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SUMMARY

Coastal areas are increasingly at risk from coastal hazards due to sea-level rise (SLR), which
will accelerate in the 21% century driven by anthropogenic climate change. Future coastal risks
are not only driven by the amount of SLR, but also by a high concentration of population and
assets in locations potentially exposed to SLR-related hazards. The uncertainty related to future
SLR and socioeconomic development can be explored with the SSP-RCP scenario framework,
which consists of physical scenarios (RCPs — Representative Concentration Pathways) and
socioeconomic scenarios (SSPs — Shared Socioeconomic Pathways), and is increasingly used
in coastal risk assessments at continental to global scales. Thus far, such assessments have
primarily focused on characterizing future changes in SLR-related hazards in a spatially explicit
manner, while research on the spatial representation of variables to characterize exposure (e.g.
population, assets, infrastructure) to those hazards has been limited, in particular with regard to
exploring plausible future changes under the SSPs. Previous work that has characterized
exposure spatially has used global-scale data, modeling approaches, and scenario assumptions
when assessing coastal risks at continental scale. Therefore, this thesis advances the spatial
representation of exposure to SLR-related hazards at continental scale to facilitate assessment
of future coastal risks in an integrated manner. It focuses on two exposure variables, i.e.
population and cultural assets, using the Mediterranean region as a study area.

First, the global-scale SSP narratives are extended to the Mediterranean region, by including
regional drivers of socioeconomic development, additionally differentiating northern versus
southern and eastern countries of the region. The extended narratives are interpreted to develop
spatial population projections for each SSP until 2100, accounting for the uncertainty related to
future rural-urban and inland-coastal migration. Results show that the population potentially
exposed to SLR-related hazards ranges from 34.1 million (SSP1) to 96.2 million (SSP3) in
2100, with marked differences across the Mediterranean. Comparison of these results with
results based on the global SSPs shows a deviation of as much as 15% in the exposed population
(SSP1), thereby spanning a wider range of uncertainty regarding population exposure. As this
approach does not account for urban sprawl, a gravity-based modeling approach is developed,
which allows for modeling urban sprawl as well as rural-urban and inland-coastal migration.
The spatial population projections produced with this approach result in 51.3 million (SSP4) to
107.8 million (SSP3) people potentially exposed to SLR-related hazards in 2100. The results
of the two approaches differ substantially, thereby stressing the need to consider the strengths
and weaknesses of both approaches in future work.

For more comprehensive coastal risk assessments, additional exposure variables need to be
considered. Therefore, a spatial database of cultural assets, an exposure variable not commonly
analyzed due to a lack of high-resolution spatial data, is assembled by producing spatial
representations (i.e. polygons) of 49 UNESCO World Heritage Sites (WHS) located in low-
lying coastal areas of the Mediterranean. A first application of the database in a continental-
scale assessment shows that, already under current conditions, 75% and 85% of the WHS are
at risk from coastal flooding and erosion, respectively. Both risks will increase until 2100,
depending on the SLR scenario considered, with considerable differences between WHS and
across the Mediterranean basin due to spatially varying characteristics of both risks. The results



show that awareness regarding SLR-related risks posed to WHS is low and that adaptation is
urgently needed to preserve WHS in the future.

This thesis offers an important contribution to characterizing exposure to SLR-related hazards
at continental scale, thereby facilitating the integrated assessment of coastal risks, accounting
for future uncertainties in physical as well as socioeconomic processes. The results of this thesis
stress the importance to explore different migration processes in spatial population projections;
characterize additional exposure variables not commonly analyzed; and account for regional
characteristics when assessing coastal risks at continental scale. Future work can extend the
developed data and modeling approaches and can contribute to harmonizing data and modeling
approaches that have gradually increased in recent years, to further advance coastal risk
assessments at continental scale.



ZUSAMMENFASSUNG

In Folge des sich im 21. Jahrhundert durch den anthropogenen Klimawandel beschleunigenden
Meeresspiegelanstiegs sind Kistengebiete vermehrt Kustengefahren ausgesetzt. Zukiinftige
Kistenrisiken werden nicht nur von der Hohe des Meeresspiegelanstiegs bestimmt, sondern
auch von einer hohen Dichte an Bevolkerung und Vermdgenswerten in gefahrdeten Gebieten.
Die mit der zukunftigen Entwicklung des Meeresspiegelanstiegs und der sozioGkonomischen
Entwicklung einhergehende Unsicherheit kann mit Hilfe des SSP-RCP Szenario Konzepts, das
aus physischen Szenarien (RCPs — Representative Concentration Pathways) und
sozio6konomischen Szenarien (SSPs — Shared Socioeconomic Pathways) besteht, untersucht
werden; es findet vermehrt Anwendung in der Analyse von Kdstenrisiken auf kontinentaler bis
globaler Ebene. Bisher lag der Fokus solcher Studien auf der rdumlichen Modellierung
zukunftiger physischer Geféhrdungen in Folge des Meeresspiegelanstiegs, wéhrend die
Modellierung von Bevolkerung und Vermdgenswerten in gefdhrdeten Gebieten wenig
Berlicksichtigung fand, insbesondere bezuglich der zukiinftigen Entwicklung basierend auf den
SSPs. Bisherige Arbeiten, die die zukunftige Entwicklung beriicksichtigen, basieren auf
globalen Daten, Modellierungsansatzen und Szenario Annahmen, auch wenn Risiken auf
kontinentaler Ebene analysiert werden. Daher entwickelt diese Arbeit die raumliche
Modellierung von Bevdlkerung und Vermdgenswerten weiter, um eine integrierte Analyse
zukunftiger Kustenrisiken auf kontinentaler Ebene zu gewéhrleisten. Der Fokus liegt auf zweli
Variablen, der Bevolkerung und Kulturgitern, die fir das gewéhlte Untersuchungsgebiet, dem
Mittelmeerraum, modelliert werden.

In einem ersten Schritt werden die globalen SSP Erzahlstrange fur den Mittelmeerraum
erweitert, indem regionale Faktoren der sozio6konomischen Entwicklung ergénzt werden und
zusétzlich zwischen nordlichen versus sudlichen und 6stlichen Landern unterschieden wird.
Mit Hilfe der erweiterten Erzédhlstrange werden fir jedes SSP bis 2100 rdumliche
Bevolkerungsprojektionen erstellt, die die Unsicherheit zukunftiger Land-Stadt und Inland-
Kiste Migrationsbewegungen abbilden. Die in 2100 potenziell betroffene Kistenbevolkerung
liegt zwischen 34,1 Mio. (SSP1) und 96,2 Mio. (SSP3) und weist deutliche Unterschiede
zwischen einzelnen Landern auf. Ein Vergleich der Ergebnisse mit Projektionen basierend auf
den globalen SSPs zeigt eine Abweichung der gefahrdeten Bevdélkerung von bis zu 15 %
(SSP1), wodurch eine grolRere Bandbreite der Unsicherheit im Hinblick auf die gefahrdete
Bevolkerung abgebildet wird. Da dieser Modellierungsansatz das Flachenwachstum von
Stadten nicht abbildet, wird ein gravitationsbasierter Modellansatz entwickelt, der sowohl
urbanes Flachenwachstum als auch Land-Stadt und Inland-Kiiste Migrationsbewegungen
beruicksichtigt. Die raumlichen Bevoélkerungsprojektionen basierend auf diesem Ansatz fiihren
zu 51,3 Mio. (SSP4) bis 107,8 Mio. (SSP3) Menschen in gefédhrdeten Kistengebieten in 2100.
Da die Ergebnisse beider Modellansétze betrachtliche Unterschiede aufweisen, sollten die
Stéarken und Schwachen beider Ansatze in zuklnftigen Studien berucksichtigt werden.

Fir eine ganzheitliche Analyse von Kistenrisiken ist die Berlicksichtigung weiterer Variablen
notig. Daher wird eine rdumliche Datenbank von Kulturgltern, einer Variable, deren Analyse
aufgrund fehlender hochauflésender Daten wenig ublich ist, entwickelt, indem réaumliche
Reprasentationen (d.h. Polygone) von 49 UNESCO Weltkulturerbestatten in tiefliegenden



Kistengebieten des Mittelmeerraums erstellt werden. Eine erste Anwendung der Datenbank in
einer kontinentalen Gefdhrdungsanalyse zeigt, dass bereits unter aktuellen klimatischen
Bedingungen je 75 % und 85 % der Statten hochwasser- bzw. erosionsgefahrdet sind. Diese
Gefahren werden bis 2100 je nach Meeresspiegelanstiegsszenario und Weltkulturerbestatte
zunehmen, da Kustenhochwasser und -erosion unterschiedliche rdumliche Muster aufweisen.
Aktuell ist das Bewusstsein bezuglich der Gefahrdung von Weltkulturerbestatten durch den
Meeresspiegelanstieg vergleichsweise gering und Anpassungsmafinahmen sind dringend nétig
um unser kulturelles Erbe zukunftig zu erhalten.

Diese Arbeit leistet einen wichtigen Beitrag zur Modellierung von Bevolkerung und
Kulturgltern in potenziell vom Meeresspiegelanstieg betroffenen Gebieten und ermdglicht
daher die integrierte Analyse von Kustenrisiken auf kontinentaler Ebene, insbesondere unter
Berlicksichtigung zukiinftiger physischer und sozio6konomischer Unsicherheiten. Die
Ergebnisse unterstreichen den Mehrwert dessen verschiedene Migrationsbewegungen in
raumliche Bevolkerungsprojektionen zu integrieren; weitere, weniger ubliche Variablen in
Geféhrdungsanalysen einzubeziehen; und regionale Unterschiede bei der Analyse von
Kdustenrisiken auf kontinentaler Ebene zu berucksichtigen. Kinftige Studien konnen die
entwickelten Daten und Modellierungsansétze erweitern und zur Harmonisierung neuer Daten
und Modellansétze beitragen, um so die integrierte Analyse von Kustenrisiken auf kontinentaler
Ebene weiter voranzutreiben.

Vi
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1 INTRODUCTION

1.1 COASTAL RISKS IN A CHANGING CLIMATE

Climate change caused by anthropogenic greenhouse gas emissions results in globally rising
temperatures (IPCC 2013). Coastal areas will be disproportionally affected by climate change
due to two main drivers, 1) rising sea levels and 2) high densities of population and assets in
locations potentially exposed to hazards related to sea-level rise (SLR). In this section, the
current state of knowledge regarding the drivers of coastal risks is discussed, focusing on SLR
and its physical impacts in coastal locations first, before turning to socioeconomic development
in the coastal zone. Third, the risk framework used throughout this thesis for assessing future
SLR-related coastal risks is presented.

1.1.1 Sea-level rise and its physical impacts

Higher temperatures due to climate change lead to globally rising sea levels, driven primarily
by the melting of glaciers and ice sheets and the thermal expansion of warming ocean waters.
The contribution of these drivers to global mean SLR (GMSLR) has increased since the
beginning of the 20" century, leading to an acceleration of GMSLR. While in the period 1901-
1990, GMSL rose by approximately 1.4mm yr?, the rate of GMSLR increased to 3.2mm yr?
from 1993-2015. This rate is expected to further accelerate, in particular in the second half of
the 21% century, depending on the amount of future warming, which in turn depends on the
development of greenhouse gas emissions in the coming years. Therefore, the likely range in
GMSLR in 2100 relative to 1986-2005 lies between 0.29 and 1.1m, depending on the scenario
(see Box 1 and section 1.2.1 for more detail). However, SLR is not globally uniform and varies
regionally due to a range of drivers. These drivers include regional differences in thermal
expansion of ocean waters and land ice loss due to differences in warming, differences in winds
and atmospheric pressure, ocean circulation patterns, gravitational and rotational effects, and
vertical land motion (VLM) due to tectonics and glacial isostatic adjustment (GIA). Therefore,
regional SLR can deviate from GMSLR by +/- 30% (Oppenheimer et al. 2019).

SLR leads to a variety of physical impacts in coastal locations, which include the submergence
of low-lying coastal areas, increasing coastal erosion, saltwater intrusion in surface and ground
waters, changes in coastal ecosystems as well as an increase in the frequency and intensity of
coastal flooding due to extreme sea levels (ESL) (Nicholls 2010, Wong et al. 2014). While most
of these impacts will gradually increase with rising sea levels (Brown et al. 2013), coastal
flooding due to ESL already occurs under current climatic conditions when a low atmospheric
pressure system results in strong winds that coincide with high tides and waves, thereby
resulting in a storm surge (Wahl 2017). Recent research has shown that a small rise in sea levels
(i.e. 10 to 20cm) may lead to an exponential increase in flood frequency (Vitousek et al. 2017,
Taherkhani et al. 2020). For instance, the present-day 100-year event, which has a 1%
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probability of being exceeded in any given year (Wahl et al. 2017), may become an annual or
more frequent event in large parts of the world by 2100 (Vousdoukas et al. 2018c). Furthermore,
Arns et al. 2017 stress the importance to account for non-linear feedbacks between tides, waves,
surges, and SLR in shallow coastal areas as these feedbacks may increase future coastal flood
risk due to SLR.

