedure facilitate
recording seasonal sediment volumes, estimating beach morphodynamics and thus scruti-
nizing the natural adaptation capacity of the small reef island Fuvahmulah. This publication
was a result of challenges faced when applying the SfM-MVS procedure in shallow waters,
where sediment volumes could have technically been estimated, but only few experience
was available on underwater or through-water photogrammetry and no robust error metric
was available. This study utilizes the SfM-MVS technique on a dry and submerged reef flat
to demonstrate that there are different approaches to reconstruct shallow water bathyme-
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try from field measurements with underwater photogrammetry, it delivers the associated
error metrics, and thus demonstrates the potential for methodological advances through a
collaboration of engineers and natural (physical) scientists.
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Table 3.1: Summary and context of results. Bathymetric drone surveys in literature and associated
accuracy metrics in comparison to results of this study.
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3.3 H Y D R O D Y N A M I C D R I V E R S A N D M O R P H O L O G I C A L R E S P O N S E S O N S M A L L C O R A L

I S L A N D S – T H E T H O O N D U S P I T O N F U VA H M U L A H , T H E M A L D I V E S

David, C. G., Schlurmann, T. (2020). Hydrodynamic drivers and morphological responses
on small coral islands – The Thoondu Spit on Fuvahmulah, the Maldives. Frontiers in Marine
Sciences, 7:538675. DOI: 10.3389/fmars.2020.538675.

3.3.1 Abstract

Assessing the resilience of islands towards altered ocean climate pressures and providing
robust adaptation measures requires an understanding of the interaction between mor-
phological processes and the underlying hydrodynamic drivers. In this sense, this study
presents changing sediment volumes on various temporal scales for the fringing reef island
Fuvahmulah, the Maldives. Based on three field campaigns, conducted over 2 years, aerial
imagery provides information on marine aggregates of the island’s beaches. In addition,
high resolution climate reanalysis data serves as input into an empirical and a numerical
approach. Together, both approaches describe the driving processes behind volumetric
seasonal and interannual changes: On the one hand, the empirical method quantifies
sediment transport rates for calcareous sediments over the whole time span of the data
set by considering wind and swell waves from multiple directions. On the other hand, the
numerical method gives insights into the complexity of currents induced by dominant wave
components. Combining these methods facilitates hindcasting and predicting morpho-
logical changes under varying wave climate, assessing sediment pathways over the whole
reef, and describing the seasonal and interannual evolution of the sand spit Thoondu. As
a result, this study reveals sediment distribution on different spatio-temporal scales and
elucidates their significance in the design of conventional and alternative low-regret coastal
adaptation.

3.3.2 Conclusions

Ocean climate pressures influence sediment production and distribution pathways on the
reef. The dynamic reef island morphology is a natural response to changing impacts. Within
reef island environments however, sustainable, low-regret coastal development requires an
understanding of the underlying processes of island morphology.

The present study deals with the fringing reef island Fuvahmulah on the Maldives. Fu-
vahmulah is an elongated island in the Indian Ocean, with an ∼ 2.2 km long and 1.6 km
to 0.5 km wide fore reef in the south east of the island (see Figure 1.3). Based on three
field campaigns, UAV-based photogrammetry revealed intra- and interannual changes of
sediment volumes and coastlines (Figure 3.5). The coastline of the island was separated into
morphological cells showing that the lateral coastlines on the west and east of the elliptical
island are mostly stable. Only on the southeastern coast above the seaport, Fuvahmulah
experiences erosion, which becomes measurable at a lower scale (David et al., 2019). In con-
trast, the lee-side in the north of Fuvahmulah has a highly active morphology, where beach
face and location change even within the seasons. The general morphological pattern on
the northern headland is characterized by typical seasonal sediment depots on Geiymiskih

https://doi.org/10.3389/fmars.2020.538675
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and Thoondu beach in the dry season. During the wet season, the sediment moves to the
northern tip of Fuvahmulah, where the Thoondu spit is formed. This natural feature makes
the beach very popular and is highly valued by the community and considered a landmark
of the island (Ratter et al., 2019).

Morphological changes on the reef are triggered by hydrodynamic forcing. Therefore, this
study exploits hourly climate reanalysis model wave data to quantify longshore sediment
distribution around the island by means of numerical modeling (Figure 3.6), as well as with
the Coastal Engineering Research Center (CERC)’s method (Figures 3.7 and 3.8). Dominant
south to southeasterly swells are characteristic for the regional Maldivian hydrodynamic
regime. These swells induce a constant sediment supply from the southeastern reef plateau
(Figure 3.6). The sediment stream goes around the lateral sides of Fuvahmulah to the
northern headland, where the Thoondu spit forms in the wet season. Local wind-wave and
subordinate swell events shape the northern beaches within the seasons.

By adapting and validating the empirical coefficient K with the measurements from the
field campaigns, the CERC formulation is capable of capturing morphodynamic changes
after hydrodynamic events. This method facilitates processing the high resolution wave
data from the climate data models for quantitative hind- and forecast of longshore sed-
iment transport (Figures 3.7 and 3.8). Numerical methods give supplementary insights
beyond the empirical CERC approach and hence a more holistic view on the complex hy-
drodynamic background of the reef for certain combinations of dominant wave parameters
or single events. However further advances in numerical models are required to directly
couple hydrodynamic drivers and morphodynamic response on reef islands and calcareous
sediment.

This study applied the three major methodological approaches presented before to scruti-
nize the natural changes on the small reef island Fuvahmulah (see Figure 1.6): (a) numerical
modeling, outlined in chapters 2.4 and 3.1, (b) UAV-borne field measurements combined
with geodetic data from survey-grade GNSS-equipment, and (c) analysis of wave climate
repositories, addressed through the publications in chapters 3.3 and 3.4 (and further de-
scribed in the method sections of the associated publications David and Schlurmann,
2020 and David et al., 2021a). With that this study shows that seasonal wave climate and
associated, wave-induced currents can explain the formation of local characteristic beach
phenomena like the Thoondu spit. On annual timescales the seasonally dynamic morphol-
ogy stabilizes the island’s shoreline analogous to beach nourishment on sandy beaches.
This study presented coastal engineering methods to exploit publicly available climate
reanalysis data in high-resolution to assess the site-specific influence of hydrodynamic
drivers on reef island morphology. Even though erosion on Fuvahmulah has to be studied
on a different scale (David et al., 2019), sediment trajectories reveal locations with increased
erosion potential on the lee-side of disturbances in the natural sediment stream. Because
anthropogenic interventions into the natural dynamics disturb the natural ability to re-
spond to ocean climate pressures, the design of coastal infrastructure on low-lying reef
islands must include an assessment of the reef islands’ natural beach nourishment potential.
This helps to avoid interference before taking action. With this, reef island communities
can reduce shoreline erosion, improve their resilience and decrease their risk to suffer from
sea level rise and associated impacts.
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Figure 3.5: Aerial images of sediment volumes and profiles. Location of sediment volumes and
profiles (orange lines) for the dry season 2017 (red colorbar) and wet season 2017 (blue
colorbar) in the north of Fuvahmulah. In the dry season sand depots form at the adjacent
beaches Geiymiskih Fannu in the west (profile 1) and Thoondu in the east (profile 3) of
the headland. The wet season allocates sand on the north tip of the island, forming the
Thoondu sand pit (profile 2). The dry season sand volume of eastern Thoondu beach
(profile 3) was integrated over differences of six accuracy-improved profiles. The profile
elevation N is given as distance to the WGS84 ellipsoid. The background satellite image
contains Copernicus Sentinel data (true color, Red Green Blue) from September 14, 2017,
which is in the wet season.
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Figure 3.6: Longshore engergy flux rates around Fuvahmulah (FVM). (a) Longshore engergy flux
rates around FVM. Longshore energy flux rates Py between 2016 to 2019 indicating
sediment transport direction and potential in the CERC-formulation for incoming waves
between 2016 and 2019. The wave rose separates annual wind waves (blue) from swell
(purple). The resulting sediment transport direction is shown in front of the air- and
seaport as well as for the beaches on the north and east side. The arrow lengths are
in proportion to Py calculated at each location. (b) Current velocities from the depth-
averaged, phase resolving numerical wave model (BOSZ) for waves approaching the
island from θp = 135◦, (c) θp = 157.5◦ and (d) θp = 202◦. The background color shows
the magnitude of wave induced current velocity on the reef while the arrows depict the
local current direction. Dashed red contour lines are the reef depths −5 m and −15 m
recorded in the first field campaign (March 2017).
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Figure 3.7: Sediment transport rates at Geiymiskih beach. (a) Averaged incident wave direction
θ⊥,w p , measured as difference from the coastline normal α⊥ and (b) wave height Hs ,w p