Additionally, coastal areas are at risk from compound flooding when at least two hazards occur
simultaneously (Zscheischler et al. 2018). Particularly in river deltas and estuaries, coastal
flooding due to ESL can be exacerbated by fluvial flooding due to increased river discharge
caused by heavy precipitation in the river catchment (Zscheischler et al. 2020). A global study
assessing the dependence between ESL and high river discharge has found that dependence is
significant at more than 50% of the 187 stations analyzed (Ward et al. 2018). Globally, the
probability of compound flooding may increase by about 25% until 2100, with a substantially
higher increase in high latitudes and a potential decrease in the subtropics (Bevacqua et al.
2020). If compound flooding is not accounted for in assessing coastal flooding due to SLR,
future risk may be considerably underestimated (Moftakhari et al. 2017, Bevacqua et al. 2020).

1.1.2 Socioeconomic development in the coastal zone

High population densities and urbanization levels in locations potentially exposed to the
physical impacts of SLR will be key drivers of coastal risks in the future. Currently, almost one
third of the global population (1.9 billion) lives within 200km from the coast at an elevation of
up to 100m, which covers 9% of the global land area (Kummu et al. 2016). In 2000, 10% of the
global population (634 million) and 13% of the urban population (360 million) lived in 2% of
the global land area known as the Low Elevation Coastal Zone (LECZ), defined as land with
an elevation of up to 10m in hydrological connection to the sea (McGranahan et al. 2007).
Accordingly, about 70% of all megacities (>8 million inhabitants), which are often on or next
to river deltas, are located in the LECZ (Brown et al. 2013). Further, urban areas located in the
LECZ have been observed to grow at a significantly faster rate than inland areas (Seto et al.
2011). These settlement patterns are expected to further consolidate in the future due to high
urbanization rates as well as the higher attractiveness of coastal locations for human settlement
compared to inland locations (Nicholls et al. 2008b, Neumann et al. 2015). Therefore, the global
population in the LECZ is projected to increase in the future, ranging from 830 million to almost
1.2 billion in 2100, depending on the scenario (Merkens et al. 2016).

Exposure of population and assets to SLR-related hazards further depends on the amount of
SLR experienced at a specific location, known as relative SLR (RSLR) (Oppenheimer et al.
2019). In particular VLM, which includes uplift of the land surface as well as land subsidence,
can have a significant effect on RSL (Shirzaei et al. 2021). While land subsidence is a natural
process due to sediment compaction, it is aggravated by anthropogenic processes such as
groundwater extraction and exploitation of oil or gas reservoirs (Syvitski et al. 2009, Shirzaei
et al. 2021) as well as the weight of buildings (Nicholls et al. 2011). Therefore, human-induced
subsidence can be the dominant driver of RSLR, particularly in delta regions (Tessler et al.
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2018, Higgins 2016). This effect is currently particularly pronounced in Asian mega deltas such
as the Ganges-Brahmaputra-Meghna delta where subsidence rates of 5.9mm yr! and
8.6mm yr* have been reported for Dhaka and Kolkata, respectively (Brown and Nicholls 2015).
Further examples include Ho Chi Minh City which subsides by up to 40mm yr* (Erban et al.
2014), Jakarta where subsidence rates of more than 200mm yr™ were measured between 1997
and 2005 (Chaussard et al. 2013), and Shanghai which has subsided about 2m in the last century
(Cheng et al. 2018). As a result, the rate of RSLR experienced at these locations can exceed
GMSLR by several orders of magnitude (Syvitski et al. 2009, Higgins 2016), which increases
SLR-related coastal risks substantially (Tessler et al. 2018).

Coastal adaptation is an important strategy to reduce exposure and vulnerability to SLR-related
hazards. The most common adaptation strategies discussed in the literature are hard or soft
protection (e.g. dikes, beach nourishment), accommodation (e.g. building codes, raising
houses), and retreat in the form of migration or planned relocation (Wong et al. 2014). Two
additional strategies that have received increasing attention in recent years are ecosystem-based
adaptation (EbA) and advancing land by building seaward and upward (Oppenheimer et al.
2019). Studies have shown that protection can effectively reduce the area and number of people
flooded due to SLR and ESL (Hinkel et al. 2013b, Hinkel et al. 2014, Paprotny et al. 2018).
Without adaptation, 0.2 to 4.6% of the global population may be exposed to coastal flooding
annually in 2100, which can be reduced by two orders of magnitude if protection measures are
gradually upgraded with rising sea levels (Hinkel et al. 2014). Further, recent cost-benefit
analyses (CBA) have shown that protection measures can cost-effectively reduce coastal flood
risk (Tiggeloven et al. 2020, Vousdoukas et al. 2020a) and that protection is economically
robust (i.e. under a wide range of physical and socioeconomic scenarios) at 13% of the global
coastline, which covers 96% of assets in the coastal floodplain (Lincke and Hinkel 2018).
Similarly, beach nourishment can cost-effectively reduce the number of people that would have
to migrate due to coastal erosion by about 60% until 2100 (Hinkel et al. 2013a).

1.1.3 Framework for assessing coastal risks

The drivers of SLR-related coastal risks described in the preceding sections can be
conceptualized with the help of the Intergovernmental Panel on Climate Change (IPCC) risk
framework (Figure 1.1), where climate change risks (and therefore impacts) result from the
interaction of climate hazards, exposure to these hazards, and vulnerability of the exposed
elements (Field 2012). Exposure refers to the presence of e.g. people, infrastructure, assets (i.e.
economic, social, cultural), and ecosystems in locations potentially affected by a hazard,
whereas vulnerability is determined by the sensitivity and adaptive capacity of the exposed
elements (e.g. wealth, social status) that determine how severely the exposed elements are
affected. Further, future coastal risks are driven by changes in the climate system as well as
socioeconomic processes, which can be explored with climatic and socioeconomic scenarios
(Oppenheimer et al. 2014).
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As the focus of this thesis lies on coastal risks (i.e. flood risk and erosion risk), the hazards
analyzed are ESL and SLR. To assess exposure to these hazards, population and cultural assets
located in coastal areas are considered. To account for future changes in these risk drivers,
different SLR and socioeconomic scenarios are explored (see section 1.3 for further details).
The thesis does not directly assess vulnerability or the potential feedbacks of adaptation and
mitigation actions and governance on exposure and vulnerability. The following section
presents the current state-of-the-art in coastal risk assessments, which provides further context
regarding the hazards and exposure variables explored in this thesis.

Vulnerability SOCIOECONOMIC
CLIMATE PROCESSES
Socioeconomic
Natural Hazards COASTAL Pathways
Variability

Extreme sea levels RISK

Sea-level rise Flood risk

_ Erosion risk
Anthropogenic

Climate Change

Exposure
Population
Cultural assets

Figure 1.1 Components of the IPCC risk framework included in this thesis to assess coastal risks (adapted from
Oppenheimer et al. 2014)

1.2 CURRENT PRACTICE IN COASTAL RISK ASSESSMENTS

Coastal risk assessments can provide important insights into how changes in hazards, exposure,
and vulnerability drive future SLR-related impacts. For such assessments, spatial data and
modeling approaches are used to characterize all risk drivers in a spatially explicit manner
(Toimil et al. 2020, Vousdoukas et al. 2018a). Furthermore, scenarios, both climatic and
socioeconomic (Alcamo and Henrichs 2008, Moss et al. 2010), are used for exploring the
uncertainty range of plausible future impacts (Toimil et al. 2020, Ward et al. 2020), as well as
for estimating the dominant driver of future risk (Muis et al. 2015). The current scenario
framework in climate change research, the so-called SSP-RCP scenario framework (O'Neill et
al. 2020), allows for combining a range of climate scenarios (so-called Representative
Concentration Pathways, RCPs) with different socioeconomic scenarios (so-called Shared
Socioeconomic Pathways, SSPs) to develop fully integrated scenarios (van Vuuren et al. 2014).
Box 1 provides a short description of the SSP-RCP framework.
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Box 1 The SSP-RCP scenario framework

The development of the SSP-RCP scenario framework started with identifying a range
of Representative Concentration Pathways (RCPs) based on plausible radiative forcing
levels in 2100 as reported in the scientific literature (van Vuuren et al. 2011). Radiative
forcing describes the amount of energy added to the earth’s energy budget by
anthropogenic drivers such as the concentration of greenhouse gases and aerosols in the
atmosphere or changes in surface albedo, and is expressed in Wm2 (relative to 1750)
(Myhre et al. 2013). Four RCPs were selected, ranging from the low radiative forcing
scenario RCP2.6, where radiative forcing levels peak at approximately 3 Wm2 before
2100, to RCP8.5, characterized by radiative forcing levels of at least 8.5 Wm™2 in 2100.
The two intermediate RCPs, RCP4.5 and RCP6.0 reflect a stabilization of radiative
forcing levels after 2100 (Moss et al. 2010, van Vuuren et al. 2011).

As the RCPs do not include any underlying assumptions regarding socioeconomic
development, the Shared Socioecnomic Pathways (SSPs) have been developed to serve
this purpose. Five SSPs describe plausible alternative trends in global-scale societal
development in the course of the 21% century without accounting for the potential impacts
of climate change on socioeconomic development, based on their socioeconomic
challenges for mitigation and adaptation (O’Neill et al. 2014). Each SSP has an
underlying narrative that qualitatively describes a broad range of socioecenomic
developments in the form of a story (O’Neill et al. 2017). Several key variables of
socioeconomic development have been quantified with the help of the assumptions
described in each SSP narrative, resulting in national-level projections of population,
age, education (KC and Lutz 2017), urbanization (Jiang and O’Neill 2017), and Gross
Domestic Product (GDP) (Dellink et al. 2017, Crespo Cuaresma 2017) until 2100.

To explore the uncertainty range of how plausible future socioeconomic and climatic
changes drive climate change impacts, several SSPs and RCPs can be combined with
each other in a scenario matrix (van Vuuren et al. 2014). Out of twenty possible
combinations, 15 have been established as plausible combinations based on the results
of Integrated Assessment Models (IAM) (Riahi et al. 2017, Rogelj et al. 2018). Such
model runs also account for broad-scale assumptions of global mitigation and adaptation
policies, so-called Shared Policy Assumptions (SPAs) (Kriegler et al. 2014), which
consistute the third dimension of the scenario matrix. Recently, the matrix has been
extended with three additional forcing levels (i.e. 1.9, 3.4, 7.0 Wm™) (e.g. O'Neill et al.
2020), which have not been considered in this thesis yet.

This thesis focuses on coastal risk assessments at continental scale (Box 2). Due to the use of
consistent data and modeling approaches, continental-scale risk assessments allow for
comparing results across countries and regions, thereby establishing hotspots of future impacts
(Ward et al. 2013, Moel et al. 2015). Continental-scale assessments can also be applied to
explore the potential effectiveness of different adaptation strategies (Ward et al. 2020). The
results of such assessments provide the knowledge base for global to continental frameworks
such as the Sendai Framework for Disaster Risk Reduction (UNDRR 2015), the Paris
Agreement on climate change (UNFCCC 2016), the European Union’s (EU) Floods Directive
(European Union 2007), or the Protocol on Integrated Coastal Zone Management (ICZM) in
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the Mediterranean (UNEP/MAP 2008).
Results can further support decision-

making at international to national scalesin ~ In this thesis, the term “continental scale’
prioritizing regions with urgent need for ~ Tefers to supra-national assessments as

action and allocating funds accordingly, in defined in Moel et al. 2015.
particular concerning adaptation and Accordingly, continental-scale assessments

spatial planning (Mcleod et al. 2010, Ward ~ can include an entire continent (e.g.

et al. 2020). Furthermore, the re-insurance ~ EUrope) or a group of countries located in
. N the same region and sharing a common
industry as well as multi-national

. national border, which may extend over
companies use the results of these

- ) several continents (e.g. the Mediterranean
assessments to prioritize investments region).

(Moel et al. 2015).

Box 2 Continental scale

The following sections discuss the current practice in continental-scale coastal risk assessments,
differentiating between the assessment of SLR-related hazards as well as exposure and
vulnerability to these hazards. The current literature on continental-scale coastal risk
assessments is limited, with a small number of studies focusing on Europe. Therefore, global-
scale assessments are also included, as similar methods and input data are used at these scales
of analysis (Moel et al. 2015).

1.2.1 Assessing sea-level rise-related hazards

One standard measure to represent SLR-related coastal hazards at continental scale is
delineating the LECZ. To do so, a digital elevation model (DEM) is used to determine all land
with an elevation of up to 10m, followed by applying a connectivity rule to mask out low-lying
land not hydrologically connected to the sea (McGranahan et al. 2007, Lichter et al. 2011). The
LECZ provides a simple and inclusive measure for characterizing all land potentially affected
by SLR-related hazards such as submergence, temporary flooding due to ESL, and saltwater
intrusion (McGranahan et al. 2007, Balk et al. 2009), while being independent from SLR
scenarios. To account for the uncertainties related to future SLR that stem from the uncertainties
in the development of future greenhouse gas emissions, current coastal risk assessments explore
different SLR projections. The most recent GMSLR projections are reported in the IPCC
Special Report on the Ocean and Cryosphere in a Changing Climate (SROCC) (IPCC 2019),
which are updated versions of those used in the IPCC’s Fifth Assessment Report (AR5) (Church
et al. 2013). These projections additionally account for contributions of the Antarctic ice sheet
(AIS), which were not included in previous projections due to high uncertainties in AIS
dynamics, especially after 2050 (Bakker et al. 2017, Horton et al. 2018). Under RCP2.6,
GMSLR in 2100 (relative to 1986-2005) is projected to be 0.43m (50" percentile), with a likely
range (i.e. 17" to 83" percentile) of 0.29-0.59m. Under RCP4.5, GMSLR is projected at 0.55m
(likely range 0.39-0.72m) and 0.84m (0.61-1.1m) under RCP 8.5 (Oppenheimer et al. 2019).