of each wave partition w p used for (c) longshore sediment transport rates qy ,w p and (d)
cumulative sediment volume Qy ,w p , transported alongshore the coast, marked with a
purple line on the map in (e). The time series shows values from January 2016 to Novem-
ber 2019. Positive values for qy ,w p and Qy ,w p indicate a transport towards southwest,
while negative values lead to sediment transport towards Thoondu beach in the north-
east. The time series shows the dry season with yellow and the wet season with turquoise
background. Field campaign 1 and 3 (yellow hatched area) took place in March 2017 and
2019. Field campaign 2 (turquoise hatched area) was conducted in September 2017.
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Figure 3.8: Sediment transport rates at Thoondu beach. (a) Averaged incident wave direction
θ⊥,w p , measured as difference from the coastline normal α⊥ and (b) wave height Hs ,w p

of each wave partition w p used for (c) longshore sediment transport rates qy ,w p and (d)
cumulative sediment volume Qy ,w p , transported alongshore the coast, marked with an
crimson line on the map (e). The time series shows values from January 2016 to Novem-
ber 2019. Positive values for qy ,w p and Qy ,w p indicate a transport towards the seaport in
the southeast, while negative values lead to sediment transport towards Thoondu beach
in the northwest. The time series shows the dry season with yellow and the wet season
with turquoise background. Field campaign 1 and 3 (yellow hatched area) took place
in March 2017 and 2019. Field campaign 2 (turquoise hatched area) was conducted in
September 2017.
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3.4 C L I M AT E C H A N G E I N D U C E D E F F E C T S O R M A L D E V E L O P M E N T: S M A L L I S L A N D S

A N D C O N F L I C T I N G AT T R I B U T I O N O F R O O T C AU S E S

David, C. G., Hennig, A., Ratter, B. M. W., Roeber, V., Zahid, Schlurmann, T. (2021). Climate
change induced effects or maldevelopment: small islands and conflicting attribution of
root causes. Nature Communications, 5882. DOI: 10.1038/s41467-021-26082-5.

3.4.1 Abstract

Adapting to sea level rise, climate change, and associated effects is especially challenging
in sensitive small-island environments where false adaptation can lead to adverse impacts
on natural and societal dynamics. Framing and interest play a decisive role for the suc-
cessful implementation of any adaptation measures. An interdisciplinary perspective on
the interaction of natural dynamics, societal demands, and political decisions is crucial.
This study scrutinizes the coastal processes and socio-political dimensions of erosion on
the reef island Fuvahmulah, the Maldives. The national government and Fuvahmulah’s
population have opposed perception and attribution about the cause and effect of the
retreating shoreline. To review these perceptions and determine the drivers and processes
behind Fuvahmulah’s most pressing coastal issue, natural dynamics are recreated with
process-based numerical methods and discussed regarding the present and projected sea
levels and wave climate. The numerical results are based on high resolution digital elevation
models from airborne imagery and in-situ bathymetric measurements. Interviews with
national and local actors in coastal development and population surveys complement the
physical insights into erosion on Fuvahmulah and scrutinize the socio-political dimen-
sion of climate change adaptation on small islands. The results of the interdisciplinary
approach demonstrate (a) how small-islands’ adaptive capacities are typically impaired in
dealing with climate-related changes, (b) they reveal the structural challenges of top-down
processes, and (c) disclose the potential of local knowledge to overcome maldevelopment.

3.4.2 Conclusions

The IPCC describes maladaptation as action or inaction “that may lead to increased risk of
adverse climate-related outcomes, increased vulnerability to climate change, or diminished
welfare, now or in the future” (WGII AR5 (IPCC, 2015), Glossary, page 1769). But in contrast to
maladaptation, maldevelopment is not an inadequate adaptation action leading to climate
change related risks, but a socio-political phenomenon amplifying maladaptation. Be-
sides the maladaptive impact on nature, maldevelopment takes the broader socio-political
aspects into account: On the one hand, the societal factors, being the local population’s
perception of and their attachment to place, their interest in economic development, and
environmental protection. On the other hand, the political aspect of authorities, aiming to
balance the need for development with environmental protection and issues of sustainabil-
ity. In this sense, maldevelopment is characterized by decisions or policies which are in
constant or deliberate favor of inadequate actions and trade-offs towards future climate
change related risk. As consequence, maldevelopment is the socio-political framing behind
recurrent maladaptive actions.

https://doi.org/10.1038/s41467-021-26082-5
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This study finds, that maldevelopment impairs the adaptive capacities of small islands to
deal with climate induced effects and sea level rise impacts. The example of the reef island
Fuvahmulah epitomizes local coastal maladaptation in the Maldives, implemented by the
national government in a top-down process. Analyzing the natural dynamics of Fuvah-
mulah’s sensitive reef environment reveals the root causes and impacts of anthropogenic
interference within the natural reef system. But this study’s interdisciplinary approach also
scrutinizes the socio-political dimensions of these findings: Analyzing differing interests
and viewpoints discloses the structural barriers of top-down development initiatives for
climate change adaptation on small islands. In addition, this approach also exhibits the
potential of local knowledge and capacities to prevent or overcome maldevelopment.

The highly resolved areal SfM-MVS measurements of Fuvahmulah’s coast quantify ongo-
ing coastal erosion on the lower east-side of the islands, adjacent to the harbor (Figure 3.9
and 3.10). A seaport was long demanded by the inhabitants of Fuvahmulah, improving safe
operation on boats and protection from waves. The regional wave climate also governs
the local sediment transport processes on the reef. Incorporating the topographic and reef
measurements as well as the wave climate in numerical wave models helps to scrutinize
the root cause behind the measured erosion on Fuvahmulah’s east coast: The seaport in-
tervenes with the natural sediment transport and acts as barrier, deflecting suspended
sediment off the reef, which otherwise would have been transported along the east side
and constantly nourished the coast (Figure 3.11).