The majority of current coastal risk assessments account for RSLR. If projections of GMSLR
are used, these are enhanced by VLM due to GIA and natural land subsidence in river deltas
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(e.g. Merkens et al. 2018, Nicholls et al. 2018). The majority of assessments use projections
that account for regional SLR patterns, resulting from processes such as gravitational and
rotational effects, differences in ocean circulation patterns and thermal expansion, as well as
GIA (e.g. Vafeidis et al. 2019, Kulp and Strauss 2019, Athanasiou et al. 2020, Tiggeloven et al.
2020, Vousdoukas et al. 2020a, Vousdoukas et al. 2020c). These regional SLR projections are
produced with the help of process-based models (e.g. Levermann et al. 2013, Hinkel et al. 2014)
or with probabilistic modeling approaches that additionally account for contributions of the AIS
to SLR (e.g. Kopp et al. 2014, Jackson and Jevrejeva 2016, Kopp et al. 2017). The study of
Tiggeloven et al. 2020 is the only current assessment that accounts for the contribution of
human-induced land subsidence due to groundwater extraction to future RSLR. Human-
induced subsidence is usually not included in assessments at continental to global scales due to
a lack of data and future projections (Wada et al. 2012).

Coastal flooding

To assess coastal flooding due to ESL under alternative SLR scenarios, the amount of SLR per
scenario and time step is usually added to the present-day ESL of a certain return period. The
100-year event is the most commonly used return period in such assessments (e.g. Hinkel et al.
2014, Neumann et al. 2015, Merkens et al. 2018, Vafeidis et al. 2019, Tiggeloven et al. 2020,
Kirezci et al. 2020). Available datasets of present-day ESL are the DINAS-COAST ESL
(DCESL) data (Vafeidis et al. 2008) and the GTSR (Global Tide and Surge Reanalysis) data
(Muis et al. 2016), both of which account for the two ESL components storm surge and tides.
As GTSR was modeled with a hydrodynamic modeling approach, the dataset better represents
present-day ESL than DCESL (Muis et al. 2017). Further, as storm surges and wind waves are
statistically dependent at large parts of the global coast (Marcos et al. 2019), recent work has
accounted for wind waves as a third ESL component (Vousdoukas et al. 2018c). Thus far, two
studies have produced future ESL projections by including SLR under RCP4.5 and RCP8.5
(Vousdoukas et al. 2018c, Muis et al. 2020). The Coastal Dataset for the Evaluation of Climate
Impact (CoDEC) is the first ESL dataset that accounts for dynamic interactions between tides,
surges, and mean sea level under current and future conditions (Muis et al. 2020). To our
knowledge, CoDEC has not been used in coastal flood risk assessments yet.

To model the coastal floodplain, a static DEM-based approach similar to the one used for
delineating the LECZ is widely used (e.g. Jongman et al. 2012, Neumann et al. 2015, Brown et
al. 2018, Paprotny et al. 2018, Kulp and Strauss 2019, Kirezci et al. 2020). With the help of this
so-called bathtub approach, all land up to the projected water level in hydrological connection
to the sea is defined (Poulter and Halpin 2008, Ramirez et al. 2016). The most commonly used
DEM is the Shuttle Radar Topography Mission (SRTM) DEM (Farr et al. 2007) or DEMs
developed from SRTM such as the Multi-Error-Removed Improved-Terrain (MERIT) DEM
(Yamazaki et al. 2017) and CoastalDEM (Kulp and Strauss 2018). While all of these (near-)
global DEMs have the same horizontal resolution of 3 arc seconds (about 90m at the equator),
their vertical resolution differs: SRTM DEM has a vertical resolution of 1m and the other two
DEMs one of below 1m (i.e. elevation is given in decimal values). Therefore, studies using the
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SRTM DEM have to interpolate linearly between elevation increments (e.g. Hinkel et al. 2014,
Nicholls et al. 2018, Merkens et al. 2018, Vafeidis et al. 2019). For the US, the root mean square
error (RMSE) of SRTM DEM in the LECZ has been established as 5.57m, while MERIT DEM
and CoastalDEM have a RMSE of 3.14m and 3.1m, respectively (Gesch 2018). Therefore,
MERIT DEM and CoastalDEM are increasingly used to assess coastal flood risk at continental
to global scales.

As the bathtub approach does not account for hydrodynamic processes such as the influence of
surface roughness on water flow direction, it potentially overestimates the coastal floodplain,
in particular in mildly sloping terrain (Vousdoukas et al. 2016, Seenath et al. 2016). To address
this limitation, recent work has developed an enhanced bathtub approach that accounts for
different rates of water level attenuation for different land use classes and can be applied at
continental to global scales at low computational cost (Vafeidis et al. 2019, Tiggeloven et al.
2020). Furthermore, the use of the two-dimensional hydrodynamic model LISFLOOD-FP
(Bates and Roo 2000) has been explored, with applications at European scale available in the
current literature (Vousdoukas et al. 2018b, Vousdoukas et al. 2020a). While LISFLOOD-FP
is less computationally expensive than other hydrodynamic models such as DELFT3D
(Deltares 2020), a computational facility is needed to apply it at continental scale (\Vousdoukas
et al. 2016). As the resolution of the underlying DEM (see DEMs above) does not resolve
coastal protection measures already in place and continental-scale data on protection do not
exist (Vousdoukas et al. 2018a), stylized assumptions of current protection standards such as
the global database of FLOod PROtection Standards (FLOPROS) (Scussolini et al. 2016) are
used.

An overview of selected coastal flood assessments along with the data and methods used to
characterize the floodplain is provided in Table 1.1.
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Table 1.1 Methods and data of selected coastal flood assessments at continental to global scales (in chronological order)

Study

Hinkel et al.
2014

Brown et al.
2018

Merkens et
al. 2018

Kulp and
Strauss 2019

Vafeidis et
al. 2019

Tiggeloven
et al. 2020

Vousdoukas
et al. 2020a

Scale of
analysis

Global
(DIVA)

Global
(DIVA)

Global
(DIVA)

Global
Global
(DIVA)

Global

Europe

SLR projections”
(RCPs)

H14 (RCP2.6, 4.5,
8.5)

G17, scaled with
Slangen et al. 2014 +
GIA (RCP8.5 +
mitigation scenarios)
C13 + SUB + GIA
(RCP2.6, 4.5, 6.0,
8.5)

K14/17

(RCP2.6, 4.5, 8.5)

H14 (RCP4.5, 8.5)

J16 + HSUB
(RCP4.5, 8.5)

H14 (RCP4.5, 8.5)

Return
period
(dataset)

100-yr
(DCESL)

100-yr
(GTSR)

100-yr
(GTSR)

1-yr
(GTSR)

100-yr
(GTSR)

100-yr
(GTSR)

Different
return
periods
(JRCY™™

Modeling
approach

Bathtub

Bathtub

Bathtub

Bathtub

Enhanced
bathtub

Enhanced
bathtub

LISFLOO
D-FP

DEM

SRTM™,
GLOBE™

SRTM v4.1

SRTM v4.1

SRTM v2.1,
CoastalDEM
SRTM v4.1

MERIT

SRTM

Current
protection

standard

included?
No

No

No

No

No

Yes

Yes

“H14 = Hinkel et al. 2014, G17 = Goodwin et al. 2017, C13 = Church et al. 2013 , K14/17 = Kopp et al.
2014, 2017, J16 = Jackson and Jevrejeva 2016; GIA = Glacial Isostatic Adjustment, SUB = natural
subsidence in river deltas, HSUB = human subsidence due to groundwater extraction
* Different versions of the SRTM DEM exist; it was not always possible to find out which version was
used. As SRTM DEM has near-global coverage, it was complemented by other DEMs above 60°N for
global assessments, which are not listed here.

*okk

Hastings and Dunbar 1999

™ Vousdoukas et al. 2017, 2018c
DIVA = use of the Dynamic Interactive Vulnerability Assessment (DIVA) database (Vafeidis et al. 2008)

Coastal erosion

Previous research on continental-scale assessments of coastal erosion due to SLR has been
limited. One main approach that has been employed for several decades and at different spatial
scales is the Bruun rule. The Bruun rule (Bruun 1962, 1983) assumes that sandy coastlines
respond to SLR by retreating landward and upward, maintaining an equilibrium profile. This
two-dimensional rule is based on the assumption that all eroded sediment is deposited offshore,
and neglects alongshore sediment transport. Therefore, erosion of sandy coastlines depends on
two main factors, the amount of SLR and the nearshore coastal slope (Davidson-Arnott 2005,
Ranasinghe and Stive 2009). Due to its modest data requirements and low computational costs,
the Bruun rule offers an easy-to-use method for first-order assessments of SLR-related erosion
of sandy coastlines at continental scales (Ranasinghe and Stive 2009, Athanasiou et al. 2020).
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However, most applications focus on local to national scales (see Athanasiou et al. 2020 for an
overview), with four continental- to global-scale studies available in the literature. Hinkel et al.
2010, 2013a applied a simplified version of the Bruun rule, assuming the same nearshore slope
in all locations, under a range of SLR scenarios based on the Special Report on Emissions
Scenarios (SRES) (Naki¢enovi¢ 2000), both at European (Hinkel et al. 2010) and global scales
(Hinkel et al. 2013a). Two recent studies extended this work: the European-scale study of
Athanasiou et al. 2020 analyzed shoreline retreat due to SLR only, while the global-scale study
by Vousdoukas et al. 2020c additionally accounted for past shoreline changes established in
prior research (Luijendijk et al. 2018, Mentaschi et al. 2018). Both assessments accounted for
spatially varying nearshore slopes (Athanasiou et al. 2019) as well as for two scenarios of RSLR
based on RCP4.5 and 8.5 (Jackson and Jevrejeva 2016). Due to its simplified assumptions (e.g.
equilibrium profile, not considering longshore sediment transport), the use of the Bruun rule
has been criticized for several years (Cooper and Pilkey 2004, Ranasinghe and Stive 2009,
Cooper et al. 2020, Vousdoukas et al. 2020b). Furthermore, as it is only applicable to sandy
coastlines, it can only be used at about one third of the global coastline (Luijendijk et al. 2018).

Another method for assessing SLR-related coastal erosion is an index-based approach such as
the Coastal Vulnerability Index (CVI) (Gornitz 1991) and the Coastal Sensitivity Index (CSI)
(Shaw et al. 1998), both of which aim to assess the physical vulnerability of the coastline due
to SLR. These indices have been applied extensively in subnational to national assessments
(e.g. Thieler and Hammar-Klose 1999, Abuodha and Woodroffe 2010, Lépez Royo et al. 2016,
Mavromatidi et al. 2018). Both indices are based on similar input variables, i.e. coastal material,
shoreline erosion and accretion, coastal slope, relative SLR, wave climate, and tidal range. Each
variable receives a score from 1 (very low vulnerability) to 5 (very high vulnerability) which is
then aggregated to one risk index per stretch of coastline. One advantage of this approach is
that it can be consistently applied to the entire coastline; however, it relies on a range of input
variables that may not be readily available at continental scale (Athanasiou et al. 2020).

The scarcity of continental-scale studies of SLR-related erosion in the current literature
underlines the challenges related to assessing erosion at this scale of analysis as it is a
phenomenon that is driven by a complex interplay of local conditions (Oppenheimer et al.
2019). These local conditions can be resolved in three-dimensional hydrodynamic models such
as DELFT3D (Ranasinghe 2016), which cannot (yet) be used in continental-scale assessments
due to their prohibitive computational costs (see discussion in the subsection on coastal
flooding). Therefore, assessments of coastal erosion based on the two approaches described
above can only be a first-order estimate of future erosion due to SLR.

1.2.2 Assessing exposure and vulnerability

To assess exposure to SLR-related coastal hazards, spatially explicit hazard information, e.g.
the LECZ or coastal floodplain, are intersected with spatial representations of potentially
exposed elements such as population, assets, and infrastructure. To assess vulnerability of the
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exposed elements, characteristics of these elements that determine how severely they are
affected are included as well (Moel et al. 2015).

Exposure

Population is by far the most-analyzed exposure variable in current coastal risk assessments at
continental scalel. In the past, data of spatial population distributions were intersected with the
LECZ to estimate potential exposure to SLR-related hazards (McGranahan et al. 2007, Balk et
al. 2009, Lichter et al. 2011, Mondal and Tatem 2012). The spatial population data used in these
assessments represented the population distribution at that time, with the data of the Global
Rural-Urban Mapping Project (GRUMP) (Center for International Earth Science Information
Network - Columbia University (CIESIN) et al. 2011) and LandScan (Bright et al. 2012) being
the most-used population datasets?.

Recent coastal risk assessments have increasingly accounted for changes in future hazard
conditions and population distributions under a range of physical (i.e. SLR) and socioeconomic
scenarios. While some studies have analyzed future exposure based on the current distribution
of the population only (e.g. Muis et al. 2017, Kulp and Strauss 2019), the majority of recent
work accounts for future changes in population distributions. Such studies either analyze one
scenario (e.g. Jongman et al. 2012, Brown et al. 2016, Vafeidis et al. 2019) or a range of
plausible scenarios, primarily based on the SSPs (e.g. Hinkel et al. 2014, Neumann et al. 2015,
Nicholls et al. 2018, Vousdoukas et al. 2020a). Most of these assessments apply national-level
growth rates to the current population distribution, thereby assuming homogeneous population
growth per country (e.g. Jongman et al. 2012, Brown et al. 2018, Lincke and Hinkel 2018,
Vafeidis et al. 2019). However, this assumption neglects internal migration processes such as
rural-urban and inland-coastal migration (Box 3), which result in non-uniform spatial
population growth patterns (McGranahan et al. 2007, Seto et al. 2012).

To account for inland-coastal migration,
Nicholls 2004 (also Nicholls et al. 2008Db)
and Neumann et al. 2015 used distinct

Box 3 Migration

In this thesis, the term ‘migration’ refers to

growth rates for inland versus coastal
locations by applying scenario-specific
correction factors to the national growth
rates. Merkens et al. 2016 extended this
work and developed spatial population
projections for the five SSPs based on the
analysis of historical changes in coastal
versus inland population growth patterns in
each country, additionally accounting for

internal migration within countries, which is
considered to occur at long time scales
(Hugo 2011). Furthermore, migration is the
result of a decision that is driven by social,
political, demographic, economic, and
environmental factors, or a combination
thereof (Black et al. 2011). A specific focus
lies on rural-urban migration as well as
inland-coastal migration.

! See McMichael et al. (2020) for a comprehensive review of population exposure assessments in coastal

locations.

2 See Leyk et al. (2019) for an overview of global-scale spatial population datasets available in the current

literature in addition to those reported here.
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rural-urban migration. A second set of SSP-based spatial population projections available in the
current literature accounts for rural-urban migration as well as for spatial changes in settlement
patterns (i.e. urban sprawl) (Jones and O’Neill 2016). Both sets of SSP-based spatial population
projections are gradually adopted in coastal risk assessments at continental to global scales
(Merkens et al. 2018, Vousdoukas et al. 2018b, Vousdoukas et al. 2020a). Further spatial
population projections available at global (Murakami and Yamagata 2019) and continental
scales (Luckenkotter et al. 2017, Boke-Olén et al. 2017) have not been used in coastal risk
assessments yet.

In addition to population exposure, several coastal risk assessments account for exposure of
assets by applying national-level projections of GDP per capita to the spatial population
distribution and multiplying it with a certain factor to estimate assets of every person (e.g.
Hanson et al. 2011, Hallegatte et al. 2013, Hinkel et al. 2014, Lincke and Hinkel 2018).
Furthermore, previous work has assessed future exposure of urban land under projections of
built-up land expansion (Jongman et al. 2012, Tiggeloven et al. 2020). Recently developed SSP-
based projections of urban land expansion provide the basis for similar global- (Gao and O'Neill
2020, Chen et al. 2020a) to continental-scale (Terama et al. 2019, Wolff et al. 2020)
assessments. Additional exposure variables that have been analyzed in coastal risk assessments
are cities (Nicholls et al. 2008a, Hanson et al. 2011, Hallegatte et al. 2013), infrastructure such
as airports (Yesudian and Dawson 2021) and roads and railways (Koks et al. 2019), and cultural
assets, i.e. UNESCO World Heritage sites (Marzeion and Levermann 2014). However, studies
based on these variables are scarce in the current literature due to a lack of high-resolution
spatial data of these variables at continental to global scales.

Vulnerability

Current coastal risk assessments at continental to global scales account for vulnerability to a
limited degree. The most common approach is the assessment of damages with the help of
depth-damage functions (DDF) (Moel et al. 2015). DDF are based on the assumption that
damages increase with increasing flood depth (Huizinga et al. 2017). Current studies apply DDF
to different land-use types (e.g. Jongman et al. 2012, Vousdoukas et al. 2018b, Tiggeloven et
al. 2020) or assets (e.g. Hallegatte et al. 2013, Hinkel et al. 2014). As DDF are assumed to
remain static in time, temporal changes in vulnerability can only be accounted for to a limited
degree, although vulnerability is a dynamic process that changes with socioeconomic changes
(Turner et al. 2003, Jurgilevich et al. 2017). Two studies account for changes in vulnerability
to a certain extent by applying the static DDF to spatially changing urban land-use types
(Tiggeloven et al. 2020, VVousdoukas et al. 2020a). To characterize vulnerability of exposed
populations under the uncertainty of future socioeconomic development, spatial projections of
variables such as age structure, sex, and education level are needed (van Ruijven et al. 2014,
Birkmann et al. 2015). Little research has focused on the spatial distribution of such variables
at continental scales, with two examples at administrative unit level for Europe (Rohat 2018,
Terama et al. 2019). In general, understanding of the processes that drive vulnerability is
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limited, which further impedes spatially explicit vulnerability assessments at continental to
global scales (Muis et al. 2015, Jongman et al. 2015, Rohat 2018).

One strategy to reduce vulnerability to SLR-related hazards is the implementation of adaptation
measures (Jurgilevich et al. 2017, Portner et al. 2019). Several studies explore adaptation
strategies and their potential to reduce exposure and damages, with a focus on hard protection
(e.g. Hallegatte et al. 2013, Hinkel et al. 2014, Tiggeloven et al. 2020). These assessments are
usually based on CBA to determine where protection measures can cost-effectively reduce
coastal flood risk (e.g. Lincke and Hinkel 2018, Tiggeloven et al. 2020, Vousdoukas et al.
2020a) (see also section 1.1.2). Analyses of other adaptation strategies such as beach
nourishment (Hinkel et al. 2010, 2013a) and retreat (Diaz 2016) are scarce in the current
literature.

Table 1.2 provides an overview of selected coastal exposure and vulnerability assessments
along with the data and methods used in each study. It is worth noting that all studies reviewed
in this section use global-scale data and scenario assumptions that potentially inhibit their
applicability at continental scales as they reflect regional characteristics to a limited degree.
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Table 1.2 Data and methods of selected coastal exposure and vulnerability assessments at continental to global scales (in
chronological order)

Study Scale of  Socio- Exposure variable(s) Modeling approach Vulnerability
analysis  economic (base data)” assessment
scenarios method
Hinkeletal. Global  SSPs Population (GRUMP, Homogenous growth; DDF™ for
2014 (DIVA) 1,235 LandScan); assets;
Assets GDP/capita * 2.8 hard protection
Neumannet  Global Foresight Population (GRUMP)  Correction factor -
al. 2015 scenarios coastal versus inland
(A-D)™
Brownetal. Global SSPs 1-5 Population (GRUMP)  Homogenous growth -
2018 (DIVA)
Merkens et Global SSPs 1-5 Population (GRUMP)  Comparison of -
al. 2018 (DIVA) homogenous growth,
urban versus rural
growth, Merkens et al.
2016, and Jones and
O’Neill 2016
Vafeidis et Global SSP2 Population Homogenous growth; DDF for assets
al. 2019 (DIVA) (GRUMP);
Assets GDP/capita * 2.8
Tiggeloven Global SSPs 1-5 Assets based on built-  Built-up land DDF for land
etal. 2020 up land (HYDE) and  projections based on use;
GDP/capita Winsemius et al. 2016 hard protection
(LandScan) and homogenous
growth of GDP/capita
Vousdoukas Europe  SSPs1,3,5  Assetsbased onland  Urban land use and DDF for land
etal. 2020a use (CORINE) and homogenous growth of  use;

GDP/capita (Batista e
Silva et al. 2013a)

GDP/capita based on
Jones and O’Neill 2016

hard protection

* GRUMP = Center for International Earth Science Information Network - Columbia University (CIESIN) et
al. 2011, LandScan = Bright et al. 2012, HYDE = Klein Goldewijk et al. 2010, CORINE = Batista e Silva et

al. 2013b

* DDF = Depth-Damage Function
™ Foresight 2011
DIVA = use of the Dynamic Interactive Vulnerability Assessment (DIVA) database (Vafeidis et al. 2008)

1.3 RESEARCH NEEDS AND THESIS OUTLINE

This section first establishes three key research needs that arise from the research gaps in the
current practice of continental-scale coastal risk assessments, as described in the preceding
sections. Second, it provides a short overview of how the remainder of the thesis is structured
and explains how the research needs are addressed in each following chapter.
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1.3.1 Research needs

The preceding sections have illustrated several research gaps in the current practice of
continental-scale coastal risk assessments. Previous research has primarily focused on using
and advancing different modeling approaches for characterizing coastal hazards in a spatially
explicit manner by exploring the uncertainty in future changes in coastal hazards under a range
of SLR scenarios (section 1.2.1). Research on the spatial representation of variables to
characterize exposure and vulnerability has been less extensive, in particular regarding the use
of socioeconomic scenarios (section 1.2.2). While the number of studies that account for the
uncertainty in future socioeconomic development has increased in recent years, most of these
studies use simplistic modeling approaches, e.g. assuming homogenous growth in population
and GDP per country, thereby neglecting internal migration processes (e.g. Jongman et al. 2012,
Hinkel et al. 2014, Brown et al. 2018, Vafeidis et al. 2019). Gradually, spatial modeling
approaches are being developed that account for internal migration processes such as inland-
coastal migration (e.g. Neumann et al. 2015, Merkens et al. 2016) and urban spraw! (Jones and
O’Neill 2016). Thus far, these modeling approaches have been applied to produce spatial
population projections at the global scale based on a broad set of scenario assumptions that do
not necessarily reflect regional differences at continental scale in a plausible manner.
Downscaling the above modeling approaches to the continental scale allows for capturing such
regional differences based on a refined set of scenario assumptions. Furthermore, previous
research has almost exclusively focused on the spatial distribution of population or population-
based variables such as GDP per capita to characterize exposure, although other variables such
infrastructure or cultural assets in potentially exposed locations are important additional drivers
of coastal risk, which are rarely accounted for in coastal risk assessments.

The imbalance in modeling practices in current coastal risk assessments summarized above
raises the need for advancing spatial data and modeling approaches of exposure and
vulnerability variables to facilitate the assessment of coastal risks in an integrated manner.
Therefore, this thesis addresses the following key research needs (RN):

RN1 To downscale global data and modeling approaches to the continental scale to
allow for capturing regional differences across the study area

RN2 To explore uncertainty in plausible future changes in socioeconomic development
in coastal locations, particularly focusing on spatial population modeling
approaches that account for important internal migration processes (i.e. inland-
coastal migration, urban sprawl)

RN3 To advance the spatial representation of exposure variables not commonly
analyzed in coastal risk assessments such as cultural assets

At least two of the three research needs are addressed in each of the following three chapters,
each of which has its own research objective. Chapters 2 and 4 have been published as original
research articles in peer-reviewed scientific journals and Chapter 3 is currently under peer
review. A short description of the objectives pursued in each chapter is provided in the next
section along with the research needs addressed per chapter/objective (in parentheses).
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1.3.2 Obijectives and thesis outline

The remainder of this thesis focuses on the Mediterranean region as a case study as it is
characterized by high population densities and urbanization levels in coastal locations due to a
small tidal range and steep topography in inland locations (UNEP/MAP 2017, MedECC 2020a).
Further, as several ancient civilizations have developed in the region, a high number of cultural
assets is located in coastal areas (Benoit and Comeau 2005, Cazenave 2014). The
Mediterranean is a socioeconomically diverse region with large differences between northern,
southern, and eastern parts of the region (UNEP/MAP 2016), which is reflected in e.g. varying
adaptation strategies and protection standards across the region (Scussolini et al. 2016). These
characteristics make the Mediterranean a suitable study region for addressing the above-stated
research needs, by pursuing the following three objectives:

Objective 1 To develop extended SSP narratives and spatial population projections that
account for regional characteristics and inland-coastal migration

In Chapter 2, the global SSPs are extended to the Mediterranean region by enhancing them with
elements that are important drivers of socioeconomic development in the region, with a specific
focus on coastal elements that drive coastal attractiveness for human settlement. The extended
SSP narratives differentiate two geographical regions, the northern versus the southern and
eastern Mediterranean. By interpreting the extended narratives, spatial population projections
are developed that explore the uncertainty of inland-coastal migration in each SSP and both
geographical regions, using and extending the modeling approach of Merkens et al. 2016. (RN1,
RN2)

Objective2 To develop spatial population projections that account for regional
characteristics, inland-coastal migration, and urban sprawl

Chapter 3 presents the development of a gravity-based population downscaling model for the
Mediterranean region that allows for exploring the uncertainty in inland-coastal migration as
well as urban sprawl. This work refines and advances the modeling approach of Jones and
O’Neill 2016. By interpreting the global SSP narratives as well as those developed in Chapter 2,
spatial population projections are produced for each SSP based on distinct model assumptions
in the two geographical regions. (RN1, RN2)

Objective 3 To develop a spatial database of cultural assets in low-lying coastal areas
and to employ this database to assess the risks of SLR-related coastal
flooding and erosion to these assets
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In Chapter 4, a database that includes spatial representations of cultural assets (i.e. UNESCO
World Heritage sites (WHS)) located in the Mediterranean LECZ is developed and applied in
a continental-scale coastal risk assessment. Based on four SLR scenarios until 2100, a flood
risk index and an erosion risk index are calculated for each WHS and time step, thereby
allowing for comparing the severity of both risks at different WHS. (RN1, RN3)

17






2 REGIONALIZED SHARED SOCIOECONOMIC
PATHWAYS:. NARRATIVES AND SPATIAL
POPULATION PROJECTIONS FOR THE
MEDITERRANEAN COASTAL ZONE

Existing narratives and population projections of the global-scale Shared Socioeconomic
Pathways (SSPs) do not capture regional differences in socioeconomic development in the
Mediterranean region. In this study, we regionalize the global SSPs to account for differences
in coastal population development between northern, eastern, and southern countries of the
region. First, we develop coastal SSP narratives that include region-specific elements and
differentiate between geographical regions. Based on these narratives, we derive coastal
population growth rates that vary for each SSP as well as between coastal, inland, rural, and
urban areas. We apply these growth assumptions to observed population growth patterns in a
spatially explicit manner. The Mediterranean coastal SSPs thereby reflect socioeconomic
development patterns across countries as well as coastal versus inland development within
countries. Our results show that coastal population in the Mediterranean increases across SSPs
2-5 by 3 to 130% until 2100 except for SSP1, where population declines by almost 20%
compared to 2010. We observe considerable differences between geographical regions and
countries. In the Mediterranean north, coastal population declines in SSP1, SSP3, and SSP4
and experiences the highest increase of more than 100% in SSP5. In southern and eastern
Mediterranean countries, the highest increase in coastal population takes place in SSP3 and
amounts to almost 180% by 2100. The regionalized SSP narratives and population projections
are intended for assessing future exposure, vulnerability, and impacts of population to coastal
hazards and sea-level rise but can also be of use for a wider range of Impact, Adaptation, and
Vulnerability (IAV) studies.