The numerical model computations highlight two factors, contributing to the erosion
along the east coast of the island:
The first factor is the available sediment. In both cases – with and without the port struc-
tures1 – waves from θp = 202.5◦ create a current in front of the port (Fig. 3.11a and 3.11b),
transporting sediment over the reef. At the same time, in the area of today’s harbor en-
trance, the current decelerates and thus allows for the sediment to accumulate in this area.
However, with the breakwater present, the structure interrupts the sediment transport and
sediment cannot enter this area. In addition, the breakwater reaches up to the reef’s edge.
As a consequence, it deflects the current and thus redirects the sediment off the reef into
deeper waters.
The second factor is the transport capacity of the current on the east coast: Without break-
water, waves from θp = 135◦ induce a northward current to the area of today’s port en-
trance (see Fig. 3.11). This is also the area, where sediment was able to settle from the
θp = 202.5◦ component. Instead, with the harbor present, the breakwater obstructs the
emerging current in this area and deflects the velocity momentum off-shore. Yet, a wave-
induced longshore current is still present along the east coast independently of the port:
When waves from θp = 135◦ approach the reef and break, they induce radiation stresses
and subsequently create this longshore current. With missing sediment from the reef, the
currents will likely take sediment from the coast, leading to erosion.

Island dwellers are well aware of the port’s impacts, as revealed by the perception analysis
and population surveys on Fuvahmulah. Inhabitants of Fuvahmulah doubt the national
government’s narrative, framing coastal erosion as climate change and sea level rise impact.
This alone has far-reaching effects on national climate policy and the willingness of the
population to implement it. Recent infrastructure projects on Fuvahmulah were supported
by international donors and consultants, addressing local development and adaptation

1 breakwater and headland
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Figure 3.9: Cross sections of four locations, showing typical coastal profiles along the east side of
Fuvahmulah. The profiles originate from the Digital Elevation Models (DEMs) of the
dry season of 2017 and 2019. The DEMs were produced by Agisoft Photoscan with the
SfM-MVS approach. (a) marks the beginning of the beach Thoondu, showing a slight
increase of the sandy beach face. (b) shows a transect from the central area of the east,
suffering slight erosion of about 0.26 m to 0.28 m at the toe of the beach. Erosion like this
can be found in other areas of the central east side but not constantly. (c) and (d) show
profiles of the southeastern coast adjacent to the seaport. The steep edge is the transition
of the main island into the reef flat. Here the coast suffers constant, structural erosion of
about ∼0.3 m with maximum values of ∼ 1.33 m between 2017 and 2019 (see Fig. 3.10).
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Figure 3.10: Erosion adjacent to the sea port]. The Digital Elevation Model (DEM) of the dry season
2019 on the southeastern coast of Fuvahmulah, adjacent to the seaport. The figure
shows erosion (red) and accumulation (blue) when compared to the DEM of the dry
season 2017. The yellow dotted line is the most southern transection of this study with
cross-sectional differences of ∼ 1.33 m (see Fig. 3.9d).
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Figure 3.11: Wave-induced currents u v from the 2DH model for the seaport area in the southeast
of Fuvahmulah. The colorbar shows the magnitude of the current between 0.0 m s−1

(white) to 3.0 m s−1 (yellow), while arrows depict the current direction. (a) shows velocity
fields from waves with a peak direction of θp = 202◦ for Fuvahmulah without the harbor,
while (b) includes seaport infrastructure. Similarly, (c) shows wave-induced currents
before the port construction, while (d) presents today’s situation with the harbor present
for waves approaching from θp = 135◦. Red dashed contours show the water depths of
the reef platform for 5 m, 10 m and 50 m.
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issues with external generic solutions. But these solutions neither regarded the capacities of
the reef system, nor integrated local knowledge to avoid or mitigate coastal issues. Instead,
the preferred solution – a revetment along a major part of Fuvahmulah’s east coast – is very
likely to add to the existing and increasing ocean-climate pressures on Fuvahmulah.

In the context of this thesis, this study combines findings on the natural changes and
engineering designs with the results of the social sciences on anthropogenic changes in
the Maldives and the small reef island Fuvahmulah (see Figure 1.6 or Ratter et al., 2019
and David and Schlurmann, 2020). Amalgamating coastal and societal aspects resulted
in a comprehensive understanding of the ongoing natural and socio-political processes
behind coastal issues. These interdisciplinary insights underline that adaptation strategies
and measures need to be adjusted to local circumstances. Suitable solutions avoid a fur-
ther interruption of the coastal system, which undermines vital ecosystem services and
sustaining natural coastal protection.

Structural maldevelopment to date impairs the potential of dealing with further future
changes, such as sea level rise, extreme wave events, and storm surges. Studying maldevel-
opment in its comprehensiveness leads to the conclusion that sustainable development
requires an integrated analysis of political interests and societal demands within the natural
boundaries, in order to adequately address future climate change stressors. This is very
likely not only true for Fuvahmulah, as many small islands in the Maldives and in the world
show symptoms of maldevelopment.



4
C O N C L U S I O N S & O U T L O O K

4.1 C O N C L U S I O N S

The aim of this thesis was to overcome the disciplinary boundaries of coastal engineering
and illustrate the role of modern coastal engineering in climate change adaptation. The
resulting objectives were (a) to advance traditional and contemporary aspects of coastal
engineering (numerical modeling and field measurements), (b) create a common ground for
an interdisciplinary scrutiny of climate change impacts as well as reveal the interdisciplinary
contact points to and benefits of (coastal) engineering when adapting to sea level rise, and
(c) scrutinize different domains of sustainability, illustrated by the example of two ports
(see chapter 1.3.1). To achieve this, the thesis contains a chapter describing the state of
the art in engineering design and climate change research and combines it with a set of
manuscripts, published in the context of the thesis’ objectives.

4.1.1 The Port of Hamburg, Germany

The first publication (David et al., 2017; DOI: 10.1016/j.coastaleng.2017.07.001) deals with a
hydraulic structure in the Port of Hamburg, Germany (chapter 3.1). A current guide wall was
initially designed to reduce sedimentation in a side branch of the port, but was damaged
and consequently lost its function. The requirement of a maintained or rebuilt structure
was to withstand the ship traffic in the Port of Hamburg, which has significantly increased
since the original design of the structure. German codes and guidelines on the design of
inland waterway structures provide means to estimate wave-induced hydraulic loads (BAW,
2005, 2010). However, the Hamburg Port Authority identified the wave load to be variable
over time and thus uncharacteristic in the context of the design guidelines. Therefore,
they issued a scientific assessment of the situation. At the time, few numerical models
existed and were able to implement ship waves, but they were either computationally too
cost intensive or focused on ship wave emission, rather than propagation or near-shore
processes.
The publication gives insights into the generation of ship waves and advances the knowledge
of their propagation through water as well as their effect on hydraulic structures:

1. The study’s results complement the existing guidelines with a numerical tool to
investigate the propagation of ship-borne waves and their interaction with banks
and hydraulic structures.

2. The study scrutinizes the general wave propagation and variability of wave height as
function of vessel dimensions.

3. Insights from the study also support the port authority’s assumption of a dynamic
load case: Due to the curved wall design, waves on the inside travel faster than on
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the outside of the wall, leading to an oscillating load when a ship is passing the wall.
Such a load was not accounted for within any codes or guidelines.