This chapter is published as®:

Reimann, L., Merkens, J.-L., Vafeidis, A.T., 2018. Regionalized Shared Socioeconomic
Pathways: narratives and spatial population projections for the Mediterranean coastal zone.
Regional Environmental Change 18, 235-245. DOI: 10.1007/s10113-017-1189-2.

3 Please note: For consistency throughout the thesis, the term ‘regional’” has been changed to ‘continental’ in two
instances when we refer to the scale of analysis.
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PROJECTIONS FOR THE MEDITERRANEAN COASTAL ZONE

2.1 INTRODUCTION

The Shared Socioeconomic Pathways (SSPs) constitute one component of the current climate
change scenario framework which has been developed by the climate change research
community in recent years (Ebi et al. 2014, O’Neill et al. 2014, Riahi et al. 2017). As climate
change impacts are determined by prevailing socioeconomic conditions, the research
community called for a new framework which would be more useful for Impact, Adaptation,
and Vulnerability (IAV) research to replace the IPCC’s Special Report on Emission Scenarios
(SRES) (Moss et al. 2010, Hallegatte et al. 2011, Kriegler et al. 2012).

Five basic SSPs have been developed to cover possible challenges for climate change mitigation
and adaptation. The SSPs “describe plausible alternative trends in the evolution of society and
natural systems over the 21% century at the level of the world and large world regions” (O’Neill
etal. 2014, p 389). Each SSP consists of two dimensions: a qualitative narrative, which explores
future socioeconomic developments in form of a storyline (O’Neill et al. 2017), and a
quantitative dimension, which quantifies key elements of the narratives in projections for the
five SSPs until 2100 (see KC and Lutz 2017 for population projections, Jiang and O’Neill 2017
for urbanization projections, and Crespo Cuaresma 2017, Dellink et al. 2017, and Leimbach et
al. 2017 for GDP projections). Combining SSPs with Representative Concentration Pathways
(RCPs) (van Vuuren et al. 2011a) and Shared Policy Assumptions (SPAs) (Kriegler et al. 2014),
which are two further components of the scenario framework, a number of integrated climate
scenarios can be developed.

As the basic SSPs have been designed for global-scale assessments, the scenario assumptions
reflect developments on regional to local scale to a limited degree (Absar and Preston 2015). If
regional or local processes deviate from those assumed at global scales, the use of the basic
SSPs in 1AV assessments could yield misleading results at regional to local scale. Therefore,
decision makers may pursue measures (e.g., adaptation strategies, policies) which do not fit to
the characteristics of their area of interest. For this reason, the IAV research community has
called for regional and spatially explicit extensions of the basic SSPs depending on the
application at hand (van Ruijven et al. 2014). Recent studies have addressed this call with either
regional extensions (Absar and Preston 2015, Schweizer and Kurniawan 2016) or spatially
explicit extensions (Merkens et al. 2016, Jones and O’Neill 2016) but not both.

We address this gap by (1) extending the basic SSPs to the Mediterranean region, specifically
focusing on its coastal zone, and (2) developing gridded population projections. We choose the
Mediterranean as it is a socioeconomically diverse region and global scenario assumptions
would not necessarily reflect regional differences. Further, the Mediterranean region has
experienced rapid socioeconomic growth in recent decades, especially in coastal locations
where industry and services (e.g., tourism, ports, fisheries, infrastructure) are concentrated
(Benoit and Comeau 2005, European Environment Agency (EEA) 2006, 2014, Piante and Ody
2015). A large share of the Mediterranean population lives in the coastal zone, being exposed
to potential hazards such as coastal flooding, salt water intrusion, water scarcity, and land
subsidence (Benoit and Comeau 2005, Blue Plan 2008, European Environment Agency (EEA)
2014). In the course of the century, coastal hazards are expected to exacerbate due to climate
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change (European Environment Agency (EEA) 2014, Wong et al. 2014). Depending on the
adaptive capacity and vulnerability of exposed population and assets, impacts will vary
regionally (Hallegatte et al. 2013, Wong et al. 2014, Satta et al. 2015). The aim of this study is
to develop Mediterranean coastal SSPs which yield plausible results in continental-scale IAV
assessments and which can serve as a decision tool for policy makers and stakeholders. We
specifically focus on possible futures of population development in coastal areas to span the
range of uncertainty in future coastal population change and do not quantify other elements such
as GDP, urbanization, or land use.

We follow a two-step process. First, we develop Mediterranean coastal SSP narratives by
combining characteristics of the basic SSPs with coastal elements and region-specific elements
that influence socioeconomic development in the coastal zone. We further differentiate between
geographical regions based on the current state of socioeconomic development. In a second
step, we quantify our narratives to develop gridded population projections for all Mediterranean
countries. These projections reflect, in line with the narratives, regional differences across
countries as well as differences in coastal versus inland population growth for rural and urban
areas in each country. In section 2.2, the methods employed to develop the narratives and the
population projections are explained, followed by a description of the results in section 2.3.
Section 2.4 discusses the benefits of this work for IAV assessments in the Mediterranean and
compares our results to previous work.

2.2 MATERIAL AND METHODS
2.2.1 Narrative development

We develop Mediterranean coastal SSP narratives using a qualitative approach. The basic SSP
narratives by O’Neill et al. 2017 are the starting point of our Mediterranean coastal SSP
narratives. To ensure consistency with the basic SSPs and to guarantee comparability between
different spatial scales, we choose a top-down nesting approach. In this approach, the basic
SSPs serve as boundary conditions for our regionalized narratives but are enhanced with further
socioeconomic context on regional and subnational (i.e., coastal) scale (Absar and Preston
2015). We strive to maintain consistency with global developments as local and regional
processes are embedded in global-scale processes and do not take place independently from
these (van Vuuren et al. 2010, van Ruijven et al. 2014, Kok et al. 2015, Birkmann et al. 2015).

Mediterranean coastal SSP elements

To enhance the basic SSPs with coast-specific context, we employ the global-scale coastal SSP
narratives along with the SSP names developed by Merkens et al. 2016. They established coastal
SSP elements which promote or restrict human settlement in the coastal zone. These elements
are shipping, fisheries, coastal tourism, lifestyle migration, and coastal zone management. To
develop assumptions regarding the characteristics of each coastal SSP element, Merkens et al.
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2016 interpreted a number of basic SSP elements by O’Neill et al. 2017, such as urbanization,
economic growth, inequality, international trade, globalization, consumption and diet,
international cooperation, and technology.

We adopt the elements of Merkens et al. 2016 as well as those of O’Neill et al. 2017 and enhance
them by Mediterranean-specific elements which constitute additional important driving factors
of coastal socioeconomic development. We establish these region-specific elements based on
the available literature. In a first step, we use the Web of Science™ database and combine the
search terms “Mediterranean”, “socioeconomic development”, and “coastal” to find peer-
reviewed literature for the entire region. As the combination of all three terms results in only 25
publications, we further use a combination of the two terms “Mediterranean” and
“socioeconomic development” (120 publications). In a next step, we use terms related to
anticipated factors of coastal migration in the region, such as “water use”, “tourism”, and
“fisheries” in combination with “Mediterranean”. Additionally, we extend our search to book
chapters and reports published by organizations such as Plan Bleu, the European Environment
Agency (EEA), and the World Bank. We select the elements water demand (Neverre and Dumas
2015, Koutroulis et al. 2016), land subsidence (Hanson et al. 2011, Hallegatte et al. 2013),
second home ownership (World Economic Forum (WEF) 2011), overfishing (European
Environment Agency (EEA) 2006, Food and Agriculture Organization of the United Nations
(FAO) 2014), energy demand (Benoit and Comeau 2005), migration (Kok et al. 2006), and
agriculture (Kok et al. 2006, Blue Plan 2008) as these have been studied in detail and are
mentioned to be of particular importance for the socioeconomic development of the
Mediterranean coastal zone (see APPENDIX A, SM2.1) for an overview of all elements included).
As our study focuses on the Mediterranean region, we do not consider the coastal areas of the
Atlantic Ocean, Black Sea, or Red Sea.

Geographical regions

We differentiate between geographical groups based on the current state of socioeconomic
development. Therefore, we analyze freely available data of indicators which represent our SSP
elements (Garschagen and Romero-Lankao 2015; SM2.2). As a further determining factor, we
use the countries” membership in international organizations since all member countries are
bound to policies imposed by these organizations (Benoit and Comeau 2005). Due to a lack of
region-wide data coverage, it is not possible to determine the current state of socioeconomic
development for every country in a consistent manner. Therefore and due to the fact that long-
term scenarios are connected to high uncertainties, we decide to distinguish between two
geographical regions with large differences in socioeconomic development in our narratives:
the northern Mediterranean, including all countries which are members of the European Union
(Spain, France, Italy, Slovenia, Croatia, Greece, Cyprus, Malta), and the southern and eastern
Mediterranean, including the Maghreb countries (Libya, Tunisia, Algeria, Morocco), the
countries of the Middle East (Syria, Lebanon, Israel, Palestine, Egypt), and the (potential)
candidate countries of the EU (Bosnia and Herzegovina, Montenegro, Albania, Turkey). This
approach has been used in previous work (Benoit and Comeau 2005, Blue Plan 2008, World
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Economic Forum (WEF) 2011) and is in line with the generic nature of SSP narratives, which
provide broad descriptions of future developments (O’Neill et al. 2017).

Scenario assumptions

In a next step, we develop general assumptions for our Mediterranean coastal SSP elements,
which provide the basis for the narratives. Therefore, we adopt the assumptions of Merkens et
al. 2016 and extend them by the region-specific literature used for establishing the
Mediterranean elements, as well as scenario literature of other regionalized scenarios (Kok et
al. 2006, World Economic Forum (WEF) 2011, Kok et al. 2015) and coastal scenarios (Nicholls
et al. 2008b, Foresight 2011). In case the available literature does not provide enough support
for the assumptions, we additionally make use of expert judgment. An overview of the scenario
assumptions along with the literature used can be found in SM2.3.

We use the current state of socioeconomic development (see above, SM2.2) as a starting point
for each of the five SSP narratives, since future socioeconomic development is determined by
historical development (Absar and Preston 2015, Merkens et al. 2016). Based on this current
state, we adjust the general assumptions (SM2.3) to each of the five SSPs, differentiating
between the two geographical regions. In our narratives, we refrain from using a specific coastal
zone definition as it depends on the aim of the projection and, therefore, should be specified in
the quantification of the narratives.

2.2.2 Gridded population projections

For the gridded population projections, we quantify the developed narratives following the
methodology employed in Merkens et al. 2016. Based on the assumption that future population
patterns in coastal areas are determined by historical growth patterns, we employ the observed
growth difference to account for different growth rates both within and across countries (see
SM2.4 for projection equations).

To do so, we first divide each country into four zones: coastal urban (CU), coastal rural (CR),
inland urban (1U), and inland rural (IR). The country boundaries are defined by the Global
Administrative Areas dataset version 2.8 (Global administrative areas (GADM) 2015). To
distinguish between urban and rural areas, we use the Global Rural-Urban Mapping Project’s
(GRUMP) urban extents grid (Center for International Earth Science Information Network -
Columbia University (CIESIN) et al. 2011), which has been used in a number of previous
studies (McGranahan et al. 2007, Balk et al. 2009, Jones and O’Neill 2016). We differentiate
between coastal and inland locations based on a hybrid coastal zone definition, which combines
an elevation-based approach using the Shuttle Radar Topography Mission (SRTM) digital
elevation model (DEM) version 4.1 with a spatial resolution of 3 arcsec (approximately 90 m
at the equator) (Jarvis et al. 2008, Farr et al. 2007) with a coastline buffer. Commonly used
approaches based exclusively on an elevation threshold, such as the Low Elevation Coastal

23



REGIONALIZED SHARED SOCIOECONOMIC PATHWAYS: NARRATIVES AND SPATIAL POPULATION
PROJECTIONS FOR THE MEDITERRANEAN COASTAL ZONE

Zone (LECZ) that includes all land up to 10 m in elevation with hydrological connection to the
sea, would not sufficiently reflect the Mediterranean coastal zone from a socioeconomic
perspective as factors of coastal migration (e.g., shipping, second home ownership) expand
beyond the LECZ in this region. Therefore, we extend the definition by employing a coastline
buffer that we apply to the global, self-consistent, hierarchical, high-resolution geography
database (GSHHG) coastline version 2.3.6 (Wessel and Smith 1996). Buffers of different
extents have been used before to define coastal areas (Small and Nicholls 2003, Nicholls et al.
2008b); a buffer of 20 km has proved most suitable for our analysis as it covers the extent of
large coastal cities (Kummu et al. 2016). Using this hybrid definition, we distribute coastal
population in a wider coastal zone, thus avoiding possible overestimation of the population
exposed to coastal hazards.

Second, we determine growth rates for each zone and country based on past population
development, employing the UN-adjusted population count grids of the Gridded Population of
the World (GPWv4) dataset from 2000, 2005, and 2010. GPWV4 is currently the latest gridded
population dataset that covers the whole Mediterranean. Its spatial resolution is 30 arcsec
(Center for International Earth Science Information Network - CIESIN - Columbia University
2017). Based on the established growth rates, we calculate the observed urban and rural growth
differences of each country. The growth difference does not reflect whether the total population
grows or declines; a positive/negative growth difference indicates higher/lower population
growth in coastal areas compared to inland areas whereas a growth difference of 0 shows no
difference in population growth between coastal and inland locations. To differentiate between
geographical regions and SSPs, we modify the observed growth differences by using
modification factors that we select from the range of the observed growth differences. For this
purpose, we interpret the narratives (1) to determine whether the modification factor of each
SSP and geographical region is positive or negative and (2) to establish distinct modification
factors per zone (urban/rural), geographical region, and SSP (see also section 2.3.1). This
approach is in accordance with previous scenario literature (Nicholls 2004, Nicholls et al.
2008b, Neumann et al. 2015, KC and Lutz 2017, Jiang and O’Neill 2017) and leads to the
adjusted urban and rural growth differences for each geographical region and SSP shown in
Table 2.1.

Next, we employ the national-level urbanization (Jiang and O’Neill 2017) and population
projections (KC and Lutz 2017) of the basic SSPs available in the SSP database (International
Institute for Applied Systems Analysis (IIASA) 2016). Based on these projections, we split the
total national population into urban and rural population for each SSP and projection year. To
differentiate between coastal and inland population, we apply the adjusted growth differences
to the urban and rural population totals. Based on the total population in each zone (CU, CR,
Ul, IR), we calculate the growth rate of each zone and apply it to the GPWv4 dataset in 5-year
steps from 2010 to 2100 (see SM2.4 for equations). This way, we ensure both consistency with
the global projections and spatial explicitness.
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2.3 RESULTS
2.3.1 Mediterranean coastal SSP narratives

Each narrative presents a storyline of socioeconomic development in the Mediterranean region
as well as its coastal zone for each SSP and differentiates between the two geographical regions,
namely the northern Mediterranean and the southern and eastern Mediterranean. It further
describes the implications of these developments for population growth in the coastal zone, in
rural and urban locations. The characteristics of each coastal SSP element as described in the
narratives are shown in Table 2.1 along with the modification factors used for the urban (GDV)
and rural (GDR) growth differences. The following section provides excerpts of the narratives,
reflecting the reasoning for future coastal population growth in each SSP. The full narrative can
be found in SM2.5.

SSP1 — Green Coast

As this pathway focuses on sustainable development, coastal population growth decreases
compared to inland locations in the whole Mediterranean. Coastal ecosystem protection and
decreasing importance of fisheries lead to declining population growth in coastal rural areas.
Restrictive policies inhibit migration to coastal urban areas. Nevertheless, due to the importance
of shipping and inertia of urban infrastructure, coastal urban population growth is marginally
lower than in inland locations. These growth trends in rural and urban areas are more
pronounced in the northern Mediterranean as compared to the southern and eastern parts of the
region as socioeconomic development of the countries converges gradually in the course of the
century. Therefore, we reduce the observed rural growth difference by 3% in the north and by
1% in the south and east and the urban growth difference by 2 and 1%, respectively.

SSP2 — No Wind of Change

This pathway is characterized by continuing historical patterns. Therefore, population growth
patterns in the coastal zone continue like before as well. In coastal rural areas of the
Mediterranean north, population growth is mainly driven by tourism and second home
ownership. In the south and east, population growth in coastal rural locations is higher due to
the continuing importance of small-scale fisheries. Regarding coastal urban areas of the north,
population growth is primarily determined by the importance of shipping and tourism.
Compared to this, coastal urban areas of southern and eastern countries experience lower
population growth, as their participation in international trade and tourism activities is limited.
Consequently, we use the observed urban and rural growth differences without modifying them.
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Table 2.1 Characteristics of each Mediterranean coastal SSP element in each SSP and geographical region, with the modification factors of rural (GDR) and urban (GDV) growth differences

Mediterranean coastal SSP SSP1 SSP2 SSP3 SSP4 SSP5
element Green Coast No Wind of Change Troubled Waters Fragmented Coast Coast Rush
South and South and South and South and South and
Geographical region North east North east North east North east North east
- 7 ] ! . ! 1 - 1 ’
Shipping
l N 1 1 ’ 1 1 1 - -
Fisheries Large-scale | Small-scale Small-scale, subsistence Mostly Mostly Large-scale
large-scale small-scale
S S 1 7 f f f 1 1 1
Overfishing
- ’ f - N ! ! ’ 1 7
Coastal tourism Sustainable, low-impact, no No international tourism High for elites, low for Mass tourism
mass tourism remaining population
. ! ! 1 - N l 1 7 1 7
LlfeStyle./ Second home High for elites, low for
ownership remaining population
1 ’ - ! N ! toT 1 7
Coastal zone management Efficient, towards Moderate weak weak Towards elite’s benefit; little | Efficient, towards economic
sustainability efficiency interest in sustainability growth
S S - 1 1 1 1 1 1 1
Water demand
_ N S 1 1 1 1 N 1 - -
Subsidence Highly managed for elite Highly engineered solutions
Modification GDR - 3% -1% + 0% + 0% +0.5% + 1% + 1% + 2% + 2% + 3%
Modification GDY - 2% -1% +0% +0% - 1% -0.5% +1% + 2% + 3% + 4%
1 high, | low, — moderate, / increase, \ decrease
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SSP3 — Troubled Waters

This pathway is characterized by regional rivalry, which decreases coastal attractiveness for
human settlement. As living standards decrease, this pathway is characterized by little mobility
of the population and thus little coastal migration. In coastal rural locations, population grows
due to increasing importance of fisheries despite the fact that coastal waters are overfished to
large extents. Coastal urban areas lose their attractiveness compared to inland cities due to
declining shipping and tourism. Therefore, population growth in coastal urban locations is
almost exclusively driven by natural growth and does not differ from inland areas. These
population growth patterns are less pronounced in the south and east than in northern countries.
In the south and east, coastal rural locations experience higher growth and coastal cities do not
lose their advantage over inland cities as severely. The reason for this is the presently higher
importance of fisheries and lower importance of shipping and tourism in southern and eastern
countries. Especially in the south and east, the population is forced to move closer to the coast
as desertification advances. To account for these growth patterns, we modify the rural growth
difference by +0.5% in northern countries and +1% in southern and eastern countries and the
urban growth difference by -1 and -0.5%, respectively.

SSP4 — Fragmented Coast

This pathway is characterized by high inequalities across and within countries, with a wealthy
elite which comprises a small share of the population and a poorer population group which
makes up the rest of the population. Coastal population growth increases compared to inland
population growth in the whole region. Among the elite, coastal population growth in rural areas
is mostly driven by tourism and ownership of second homes and by small-scale subsistence
fisheries among other population groups. Urban areas experience high population growth since
they are regarded as economic engines. Coastal growth is higher in the south and east compared
to the north because coastal population growth is mainly driven by poorer population groups.
Further, in countries affected by advancing desertification, people are forced to move closer to
the coast. Due to these developments, we increase the rural and urban growth differences by
1% in the north and by 2% in the south and east.

SSP5 — Coast Rush

In this highly globalized world, the coastal zone is extremely attractive, leading to higher
population growth in the coastal zone compared to inland locations in all Mediterranean
countries. In coastal rural areas, tourism and second homes are the main drivers of population
growth. Population in coastal urban areas increases since economic activity is concentrated in
these locations. Due to high urbanization rates and urban sprawl, many rural areas are urbanized.
These growth trends are more pronounced in the Mediterranean south and east than in the north
because of catch-up effects. Therefore, we increase the observed rural growth difference by 2%
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in northern countries and by 3% in the south and east and the urban growth difference by 3 and
4%.

2.3.2 Mediterranean population projections

The population grids produced (Figure 2.1) have a spatial resolution of 30 arcsec (~1 km at the
equator) and are available in 5-year increments from 2015 to 2100 for each SSP. The data are
publicly available at https://doi.org/10.6084/m9.figshare.4187295.v1. In the following section,

we present the results of the coastal population patterns under each SSP. To allow for
comparison with previous studies, we have calculated these numbers for the Mediterranean
LECZ.
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Figure 2.1 Selected population grids. Population per grid cell for the base year 2010 and each SSP in 2100. Pixel size = 30
arcsec

The absolute LECZ population in the whole Mediterranean ranges from 34.1 (SSP1) to 96.2
million (SSP3) in 2100, which corresponds to a decline of approximately 18% in SSP1 and a
growth of over 130% in SSP3 compared to 2010 (see SM2.6). The share of the coastal
population increases in four SSPs from 8.9% in 2010 to up to 13.3% (SSP3) in 2100 but declines
in SSP1 to 7.0%. In total, coastal population growth in the Mediterranean is higher than inland
population growth in all SSPs apart from SSP1.

To illustrate regional differences, Figure 2.2 presents the LECZ population for four country
groups: EU member states, EU candidate countries, the Middle East, and the Maghreb (see
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section 2.2.1).# The highest population number in the Mediterranean LECZ is found in the
Middle East across all SSPs (Figure 2.2a). This is due to the densely populated Nile Delta and
amounts to a maximum of 78.7 million in SSP3; the lowest LECZ population lives in EU
candidate countries. Compared to the base year 2010, EU member states experience an increase
in LECZ population across SSP2 and SSP5 only and the coastal population ranges from 5.1
million (SSP3) to 17.5 million (SSP5). In EU candidate countries, coastal population increases
in all SSPs, aside from SSP1. In 2100, the LECZ population ranges from 1.8 million in SSP1
to 5.5 million in SSP3. Countries of the Middle East experience coastal population growth in
SSP2, SSP3, and SSP5. The LECZ population ranges from 20.9 million (SSP1) to 78.7 million
(SSP3). Different to the other groups, coastal population increases across all SSPs in the
Maghreb region and ranges from 4 million (SSP1) to 6.9 million (SSP3).

_E 80 EU members
§ 70 3l Numbllar EU candidates
60 E W Middle East
50 i H Maghreb
40
30 :
0 - | | 0 I [ | [ |
2010 SSP1 SSP2 SSP3 SSP4 SSP5
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Figure 2.2 LECZ population for each country group and each SSP in 2100 in
comparison to the base year 2010. a) Number gives the total population count, b)
Growth represents the growth of the LECZ population relative to the base year
2010

LECZ population growth relative to the base year 2010 in each country group is mostly positive
but decreases in SSP1 in all countries aside from the Maghreb region (Figure 2.2b). Until 2100,
EU member states experience the highest increase of 106% in SSP5 and the highest decrease of
over 40% in SSP3. EU candidate countries undergo the highest increase in SSP3 (112%) and
the LECZ population declines by about 29% in SSP1. Similarly, in the Middle East, the highest

4 See SM2.7 for the LECZ population per country.
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growth occurs in SSP3, in which the LECZ population increases by over 180%, and the
population decreases by approximately 25% in SSP1. In Maghreb countries, coastal population
growth amounts to a minimum of 51% in SSP1 to a maximum of 160% in SSP3.

2.4 DISCUSSION

Our regionalized coastal SSPs can be used for IAV assessments in the Mediterranean, as they
reflect regional differences in socioeconomic development in a plausible manner. Areas with
high exposure to coastal hazards can be identified under different SSPs to inform adaptation
planning and to raise awareness among decision makers, stakeholders, and the public regarding
these locations. Individual SSPs can be compared with each other to determine the most
desirable pathway and to introduce policies accordingly as to pursue this pathway (Ozkaynak
and Rodriguez-Labajos 2010, Birkmann et al. 2015). When doing so, challenges for mitigation
and adaptation within the global SSP framework need to be incorporated.