4.1.2 The port of Fuvahmulah, the Maldives

The subsequent publications deal with the reef island Fuvahmulah in the Maldives, the
seaport and its role in future coastal development (chapter 3.3 and 3.4). The seaport was
built to improve the access to and the economic situation on the island. Previously, small
boats accessed the island on multiple locations through channels, blasted into the reef.
Boats had to pass through the surf zone, leading to accidents and fatalities. Today’s seaport
was constructed in 2002 and opened in 2004. It safeguards marine access and berthing boats
of local fishermen. At the same time, the island is suffering erosion on the east side, which
is considered a serious environmental pressure to Fuvahmulah’s island dwellers. The local
community’s and government representatives’ perception and attribution of root causes
behind erosion are diametrically opposed – while local islanders see the port construction
as disturbance of the island’s natural dynamic system, national government actors frame
erosion as consequence of climate change effects and sea level rise.

In the context of DICES, the following publication (David et al., 2021b; DOI: 10.1007/s00338-
021-02088-9) advances field measurements in challenging environments facilitating to
provide high resolution topographic and bathymetric data of beaches and shallowly sub-
merged coastal areas. While SfM-MVS techniques to reconstruct onshore and inland terrains
has yielded data sets with centimeter accuracy, which are then utilized in numerical models.
Only few experiences have been made in coastal areas with inundated topography (or
bathymetry). However, this publication presents means to account for “wet” topography,
or bathymetry of shallow waters. The data can then be used for future modeling attempts.
The main findings of the study are:

1. Depending on the recording technique, reconstructing shallow-water reefs with
consumer-grade UAVs and SfM-MVS is possible if water depths are less than 1 m.
However, the precision of the reconstruction is limited and strongly correlated with
water depth.

2. Depending on the GCP placement in the field, a linear correction can be applied to
improve t he reconstruction’s precision.

3. Beyond a depth of 0.55 m, reconstruction of underwater areas benefits from refraction
correction when post-processing the field data.

The subsequent study (David and Schlurmann, 2020; DOI: 10.3389/fmars.2020.538675)
scrutinizes the correlation of regional wave climate and local sediment pathways (i.e. the
morphodynamic system) of Fuvahmulah’s fringing reef and their role in the seasonal evolu-
tion of the island’s coastal spit (chapter 3.3). Summarized, the main findings of the study
are:

1. High resolution wave data and field measurements facilitate to assess the morphody-
namics around a small reef island. The data is best used in combination with coastal
engineering methods, such as numerical modeling or the CERC formulation. As of
today, coastal engineering methods are usually designed to assess morphodynamics
on mainland beaches. Their application – and thus experience in examining mor-

https://doi.org/10.1007/s00338-021-02088-9
https://doi.org/10.1007/s00338-021-02088-9
https://doi.org/10.3389/fmars.2020.538675
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phodynamic processes of coarse calcareous sediments – on small, low-lying islands
is scarce. But with the underlying modifications and combination of methods, the
approach captures the observed phenomena reasonably well.

2. On Fuvahmulah, the southern swells are responsible for dominant south to north
sediment transport pathways and supply the island with marine aggregates from the
fringing reef. This natural provisioning of marine aggregates stabilizes the island’s
lateral beaches. Characteristic seasonal wave patterns govern the emergence and
evolution of the island’s coastal landmark, the coastal spit Thoondu. Inter-seasonal
variability of the wave climate and individual wave events influence local sediment
depots, such as the Thoondu spit, and reshape the beach face regularly. The interplay
of waves and sediment transport (hydro- and morphodynamics) is a key feature and
a natural response mechanism to changing hydrodynamic ocean pressures.

These findings serve as basis for the following article (chapter 3.4) and the associated
publication (David et al., 2021a; DOI: 10.1038/s41467-021-26082-5). This study uses the
previous environmental assessment of the island’s morphodynamic system and synthesizes
it with the socio-political analysis of climate change adaptation in the Maldives on a national
and local level (see Figure 1.6). The main conclusions from the study are:

1. The seaport interrupts the eastern sediment transport pathway on the reef of Fuvah-
mulah, leading to noticeable erosion on the harbor’s lee side.

2. Local knowledge is helpful in the detection of root causes for the erosion, while
the national government’s narrative of suffering from climate change effects was
used when applying for external or international funding of subsequent protection
measures.

3. The national government’s top-down approach to implement coastal protection led
to fortification and cascading adverse effects on many other islands in the Maldives.
The current development on Fuvahmulah follows the same, maladaptive scheme
and the natural system of the island will very likely be further affected negatively by
this systematic maldevelopment.

4. Instead of the current strategy, a “low-regret” approach to coastal adaptation would
aim at implementing a step-wise, coordinated adaptation approach being in favor of
more nature-based solutions.

4.1.3 Synthesis

Beyond each publication’s single contribution, they document a changing perspective
on risk and impact when dealing with sea level rise. This is epitomized by contrasting
the example of seaports in Hamburg, Germany, and on Fuvahmulah, the Maldives. Both
ports are not only a technical challenge but also a societal endeavor, being framed by
affected communities on the local level and situated into political decision making on the
national and international level. Coastal engineering expertise is required in both contexts,
in Hamburg and on Fuvahmulah. But the role and expectations on their contribution to
economy and society differs significantly. While the study in the Port of Hamburg is a rather
typical study of an engineering structure within a technical environment (a traditional

https://doi.org/10.1038/s41467-021-26082-5
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civil engineering context), the research in the Maldives considers the wider implications of
global heating.

On the one hand, the Port of Hamburg is the city’s landmark. The city historically grew
around the port facilities throughout centuries and consequently Hamburg’s history and
traditions have intertwined with maritime shipping and trade. The port is an important
asset for the European economy and its operation has to be efficient – even in front of the
background of rising shipping transports and increasing vessel sizes. The recent adaptation
of the port’s access waterway as well as the maintenance of the port and its facilities have an
impact on the environment, for example by means of of deepening the river Elbe to provide
access even for the largest container vessels. Here, adaptive pathway planning can outline
different ways of dealing with the situation at present, as well as in the face of increasing
global trade and vessel transport in the future (in analogy to the Thames Estuary 2100
Project, as described in chapter 2.2 and published by Ranger et al., 2013). For example, the
adjacent Jade-Weser-Port could serve as transshipment hub, where containers from large
vessels are loaded onto smaller feeders (with a lower draft), which then head for the Port of
Hamburg. However, while the Port of Hamburg is an important factor of the national and
international economy, its competitiveness in a European context is even more important
for the city and people of Hamburg. Even though environmental concerns are expressed
and the deepening of the Elbe is discussed controversially, the importance and significance
of the port is acknowledged by the society (Ratter and Weig, 2012). In turn, the port’s safety
and efficiency is supported by engineering structures. In these circumstances, conventional
engineering approaches excel and the thesis contributes with an approach to provide more
efficient and reliable estimates of wave loads.

On the other hand, the port of Fuvahmulah is a recently built infrastructure, implemented
by the national government of the Maldives. The port was a cornerstone in the island’s
development and, as such, does not stand against the overarching aim of the SDGs. To-
gether with the airport, the seaport was a project to promote Fuvahmulah’s role as regional
development centers in the Maldives and both infrastructures placed in the south of the
island, based on land use planning aspects.
However, these aspects disregarded the sensitive nature of the reef environment, leading
to noticeable erosion on the southeast coast of Fuvahmulah. The noticeable erosion on
the island’s east coast shows the need for action and subsequent measures. In an initial
assessment, several measures have been discussed – for example a beach nourishment and
a revetment. Both measures are typical engineering options, that have been successfully
implemented elsewhere. With a missing off-shore source for marine aggregates, a revetment
seemed the only feasible option. In contrast, scrutinizing the sediment transport around
Fuvahmulah has identified the port’s critical location within this natural system, its role in
blocking the sediment pathways and revealed it as source for the erosion at the adjacent
beach.
This critical assessment also broadened the view on the problem and facilitated to identify
further options in mitigating the port’s disturbance in the reef’s sediment transport – for
example via a sediment bypass. A sediment bypass is a special form of beach nourishment
and coastal engineers have ample expertise in the provision, maintenance and monitoring
of such a soft-engineering approach. After the port construction, sediment accumulated
in the area west of the port, which can be relocated towards the east. Even though the
port also influences the hydrodynamic transport potential, the local hydrodynamics could
redistribute the marine aggregates along the east coast (David et al., 2019). This solution is
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of “low-regret” as it is much less intrusive than a revetment1, maintains any response op-
tions for further adaptation, and is in line with the natural distribution patterns, which are
discussed to allow the islands to respond to rising sea levels (Kench et al., 2018; Masselink
et al., 2020, 2021).

Dealing with the natural dynamics on small reef islands requires different approaches
than on mainland coasts. Still, the national government of the Maldives has a general ten-
dency to apply mainland solutions on their reef islands’ coasts and thus ongoingly fortify
the islands’ perimeter – which is highly controversial (Magnan and Duvat, 2020; Nunn et al.,
2021). The Maldives’ socio-political setting fosters the deliberate proliferation of a single
response to climate change adaptation – traditional hard-engineered protection. As of to-
day, in a small island context, hard-engineering measures are unduly over-emphasized and
over-rated conventional engineering measures, leading to systematical maldevelopment.
On Fuvahmulah, the revetment is planned to cover and fortify large parts of the east coast.
Therefore, it is a significant intervention in the island’s coastal environment and reduces
the range of future adaptation options – a typical example of maladaptation. This maldevel-
opment stands diametrically opposed to a sustainable, proactive development, based on
robust decision making and will very likely lead to further adverse effects, such as erosion.
Summing up the above, the example of Fuvahmulah showed that adverse anthropogenic
impacts (maladaptation and maldevelopment) add on top of the increasing risks from
climate change effects. In the case of Fuvahmulah, a step-wise approach would have been
of “low-regret” – for example, implementing and subsequently assessing the efficiency of a
sediment bypass while already considering further actions, if the required protection level
cannot be met in the future.

Both examples – the port on Fuvahmulah and the Port of Hamburg – show the broad role of
contemporary and future engineering and their required expertise in the assessment, design
and implementation of coastal protection. For example, all research in this thesis makes use
of or contributes to the workflow of a typical coastal engineering methodology – numerical
wave modeling. Numerical modeling is one major methodology in coastal engineering,
beside physical modeling of hydro- and morphodynamic phenomena under laboratory
conditions and sampling in-situ data in field campaigns for boundary conditions and
ground truthing. Thus, each article portraits the work of coastal engineers and the respective
links to structural engineering as well as those to social- and geosciences. Synthesizing
these insights when dealing with climate change and sea level rise reveals that

“delivering resilient infrastructure is much more than simply reducing the chance
of damage through the provision of ‘strong’ structures, and adaptive management
is much more than simply ‘wait and see’. Both are purposeful approaches to
design that are inherently risk based and, importantly, seek to actively manage
uncertainty.” (Sayers et al., 2012)

The major lesson learned from this thesis (beside the methodological and scientific ad-
vances) is the benefit of a cross-disciplinary collaboration. The concept, language, and

1 A sand-bypass can be both, (a) a fixed (pump) system or (b) a mobile (dredge and dump) system. Both system
types would be incorporated into the port, rather than extending along major parts of Fuvahmulah’s east coast,
as in the case of the revetment. Boswood and Murray (2001) compile several examples of globally implemented
sand bypass systems.
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terminology provided by the IPCC reports have proven a successful common ground for a
cooperation beyond the disciplinary boundaries of engineering. Understanding the un-
derlying concept of the IPCC report’s language and terminology facilitates broadening
the traditional engineering perspective (“provision of ‘strong’ and resilient structures”) and
thus transferring the expertise of civil engineers to a modern “low-regret” approach to
coastal adaptation. The thesis documents this evolution, underlines future remits of coastal
engineers, and the role of coastal engineering in providing support for robust decision
making under deep uncertainty. In this spirit, this thesis shows the potential of conven-
tional (coastal) engineering approaches in the design and improvement of viable coastal
protection measures. But it also shows, how a broader perspective of risk and impact al-
lows engineers to take on a different stand towards sustainability and addressing climate
change related challenges. This perspective enables engineers to provide coastal adaptation
solutions of “low-regret” and to identify structural maladaptation or maldevelopment.

4.2 O U T L O O K

4.2.1 Methodological outlook

The common methodological approach of each topic in this thesis is the application of
numerical models. Combined, several numerical modeling approaches exist to capture
wave generation and propagation reasonably well in both oceanic and coastal waters:

Phase-averaging models downscale atmospheric (wind) data, allowing experts to analyze
past and current impacts of regular weather or extreme events on the wave climate. The
hourly resolution of the current, publicly available models improve the computation of
significant wave heights and successfully reduces errors – especially in extreme events
(Wiese et al., 2018). However, as today’s extreme events will very likely become common
by 2100 under all RCPs (IPCC, 2019c), it is important to further reduce errors and improve
both the spatial and temporal resolution of wave hindcast and reanalysis models. In this
way, experts can learn from historic events, validate their models, and project impacts of
future extreme events. As of today, climate reanalysis and wave hindcast data from 1979
until today is available. However, the fifth generation atmospheric reanalysis of the global
climate (ERA5) dataset already provides preliminary data of hourly levels from 1950 to 1978.
On the one hand, the combination of model data with observations from across the world –
also called data assimilation – becomes more challenging for historical data sets, because
historically time series are rare. But on the other hand, a further look into the past provides
more historical insights and experience, which can be utilized to analyze future projections
of extreme events and their impact.

Numerical models also facilitate downscaling of wave propagation to coastal or structural
scales. While wave propagation and transformation phenomena can be tackled well by
different modeling approaches, recreating sediment transport and the associated sediment
pathways is still challenging. Numerical models have been able to capture the general
morphodynamic behavior of fluvial and sandy mainland coastal systems (see for example
Becherer et al., 2017; Jordan et al., 2019), but application for other marine aggregates (McCall
et al., 2014, 2015) and small islands (Shope and Storlazzi, 2019) is scarce and usually only
allows for qualitative estimates. The general behavior of sediment on coral reefs have only



4.2 O U T L O O K 89

been subject to recent scientific scrutiny (Pomeroy et al., 2015, 2017, 2018) and first process-
based insights on coral reef island variability under sea level rise impacts have been just
published (Masselink et al., 2020). However, these first insights are based on laboratory
experiments, backed up with numerical modeling and require further investigation. The
publication on the hydrodynamic drivers and morphodynamic responses of Fuvahmulah
(chapter 3.3) provide a deeper discussion on this matter, but increasing computational
resources and further advances in numerical modeling (see for example Khanpour et al.,
2016; Zubeldia et al., 2018) will allow scientists and experts to gain more insights in the
complex topic of sediment transport on coral reefs.