Our narratives describe plausible pathways of socioeconomic development in the
Mediterranean region and its coastal zone. Based on the developments described in each SSP
narrative, SSP1 (Green Coast) could be seen as the most desirable pathway as it strives for
sustainability and directs migration away from the coast. However, the projected population
potentially exposed to coastal hazards can differ considerably across countries and SSPs (Figure
2.2a). In EU countries, exposure is highest in SSP5, lowest in SSP3, and only second lowest in
SSP1. This is different in the other three country groups, where exposure is highest in SSP3 and
lowest in SSP1. One reason for this lies in the fact that our results reflect the underlying
demographic assumptions of the input data (KC and Lutz 2017, Jiang and O’Neill 2017).
Therefore, exposure is highest in SSP3 in most countries, even though the coast is more
attractive in SSP4 and SSP5. This is not the case in EU member states where demographic
change leads to declining population in SSP3 and high international migration into the EU
results in high population growth in SSP5.

Impacts of coastal hazards do not only depend on exposure but also on the adaptive capacity of
the population. In the Mediterranean south and east, exposure is highest under SSP3, which is
characterized by high adaptation challenges due to low living standards, weak policies and
institutions, and highly dispersed settlements. Low adaptive capacity combined with high
coastal population may result in high impacts in case of a coastal hazard. In the Mediterranean
north, exposure is highest under SSP5, but due to high urbanization, high living standards, and
effective policies and institutions, the adaptive capacity is also high. For example, technical
solutions and efficient policies and institutions are expected to reduce the number of people
flooded by extreme flood events. On the other hand, residual risk is high and in case adaptation
measures fail during a flood event, damages in the Mediterranean north will be extremely high
in SSP5 due to the concentration of population and assets in the coastal zone.
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We compare our population projections with the spatial SSPs of Jones and O’Neill 2016 and
the coastal SSPs of Merkens et al. 2016. All three population projections compare well in the
Mediterranean but also show marked differences (Figure 2.3). In the global-scale approaches of
Jones and O’Neill 2016 and Merkens et al. 2016, the Mediterranean LECZ population ranges
from around 40 million in SSP4 to over 100 million in SSP3, whereas in our approach, it ranges
from 34 million in SSP1 to 96 million in SSP3. The range of LECZ population is almost
identical in all three approaches, but the pathway with the lowest coastal population differs
(SSP4 versus SSP1). This discrepancy reflects our coastal assumptions which expect coastal
population growth to be restricted in SSP1 and favored in SSP4.

Jones & O'Neill (2016)
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= Merkens et al. (2016)
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Figure 2.3 Mediterranean LECZ population in 2100 in Jones and O’Neill
2016 and Merkens et al. 2016 compared to our regionalized SSPs

The Mediterranean LECZ population of our regionalized SSPs is lower in SSP1 and SSP3 and
higher in SSP4 and SSP5 compared to both global-scale approaches. This corresponds to a
relative difference ranging from —21% (SSP1) to +33% (SSP5) in comparison to (Jones and
O’Neill 2016). These large differences reflect that (Jones and O’Neill 2016) do not specifically
account for coastal development in their projections. Compared to the projections of Merkens
etal. 2016, the LECZ population of our approach is between 15% lower (SSP1) and 14% higher
(SSP5). This is due to the fact that although Merkens et al. 2016 implement coastal assumptions,
we use higher modification factors of the observed growth differences to account for the
characteristics of the region (see Table 2.1). In this way, we aim to account for a larger range
of plausible coastal population development.

Our study exhibits the following limitations. In the process of developing regionalized
narratives, it proved difficult to find appropriate coastal migration factors, particularly regarding
rural migration. In order to develop more robust migration factors, a questionnaire survey or a
participatory approach (i.e., involving stakeholders) may be useful, which would lead to higher
SSP acceptance among stakeholders (Kok et al. 2006, Nicholls et al. 2008b, Absar and Preston
2015, Kok et al. 2015). Further, we only differentiate between two geographical regions. We
use stylized assumptions, which may not apply to all countries of the geographical region and,
therefore, should be revised for smaller-scale studies. Further, due to a lack of gridded
population data with high temporal coverage, our projections rely on a short observation period
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of 10 years that does not necessarily reflect long-term population development in the coastal
zone. Additionally, we do not model the effects of urban sprawl on population distribution,
which could lead to underestimation of urban areas in scenarios with considerable urban sprawl
such as SSP5 (O’Neill et al. 2017). When using our population projections for other
applications, their coastal focus should be kept in mind. We have modeled the coastal population
living along the Mediterranean Sea only, excluding the coastal areas of the Atlantic Ocean,
Black Sea, and Red Sea.

It is important to note that the developed SSPs do not predict what will happen by 2100 but
provide plausible pathways for society to develop in course of the century. Future developments
may deviate from the ones described in our SSPs and other extensions of the basic SSPs might
come to different results. Despite the fact that our SSPs have specifically been developed for
coastal IAV applications in a climate change context, they can also serve as boundary conditions
for other utilizations due to their generic nature. The SSP framework generally assumes
socioeconomic development to take place independently from climate change. This assumption
is debatable (Absar and Preston 2015, Jones and O’Neill 2016) as coastal migration patterns in
the Mediterranean will change once climate change impacts like sea-level rise and more
frequent flooding become increasingly noticeable (European Environment Agency (EEA)
2014).

2.5 CONCLUSION

This study advances previous research and meets the research community’s call for extensions
of the basic SSPs in two ways, (1) by regionalizing them to the Mediterranean coastal zone and
(2) by producing gridded population projections for the region. Our SSP narratives are
consistent with the global-scale SSPs and reflect distinct socioeconomic developments in
northern, southern, and eastern Mediterranean countries as well as in coastal versus inland
locations, based on additional region-specific elements. We interpret these narratives to develop
a set of gridded population projections for the five SSPs. Our Mediterranean coastal SSPs span
the range of population growth (SSPs 2-5) and decline (SSP1) in the Mediterranean region and
its coastal zone. They compare well to the global coastal SSPs of Merkens et al. 2016 but also
show regional differences, therefore qualifying for continental-scale 1AV assessments. The
developed SSPs are particularly suitable for analysis of population exposure to sea-level rise
and other coastal hazards. Thereby, locations with high exposure can be identified in order to
draw the attention of decision makers towards these areas. Accordingly, adaptation strategies
can be developed to reduce exposure.

Future work can adopt and further extend the Mediterranean coastal SSPs for national to local
assessments. This would allow for using more location-specific variables and participatory
approaches such as stakeholder workshops in order to reflect local developments. Absar and
Preston 2015 suggest analyzing a number of case studies for this exercise. To be able to not
only assess exposure but also vulnerability and risk, future work could additionally enhance the
developed population projections by implementing socioeconomic variables like GDP and age.
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In addition, it might be of interest to develop spatial population projections that account for
possible rates of future sea-level rise and the influence on coastal population patterns. We
encourage other researchers and decision makers to utilize the developed narratives and
population projections for other applications related to IAV research.
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3 ACCOUNTING FOR INTERNAL MIGRATION IN
SPATIAL POPULATION PROJECTIONS — A
GRAVITY-BASED MODELING APPROACH USING
THE SHARED SOCIOECONOMIC PATHWAYS

Gridded population projections are important for climate change Impacts, Adaptation, and
Vulnerability (IAV) assessments as they allow for exploring how future changes in the spatial
distribution of population drive climate change impacts. We develop such spatial population
projections, using a gravity-based modeling approach that, for the first time, accounts for
rural-urban and inland-coastal migration as well as for spatial development patterns (i.e. urban
sprawl). We calibrate the model to the socioeconomically diverse Mediterranean region,
additionally considering differences in socioeconomic development in two geographical
regions: the northern Mediterranean and the southern and eastern Mediterranean. We produce
high-resolution population projections (approximately 1km) for 2020-2100 that are consistent
with the Shared Socioeconomic Pathways (SSPs), both in terms of qualitative narrative
assumptions as well as national-level projections. We find that future spatial population
patterns differ considerably under all SSPs, with four to eight times higher urban population
densities and three to 16 times higher coastal populations in southern and eastern
Mediterranean countries compared to northern Mediterranean countries in 2100. In the South
and East, the highest urban density (8,000 people/km?) and coastal population (107 million)
are projected under SSP3, while in the North, the highest urban density (1,500 people/km?) is
projected under SSP1 and the highest coastal population (15.2 million) under SSP5. As these
projections account for internal migration processes and spatial development patterns, they
can provide new insights in a wide range of IAV assessments. Furthermore, the modeling
approach can be extended to other continental or global scales due to its modest data
requirements based on freely available global datasets.

This chapter is currently under review as:

Reimann, L., Jones, B., Nikoletopoulos, T., Vafeidis, A.T. under review. Accounting for
internal migration in spatial population projections — A gravity-based modeling approach
using the Shared Socioeconomic Pathways. Submitted to Environmental Research Letters.
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3.1 INTRODUCTION

The future impacts of climate change will be driven by physical changes in climatic conditions
as well as by changes in socioeconomic development (Field et al. 2014). Recent studies found
that socioeconomic development can be the dominant factor in driving impacts, in particular in
the first half of the 21 century when climatic changes still take place at a slower pace (Rohat
et al. 2019c, Marsha et al. 2018) and in regions with rapid population growth (Rohat et al.
2019a, Jones et al. 2018, Brown et al. 2018, Monaghan et al. 2018). To assess future impacts
in a comprehensive manner, it is therefore important to explore the range of uncertainty
regarding changes in socioeconomic conditions in locations that are exposed to climate hazards
(Moss et al. 2010, Ebi et al. 2014).

The current state-of-the-art socioeconomic scenarios in climate change research, the Shared
Socioeconomic Pathways (SSPs), provide a suitable basis for exploring this uncertainty
(O’Neill et al. 2014, O'Neill et al. 2020). Five global-scale SSPs describe plausible alternative
trends in socioeconomic development in the course of the 21st century based on societal
challenges to climate change mitigation and adaptation. Each SSP has an underlying narrative
that describes the socioeconomic developments of the SSP in qualitative terms (O’Neill et al.
2017; APPENDIX B, SM3.1); furthermore, the narratives have been quantified to produce
national-level projections of key variables in Impacts, Adaptation, and Vulnerability (IAV)
research (van Ruijven et al. 2014) such as population (KC and Lutz 2017), urbanization (Jiang
and O’Neill 2017), and GDP (Leimbach et al. 2017, Dellink et al. 2017, Crespo Cuaresma
2017).

However, national-level projections can be applied in AV research to a limited degree as these
assessments require spatially downscaled projections of key variables (van Ruijven et al. 2014,
van Vuuren et al. 2010), with population being one of the most-used indicators for
characterizing future impacts, for instance with regard to heat stress (Jones et al. 2015, Rohat
et al. 2019a), water scarcity (Chen et al. 2017, Veldkamp et al. 2016, Hanasaki et al. 2013),
river flooding (Jongman et al. 2015, Winsemius et al. 2016), and coastal flooding (Hinkel et al.
2014, Neumann et al. 2015, Tiggeloven et al. 2020). A number of previous studies have
spatially downscaled population projections to the grid cell level, using the national-level SSP
projections as boundary conditions, for example at global scale (Jones and O’Neill 2016,
Murakami and Yamagata 2019), with a focus on coastal population growth (Merkens et al.
2016); at continental scale, for Africa (Boke-Olén et al. 2017), Europe (Llckenkdtter et al.
2017, based on Batista e Silva et al. 2016), and the Mediterranean region (Reimann et al.
2018a); and at national scale, for the US (Zoraghein and O’Neill 2020a, Zoraghein and O'Neill
2020b) and China (Chen et al. 2020c).

Besides their different regional contexts, these gridded population projections differ in terms of
spatial resolution, input data, and modeling approaches used. The spatial resolution of the
projections ranges from 100m (Chen et al. 2020c) to 0.5° (Murakami and Yamagata 2019),
depending on the complexity of the modeling approach, the intended application of the
projections, and the regional focus of the study. Modeling approaches range from simple
rescaling techniques (Llckenkotter et al. 2017) to more data-intensive approaches using
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distance measures from existing settlements, roads, and other infrastructure as modeling
variables (Boke-Olén et al. 2017, Murakami and Yamagata 2019, Chen et al. 2020c). The
approach of Merkens et al. 2016 (also used in Reimann et al. 2018a) employs a rescaling
technique that differentiates population development in coastal versus inland locations.
However, it does not include spatial changes in settlement patterns (i.e. urban sprawl), which
are accounted for in the gravity-based approach used by Jones and O’Neill 2016 (also used in
Zoraghein and O’Neill 2020a, Zoraghein and O'Neill 2020b). The approaches of Merkens et al.
2016 and Jones and O’Neill 2016 have modest data requirements, primarily relying on spatial
population distributions of two time steps as model input; therefore both approaches are suitable
for applications at continental to global scales where consistent input data are often lacking
(Leyk et al. 2019, Vafeidis et al. 2008).

None of the above-mentioned approaches account for both urban development patterns and
inland-coastal migration, although these two processes are considered key drivers of future
climate change impacts, in particular in coastal locations (Merkens et al. 2018, Neumann et al.
2015, Seto et al. 2011). Historically, coastal locations have experienced high population growth,
resulting in higher population densities and urbanization levels compared to inland locations
(McGranahan et al. 2007, Kummu et al. 2016). Accordingly, the majority of megacities (>8
million inhabitants) are located in low-lying coastal areas (Brown et al. 2013). With
urbanization projected to increase in the course of the 21st century under all SSPs (Jiang and
O’Neill 2017), these settlement patterns are expected to continue in the future (Nicholls et al.
2008b, Merkens et al. 2016).