This thesis makes use of data sets reanalysing, hindcasting and projecting the Earth’s
climate (National Centers for Environmental Protection – Environmental Modeling Center2

and Hemer et al., 2015; C3S, 2017; Durrant et al., 2019). This data was post-processed to give
insights in the local wave climate and yielded the boundary conditions for the numerical
model and scrutiny of sediment transport on the reef. Advances in computer technology,
such as numerical modeling and the assimilation of big data sets, have led to an increasing
volume, velocity and variety of data, also known as the concept of “Big Data” (Russom,
2011). Processing large or (at times) unwieldy amounts of data are subject to science ever
since and distinct subjects dealing with these amounts of data have emerged – such as
machine learning. Machine learning tools provide classification, clustering or reduction of
dimensions to help dealing with the sheer amount of information. Recording or modeling
meaningful data is still an important aspect, but in front of this background, being able to
analyze and interpret data becomes even more important. When a huge amount of data
is collected, assimilated and collected successfully, appropriate post-processing can give
broader insights in complex topics – for example on coral reef conservation in a heating
climate (Darling et al., 2019) or advancing the post-processing of aerial imagery data to
estimate shallow water depths (chapter 3.2). Recent studies have shown the potential of
machine learning in extracting water depths from aerial images with machine learning
(Agrafiotis et al., 2019) and future advances in computational methods, such as machine
learning, will further improve the handling and evaluation of big data sets.

However, improving technical and numerical tools and increasing the masses of data
should not proliferate a static “predict-then-act” approach to decision-making. Quite the
opposite, proper prediction methods must transform to support establishing and evaluating
response portfolios in an “agree-on-decisions” approach as well as indicating expiration
dates in the form of tipping points at an early stage.

4.2.2 Future research addressing climate change

Climate change research and adaptation is another complex topic and collaborative ap-
proaches yield holistic perspectives on the topic’s challenges and solutions. As of today,
the dimension of a heating climate becomes increasingly tangible but the implications
of climate change to nature and humankind remains unknown. For example, on the one
hand, the IPCC reports endorse a likely range of up to ∼ 1 m sea level rise in the year 2100
under different projection pathways. But on the other hand, the Early Pliocene was subject
to about 2 ◦C to 3 ◦C higher temperatures than preindustrial levels, but also to 28.4±11.7 m
of sea level (Rovere et al., 2020). This discrepancy epitomizes the uncertainty of climate

2 polar.ncep.noaa.gov/waves/hindcasts/

https://polar.ncep.noaa.gov/waves/hindcasts/
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change projections.
Shifting the focus from sea level rise to coastal adaptation, traditional protection and
ecosystem-based adaptation can technically and biophysically reduce risks from marine
hazards in a heating climate, but economic and social barriers may be reached within the
21st century. This assessment by the IPCC (IPCC, 2019c) has two implications.

1. The first implication is that the entire response portfolio has to be considered (protec-
tion, ecosystem-based adaptation, accommodation, advance, retreat, or no-response)
to address climate change effects in coastal areas. However, there has been few expe-
rience with several response options, such as ecosystem-based adaptation. Current
and future research concentrates on closing research gaps and provides experiences,
guidelines and best-practice recommendations.

2. The second implication is that there are technical but also socio-economic barriers
to climate change and sea level rise adaptation. This emphasizes the importance of
both technical and interdisciplinary aspects to close research gaps and deliver more
inter- and at best transdisciplinary insights.

Sea level rise, the uncertainty in current projections of future pathways, and the implications
for coastal areas show the need for action. Suitable implementation schemes exist to deal
with climate change effects. For example dynamic adaptive policy pathways provide a flexi-
ble framework to successfully implement coastal adaptation for a deeply uncertain future.
When regarding the example of small islands like Fuvahmulah, future development strate-
gies must also consider smaller steps and actions with short- to intermediate term effects
and follow a more flexible “agree-on-decisions” approach. A change of approaches becomes
increasingly obvious with increasing confidence and evidence on structural maladaptation,
or maldevelopment. This change requires not only rethinking of decision makers, but also
of their consulting experts, such as coastal engineers and managers. As outlined in this
thesis, an assessment on sustainable response options and adaptation is built on a holistic
scrutiny of impacts in the natural and socio-political domains and aims to provide a basis for
robust decision making. In turn, experts providing such assessments must understand and
acknowledge the principles of robust decision making and adaptation pathway planning.
With that in mind, climate change adaptation remains an ongoing and interdisciplinary
research topic, requiring the expertise of coastal engineers.
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A.1 A D D I T I O N A L I N F O R M AT I O N O N S M A L L I S L A N D S

According to their lithology1, there are five types of small, oceanic islands, namely continen-
tal, limestone, reef, volcanic and composite islands (summarized in table A.1, according
to Nunn et al., 2016). Islands form due to volcanic activity (volcanic, reef and composite
islands), tectonic activity (limestone, continental and composite islands) (Nunn et al., 2016)
or through isolation or fragmentation of coastal areas (continental islands, see also Nunn,
2009; Watson, 2009). There are other, more specific types of small islands, such as barrier
islands, lake islands or Halligen2, but this thesis rather focuses on oceanic islands and –
in accordance to the project DICES – on future climate change as well as their associated
triggered coastal processes on SIDS. The island Fuvahmulah on which the field measures
were carried out is a coral reef island.

Table A.1: Small island types. Classification and characteristics of small islands, based on Nunn
et al. (2016); Kumar (2020), supplemented with findings from Kench and Mann (2017);
Ryan et al. (2019); David and Schlurmann (2020).

Type Lithology type Other characteristics

Continental Non-oceanic material In general, continental islands are geo-
logically close to the mainland.

Volcanic Igeneous rock High volcanic islands common close to
active volcanism (younger). Low islands
further away from contemporary vol-
canic sites and usually affected by subsi-
dence (older)

Limestone Calcareous (non-
vulcanic) sediment

High limestone islands usually form due
to tectonic uplift, while lower lying lime-
stone islands can form either from low
uplift or higher reef islands from former
interglacial periods.

Composite <80 % volcanic
<80 % limestone

Composite islands are affected by both
volcanic and tectonic processes

Reef >80 % Uncon-
solidated material

Low lying and flat islands, with max. ∼
5 m1 elevation above MSL. (Calcareous)
material accumulates on the reef flat2.

1 Nunn et al. (2016) give a maximum elevations of 3 m for reef islands in the Pacific, while field measures of
this thesis found elevations can be higher in other regions (David and Schlurmann, 2020, and chapter 3.3).
Still, reef islands are rather low lying and flat.

2 Nunn et al. (2016) speak of “unconsolidated sediments [stemming] from adjacent offshore/underwater
areas”. The terms “offshore/underwater” are somewhat imprecise, since findings of Kench and Mann (2017);
Ryan et al. (2019) as well as David and Schlurmann (2020, and chapter 3.3) suggest the reef itself is the
sediment source.

Coral reef islands can be further categorized into fringing reef islands if the coral reef
is close to the shoreline, or barrier reefs, if the reefs are farther from shore with a lagoon

1 The physical characteristics of the island’s bed or rock material
2 Small, inhabited islands in the North Sea without protective dikes.
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between the reef and the main island. Another type of reef islands are atoll islands. Atolls
are round, submerged coral reefs with a deeper lagoon in their center and – usually a set
of – smaller surface reef islands sitting on the atoll’s rim (Knowlton and Jackson, 2013).
Coral reefs are one of the most diverse ecosystems (Meuser et al., 2013), but have certain
abiotic requirements to grow. Corals prefer clean waters to receive sunlight and waters with
low-nutrient concentrations, “normal” (Knowlton and Jackson, 2013) ocean salinities and
temperatures of above 18 ◦C (Knowlton and Jackson, 2013), with an upper limit of about
30 ◦C (Frederick Grassle, 2013; Meuser et al., 2013). Such requirements are usually found
around the equator between latitudes of ±30◦ (Frederick Grassle, 2013). A set of corals,
living in deeper waters under low-light conditions and colder temperatures exist, but these
coral reefs accumulate calcium carbonate at very low rates (Hoegh-Guldberg et al., 2017). In
colder waters beyond the 30◦ band around the equator, other types of reefs exists – namely
shellfish or oyster reefs.
Coral reefs are made of limestone, which is the hard carbonate exoskeleton of reef-building
corals. Most reef-building corals coexist in symbiosis with photosynthetic algae, so-called
zooxanthellae, living within the coral’s tissues. The products of the algae’s photosynthesis
are nutrients, which are essential for the coral’s health and calcium carbonate produc-
tion. In return, the coral protects the algae and provides compounds the algae needs for
photosynthesis (Knowlton and Jackson, 2013). This symbiosis can be disturbed by a range
of factors, such as increased nutrient concentrations, sediment runoff from land, or an
increased in solar radiance and Sea-Surface Temperatures (SSTs) (Frederick Grassle, 2013;
Meuser et al., 2013). Especially the latter two, increased solar radiance and higher SSTs, are
main drivers of coral bleaching – an event where corals lose their symbiotic zooxanthellae
and die. Warm-water corals can can adjust their phenotype or acclimate to changing con-
ditions to some extent, but mass-coral bleaching events are mainly associated with global
heating and recent bleaching events have been the worst on record (a concise article deal-
ing with coral reefs under a changing climate and ongoing ocean acidification is given by
Hoegh-Guldberg et al., 2017). In this sense, there is evidence, that limiting global warming
to 2 ◦C is still putting most coral reefs at severe risk (Hughes et al., 2018).
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A.2 N AV I E R- S T O K E S - E Q U AT I O N S A N D S I M P L I F I C AT I O N S

This chapter gives further insights in the basics of hydrodynamics and wave theory, as
described in chapter 2.4. The basics covered in this section and chapter 2.4 are gathered,
compiled and adapted from several textbooks, providing further information and covering
a broader scope than this chapter (Dean and Dalrymple, 1991; Zanke, 2002; Holthuijsen,
2007; Bosboom and Stive, 2015; Oertel et al., 2015; KFKI, 2020).

The Navier-Stokes-Equations are a set of mathematic expressions to describe the viscous
flow of incompressible fluids in all three dimensions. Summarized in vector notation, the
continuity equation for conservation of mass reads

δ~u

δt
+( ~u ·∇) ~u =− ∇p

ρ
+ν∇2 ~u + ~F (A.1)

withρ being the fluid mass in terms of density, p the (external) pressure, νd the (dynamic3)
viscosity, ~F the external forces and ∇ the divergence of an associated vector field, for
example of ~u , which is the flow velocity (Oertel et al., 2015).

The general form of the associated momentum equation reads

δρ

δt
+∇· (ρ · ~u = 0) (A.2)

which can be simplified to

∇· ~u = 0 (A.3)

for incompressible fluids. Numerical ocean wave models in coastal applications consider
flows to be isothermal – that is independent of their temperature – and thus the conservation
of energy is preconditioned within these models. Solving these equation facilitates to predict
fluid motion at any time. However, the Navier-Stokes-Equations are non-linear differential
partial equations and can only be solved analytically under the consideration of further
simplifications, or numerically by approximations on a computational grid.

A.2.1 Analytical solutions

For example, the Euler equation neglects the viscosity term in the Navier-Stokes-Equation
ν∇2 ~u → 0, resulting in a simpler form to describe fluid flow. The Euler approach can
be further simplified by considering only a steady flow so that the time-dependent term
becomes obsolete δ~u/δt → 0. In laminar flows, the non-linear convective term of equa-
tion A.1 is further simplified to ~u( ~u ·∇) → 1/2∇~u 2, by rewriting the convective term to
~u( ~u ·∇) = 1/2∇~u 2− ~u × (∇× ~u) with (∇× ~u) as the vorticity. However, laminar flows are
per definition irrotational and thus free of vortices, so that ~u × (∇× ~u)→ 0, resulting in
~u( ~u ·∇) → 1/2∇~u 2. In practical terms, the remnants of the Navier-Stokes-Equation for
steady, laminar flows are then 1/2ρ∇~u 2 = ~F −∇p and can be rewritten as Bernoulli’s
equation

∇
�

~u 2

2
+

p

ρ
+g z

�

= 0 (A.4)

3 Depending on the position of the density ρ on the right- or left-hand-side within the Navier-Stokes-Equation,
the viscosity ν is either the dynamic viscosity νd or the kinematic viscosity νk . The kinematic viscosity is
defined as the ratio of viscosity to the density of the fluid.
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with g as gravitational constant and z as elevation or height. The underlying assumptions
and their simplifications result in Bernoulli’s equation. This makes them readily applica-
ble to stationary problems, such as in river engineering. Equation A.4 today serves as a
widespread foundation in the design of water supply and waste water infrastructure. To
account for instationary flows, the time-derivative from the Euler equation can also be
integrated along a stream line. Nevertheless, the underlying assumptions violate the nature
of more dynamic phenomena like water surface waves.

The most fundamental description of surface waves is the linear wave theory for waves
of small amplitude in deep waters (Airy, 1845). The only external force in this system is
gravitation, which implies that surface tension and Coriolis forces – and as such waves
shorter than a few centimeters and longer than a few kilometers in length – are excluded
(Holthuijsen, 2007). The linear wave theory assumes a continuous body of water, which is
incompressible, has no viscosity and a homogeneous density. These assumptions would be
indefensible for oceanographic purposes, but are sufficiently accurate for the regional scale
of coastal waters. The linear wave theory also makes use of a set of boundary conditions:
On the free surface, the pressure is uniform along the waveform (dynamic free surface
boundary), while water particles remain on the water surface and do not leave it (kinematic
free surface boundary condition). In addition, the bottom is impermeable (bottom bound-
ary condition) and lateral boundary conditions describe the characteristics of the wave
propagating into the system (Dean and Dalrymple, 1991). The governing equations in the
theory for waves of small amplitudes describes the velocity potential in form of the Laplace
equation.
A very important finding for water waves following from the linear wave theory is the
dispersion relation

ω= g k tanh(k h) (A.5)

with ω = 2π/T as angular frequency with π as the ratio of a circle’s circumference to its
diameter and T as wave period, k = 2π/L as wave number and L as wave length, as well as
h as (local) water depth. The substituted form of the dispersion relation then reads

L =
g T 2

2π
tanh

�

2π
h

L

�

(A.6)

If the wave velocity c is c = L/T and when combined with the dispersion relation in
equation A.6, it rewrites as

c =

√

√g L

2π
tanh

�

2π
h

L

�

(A.7)

The dispersion relation sets the wave length and velocity in relation to the water depth,
which facilitates further simplifications. For deeper water with h > L/2 and h →∞, the
tangens hyperbolicus term in equations A.6 and A.7 converges to 1 and thus the wave length
can be expressed as L = 0.5T 2 · g/π or approximately L ≈ 1.56T 2 and the wave velocity as
c ≈ 1.56T . As a consequence, the wave length as well as the velocity are independent of the
water depth. In turn, for shallow waters of h < L/20 and h → 0, the tangens hyperbolicus
term in equations A.6 and A.7 convergences to 2π ·h/L, so that the wave length is L = T

p

g h
and the wave velocity is c =

p

g h . Therefore, in the case of shallow waters, wave lengths
and velocities only depend on the associated water depths. For intermediate water depths,
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the dispersion relation requires an iteration of L and all associated parameters (for more
details and insights into linear wave theory, see relevant coastal engineering textbooks,
such as for example Zanke, 2002; Holthuijsen, 2007; or KFKI, 2020).

The linear wave theory assumes water waves to behave as linear harmonic waves, which
impairs the results of this theory for steep waves or in shallow waters. In practice, the linear
wave theory also provides good results for weakly non-linear waves or stronger non-linear
effects on shorter timescales, when treated on large time scales (for a deeper discussion, see
Holthuijsen, 2007, chapter 5.6) and further approximations for non-linear waves exist – most
prominently in form of the higher order terms in Stokes (1847) or the cnoidal wave theory
of Korteweg and de Vries (1895). The Ursell number U defines approximate thresholds on
the application of a distinct theory, by combining the wave’s steepness over a relative depth
with (Holthuijsen, 2007; Goseberg, 2011)

U =
H L 2

h 3



















�O (1), linear shallow water waves

= O (1), cnoidal and solitary waves

�O (1), non-linear shallow water waves

(A.8)

As of today, these analytical solutions for linear and non-linear theories have been sup-
plemented with theories based on partial differential equations, which are solved by means
of Computational Fluid Dynamics (CFD).

A.2.2 Numerical solutions

CFD approximate the Navier-Stokes-Equations on a computational grid with the use of
numerical techniques and schemes. Direct Numerical Simulation (DNS) consider all spatio-
temporal turbulence (or Kolmogorov) scales of the fluid – even the Kolmogorov microscales
(Ting, 2016). These microscales are the smallest scale in fluid dynamics on which eddies
dissipate energy through kinematic viscosity. The Kolmogorov length scale is (νk

3ε−1)0.25,
while the Kolmogorov time scale is (νkε

−1)0.5 with the dissipation rate ε= u 3L−1 and the
kinematic viscosity νk . Considering a deep water wave in 20 ◦C warm waters (the associated
kinematic viscosity is ν= 1 ·10−6 m2 s−1) with a wave period of T = 10 s results in a wave
length of L = 156 m. The maximum orbital velocity of a wave is at the surface and can be
determined with u =ω ·ad (Holthuijsen, 2007) and results in u = 0.6 m s−1 for an assumed
wave amplitude of ad = 1 m. The associated Kolmogorov length scale for this wave is about
1.6 ·10−4 m, while the Kolmogorov time scale is 2.5 ·10−2 s. This very small spatio-temporal
discretization of the wave requires computation resources beyond a practical engineering
application.

But other applications exist, which are tailored to compute fluid dynamics on small scales.
These approaches approximate the viscosity terms in the Navier-Stokes-Equations with
turbulence models. One prominent tool to simulate three-dimensional flows of water and
air is the software package OPENFOAM. OPENFOAM implements three types of models to
account for turbulent flows: Reynolds Averaged Simulation, Detached Eddy Simulation and
Large Eddy Simulation. Other models which focus on simulating water waves (for example
REEF3D; Kamath et al., 2015; Bihs et al., 2021) omit Large Eddy Simulations “because for the
spatial and temporal scales encountered in applications in marine and hydraulic engineering
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[Large-Eddy Simulations] is either not feasible or not necessary.” (Bihs et al., 2012). In any
way, approximations of the Navier-Stokes-Equations in form of Large Eddy- or Reynolds
Averaged Simulations use a coarser spatio-temporal discretization than DNSs in the order
of the integral length (or time) scale or even coarser. The integral length scale is the largest
scale in the Kolmogorov energy spectrum and is “widely interpreted as the characteristic
length scale of the energy containing eddies in a turbulent flow” (Mora and Obligado, 2020).
Such three dimensional numerical models are usually used to compute fluid dynamics
around structures and can be expanded to larger scales, when reduced to two-dimensional
coastal cross-sections (see for example in Larsen et al., 2020). Another approach to study
fluid dynamics on structural scales are meshfree SPH models, implementing a Lagrangian
method. SPH methods discretize the water with a set of material points or particles (Crespo
et al., 2015). The method can also be upscaled to coastal scales when considering two-
dimensional cross-sections of the beach (see for example in Lowe et al., 2019).
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A.3 G O V E R N I N G E Q U AT I O N S O F P H A S E - AV E R A G E D M O D E L S

Probably the most prominent representatives of phase-averaged models are WAVEWATCH III
(Tolman and Chalikov, 1996) and the WAM as well as WAM’s coastal equivalent SWAN. The
relation of these models is outlined in the SWAN user manual:

“The basic scientific philosophy of SWAN is identical to that of WAM (Cycle 3 and
4). SWAN is a third-generation wave model and it uses the same formulations
for the source terms [...]. On the other hand, SWAN contains some additional
formulations primarily for shallow water. Moreover, the numerical techniques
are very different. WAVEWATCH III not only uses different numerical techniques
but also different formulations for the wind input and the whitecapping.” (SWAN,
2020)

Still, the results are “scientifically” (SWAN, 2020) comparable to each other and SWAN
can be used for subdomains of both, WAM and WAVEWATCH III. While SWAN is designed
for nearshore simulations, WAM and WAVEWATCH III are computationally more efficient
and their use aims to model wave generation and propagation on ocean scales.

The action balance equation is the governing equation of SWAN – a conserved form of
the energy balance equation when currents are present, reading

δN

δt
+∇c N =

S

σ
(A.9)

with N as the action density as N = N (σ,θ ; x , y , t ) and N (σ,θ ) = E (σ,θ )/σ, where
E (σ,θ ) is the energy balance and σ is the relative radian frequency in a system moving
with the current, θ is the wave (propagation) direction, and S is the source term with
S = S(σ,θ ; x , y , t ). In case of the action balance equation, energy propagates through the
three-dimensional x , y ,θ space. Action density N (σ,θ ; x , y , t ) expresses energy also over
the relative radian frequencyσ and thus∇ operates over all four dimensions in equation A.9
(the different concepts and technicalities leading to equation A.9 are outlined in depth by
Holthuijsen, 2007). In other words, the action balance equation expresses energy changes
of the wave spectrum over the spectrum’s wave frequencies and directions (spectral do-
main) in time and space (spatio-temporal domain). In addition, external forces in form
of energy sources and sinks act on the spectrum. In SWAN, the source term S considers
wave generation by wind (or wind-wave interaction; S i n ), energy shifts within the spectrum
through non-linear wave interactions (for example triad and quadruplet interactions; S nl )
and energy dissipation by white-capping or other processes (S d ). Therefore, the source
term is also expressed as S = S i n + S nl + S d (Holthuijsen, 2007; SWAN, 2020).
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