We address this gap by extending the gravity-based approach of Jones and O’Neill 2016 to
account for distinct changes in settlement patterns (i.e. urban sprawl) in coastal versus inland
locations. For capturing inland-coastal as well as rural-urban migration processes, we refine the
spatial resolution from a resolution of 7.5 arc minutes (approximately 15km at the equator) to
30 arc seconds (approximately 1km). We use freely available global-scale input data to calibrate
the model to observed changes in spatial population patterns in coastal and inland locations,
using the Mediterranean region, a socioeconomically diverse region characterized by a densely
populated and highly urbanized coastal zone (Lange et al. 2020, European Environment Agency
(EEA) 2014), as a case study.

This regional focus allows us to calibrate the model to two geographical regions based on the
largest current differences in socioeconomic development across the region, the northern® and
the southern and eastern® Mediterranean (Reimann et al. 2018a). Based on the calibrated model
parameters for the two geographical regions and coastal versus inland locations, we produce
gridded population projections in 10-year time steps from 2020 to 2100 for each SSP that reflect
the development patterns described in the SSP narratives. These projections explore the
uncertainty space regarding plausible future population patterns in a comprehensive manner,
and be used in a wide range of IAV assessments.

5> Northern Mediterranean countries include Andorra, Croatia, Cyprus, France, Greece, Italy, Malta, Monaco, San
Marino, Slovenia, Spain, The Vatican, and the British overseas territory Gibraltar.

8 Southern and eastern Mediterranean countries include Algeria, Albania, Bosnia and Herzegovina, Egypt, Israel,
Lebanon, Libya, Montenegro, Morocco, Palestine, Syria, Tunisia, and Turkey.
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In section 3.2, we describe the modeling approach in more detail, including model calibration,
validation, and modifications made to produce the population projections. In section 3.3, we
present and describe the spatial population patterns by SSP and geographical region, focusing
particularly on developments in urban population density and in coastal population across the
SSPs and the 21 century. We then critically evaluate our modeling approach for producing
meaningful spatial population projections in the context of 1AV research by comparing our
results to previous work and by reflecting upon the model limitations. Last, we conclude with
ideas of how to further refine the model in future work.

3.2 METHODS

The following sections provide an overview of the extensions implemented in the gravity-based
model to be able to produce spatial population projections that account for spatial development
patterns (i.e. urban sprawl) as well as for rural-urban and inland-coastal migration. Please
consult SM3.2-3.7 for further methodological detail (as referenced in the text).

3.2.1 Modeling approach

We used and extended the gravity-based population model described in Jones and O’Neill 2016,
Jones and O’Neill 2013, and Rigaud et al. 2018. Demographic gravity models are based on
Newton’s law of gravity and gravitational potential, assuming that densely populated locations
are more attractive for human settlement than less densely populated locations (so-called
‘population potential’ (Grilbler et al. 2007)), and that relative attractiveness decreases with
increasing distance between locations (Anderson 2011). The basic notion underlying this
assumption is that factors such as transport costs and travel times determine the spatial
interaction of two places, which decreases with increasing distance (Rich 1980). This effect is
called ‘distance-decay’ and is often represented with a negative exponential function (Skov-
Petersen 2001, lacono et al. 2008).

In addition to the distance-decay effect, we account for the contribution of local characteristics
to the attractiveness of a location. Accordingly, we calculate a population potential v for each
grid cell i and time step t that represents the attractiveness of any given location:

vi(t) =1; <Z Pi(t) e P + AiPi(t)> (3.1)
JEN;

where [; is the proportion of cell i available for human settlement’, P is the population of cell
oriat timet, § is a parameter reflecting the strength of the distance-decay effect, d;; is the
distance between cells i and j, and A4; is a factor reflecting the local attractiveness of cell i. The

" Please see SM3.2 for a description of how the spatial mask (I;) was produced.
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number of neighboring cell indices N; is determined by the gravity window within which the
distance-decay effect applies.

We calculate v; (t) separately for urban and rural populations, based on unique urban and rural
S parameters for coastal and inland locations®, and distinct gravity windows for the two
geographical regions (see next section for further detail). We then spatially distribute the
national-level population of t+1 to each grid cell proportional to v;(t).

3.2.2 Calibration

The model is calibrated to historical changes in population patterns; therefore, spatial
population data for at least two time steps are required. We used the Global Human Settlement
Layer (GHSL) (Florczyk et al. 2019) population data (GHS-POP) of the years 1990, 2000, and
2015, available at a spatial resolution of 30 arc seconds (WGS84 coordinates) (Schiavina et al.
2019). GHS-POP was developed by spatially distributing the population of the Gridded
Population of the World version 4 (GPWv4) (Center for International Earth Science
Information Network - CIESIN - Columbia University 2017) based on built-up area identified
with the help of satellite imagery for each time step (Freire et al. 2016). As we calibrated the
model to two ten-year time steps (i.e. 1990-2000; 2000-2010), we established the population
distribution of 2010 by linearly interpolating the GHS-POP data of the years 2000 and 2015.

Following Jones and O’Neill 2016, we calibrated the model separately to urban versus rural
changes in population patterns. Therefore, we defined the urban population per grid cell using
the GHS-based settlement model (GHS-SMOD) (Florczyk et al. 2019, Pesaresi et al. 2019). To
harmonize the total urban population per country based on GHS-SMOD with the UN World
Urbanization Prospects’ (WUP) urbanization level for each country (United Nations,
Department of Economic and Social Affairs, Population Division 2019), we added (deducted)
population from densely populated neighboring grid cells to (from) the urban population in a
series of three steps until the urban population numbers matched those of the WUP (SM3.4).

We established the distance parameter £ for urban and rural locations by minimizing the sum
of the squared errors produced by the model at the grid cell level for each ten-year calibration
period, following Jones and O’Neill 2016. As not all countries were equally suitable for this
procedure due to differences in the currency and spatial detail of the census and administrative
unit data underlying GHS-POP (Center for International Earth Science Information Network -
CIESIN - Columbia University 2017), we selected one country per geographical region (i.e.
Spain, Tunisia) as representative of the migration processes in the region. We tested different
gravity windows for each region, assuming that a) daily trip distances in the Mediterranean are
shorter than the 100km window used by Jones and O’Neill®, and b) daily trip distances are
shorter in the southern and eastern Mediterranean compared to the northern Mediterranean,
using the lower motorization rate as a proxy for trip distances (Eurostat 2019) due to a lack of

8 Please see SM3.3 for a description of the coastal zone definition used in this study.
® Jones and O’Neill (2013) established the gravity window size based on daily trip distances in the US (see their
supplementary data).
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consistent region-wide data. We found a gravity window of 20km for the northern and 10km
for the southern and eastern parts of the region to best reflect the distance-decay effect. Finally,
we averaged the established urban and rural g parameters across the two calibration periods
and modified them to be able to account for differences in population development patterns in
coastal versus inland locations (SM3.5).

In a next step, we calculated the local attractiveness factor A; in urban and rural locations for
each country and grid cell by eliminating the grid-cell error &; produced when accounting for
the distance-decay effect only. Therefore, we ran equation (3.1) for the calibration period,
applying the established coastal rural (CR), inland rural (IR), coastal urban (CU), and inland
urban (IU) g parameters in the respective settlement type (i.e. CR, IR, CU, IU). As A; attained
extremely high (low) values in some cells, we applied a two-step post-processing approach.
First, to remove outliers, we used the middle 50% (so-called interquartile range, IQR) of the A;
distribution per country. Second, we scaled A; to values ranging from -100 to 100, while
retaining the original distribution of A; per country. Using this approach, we avoided overfitting
the model to the historical changes in population patterns observed during the calibration
period.

3.2.3 Validation

We validated the model by projecting the 2010 population based on the calibration period 1990-
2000. Figure 3.1 presents scatter plots of the modeled versus the observed population for the
total population, for urban populations, and for rural populations (see SM3.6 for corresponding
Q-Q plots). The plots illustrate better model performance for urban populations compared to
rural populations, with the best performance achieved when combining urban and rural
populations (panel a), as reflected in RZ and the root mean square error (RMSE). These findings
agree with the findings of Jones and O’Neill 2013. A map presenting the error per grid cell
relative to the observed population per cell (= relative absolute error, RAE) for the entire
Mediterranean region can be found in SM3.6.

Total Urban Rural

60,000 - . y' oo - . y’ .o
.

40,000 -

Modeled

20,000 -

R?=0.94
RMSE = 111.9

R?=0.97
RMSE =79.4

R?=0.64
RMSE =97.6

‘0 20,000 40,000 60,000 ‘o 20,000 40,000 60,000 ‘o 20,000 40,000 60,000
Observed

Figure 3.1 Scatter plots of the total population, urban populations, and rural populations, along with R2and the Root Mean
Squared Error (RMSE). Blue line represents the perfect fit
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We calculated further error metrics for the region to evaluate model performance in rural (CR,
IR) and urban (CU, 1U) locations as well as the entire Mediterranean region (Supplementary
Table 3.3). In the entire Mediterranean region, the model produced a mean absolute error
(MAE) of 6.6, and a weighted mean absolute percentage error (WMAPE) (weighted by the
population) of 14.7%, which compared well with the original version of the model that
produced a WMAPE of 11.6% at the US level (Jones and O’Neill 2013). These error metrics
also illustrated better model performance in urban versus rural locations (WMAPE of 18.3%
versus 34.4%) as well as in coastal versus inland locations (WMAPE of 30.9% in CR versus
35.7% in IR; 18% in CU versus 18.5% in IU).

3.2.4 Population projections

To produce downscaled population projections with the extended version of the model that are
consistent with the SSPs, we used the national-level population (KC and Lutz 2017) and
urbanization (Jiang and O’Neill 2017) projections provided in the SSP database (International
Institute for Applied Systems Analysis (IIASA) 2018) as boundary conditions. To reflect the
future spatial development patterns per SSP, we modified the calibrated 8 parameters for each
SSP by interpreting the qualitative assumptions described in the global SSP narratives (O’Neill
et al. 2017, Jiang and O’Neill 2017) and the Mediterranean coastal SSP narratives (Reimann et
al. 2018a), and by conducting a sensitivity analysis (SM3.7). Additionally, we applied SSP-
specific population density thresholds per grid cell based on the observed maximum population
density of 2015, and accounted for future changes in habitability under the SSPs by adjusting
the spatial mask [;. Finally, we produced population projections in ten-year time steps from
2020-2100 and for each SSP by modeling urban and rural populations separately based on the
respective coastal and inland g parameters. We further redefined some rural and urban
population cells after each time step based on population density and contiguity (following
Jones and O’Neill 2016) before combining them to obtain the total population.

3.3 RESULTS

The spatial population projection datasets produced for each SSP and ten-year time step are
publicly available at https://figshare.com/s/b4e5cadb9b1965ed010f*°. Figure 3.2 presents a
selected set of these data, including the baseline (2010) along with each SSP in 2100. These
spatial population patterns reflect the national-level population (KC and Lutz 2017) and
urbanization projections (Jiang and O’Neill 2017) (SM3.8) as well as the qualitative
assumptions regarding spatial development patterns described in each SSP (O’ Neill et al. 2017).

In SSP1, countries experience rapid urbanization, with urbanization levels of around 95%
(2100) across the entire region. Effective management combined with population decline in the
second half of the century results in high-density, compact urban settlements. In SSP2,

10 This link will be replaced by a DOI that will be activated upon publication.
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Figure 3.2 Population per grid cell in the baseline (2010) and for each SSP in 2100. Resolution: 30 arc seconds (WGS84)

urbanization is less rapid, with higher urbanization levels in the northern parts of the region (ca.
93%) compared to the South and East (roughly 85%). Population growth is mixed across
countries and spatial development is slightly more concentrated than observed in historical
patterns, leading to urban sprawl in countries with high urbanization levels and a growing
population (e.g. France, Israel). SSP3 is characterized by low urbanization rates, with
urbanization levels of roughly 84% in the northern Mediterranean and 65% in the southern and
eastern Mediterranean. Population declines in almost all northern countries and increases
rapidly in southern and eastern countries, resulting in sprawling development in the South and
East. In SSP4, urbanization increases rapidly, with urbanization levels of around 93% across
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the region. Population decreases in most countries, notable exceptions being France and
countries of the Middle East, where high urban sprawl can be observed until 2100. SSP5 is
characterized by urbanization levels similar to those in SSP1, combined with rapid population
growth in northern countries and the Middle East, which leads to considerable urban sprawl,
particularly in northern parts of the region.

These population development patterns are further illustrated in Figure 3.3 which presents
urban population densities per SSP and geographical region. In the baseline (2010), urban
population density is about four times higher in southern and eastern Mediterranean countries
than in countries of the Mediterranean North (Figure 3.3a); this difference is projected to
increase until 2100 under all SSPs, with the largest difference in SSP3, where urban settlements
are projected to be eight times more densely populated in the South and East. In northern
countries, urban population density increases in SSP1 and decreases in all other SSPs in 2100,
compared to the baseline. The highest urban population density (1,600 people/km?) is projected
in SSP1 and the lowest density of roughly 700 people/km? in SSP5. These results reflect the
continuation of high urban sprawl (except in SSP1), in combination with population decline in
the second half of the century in SSPs 1-4. In the South and East, urban population density
increases in SSPs 1-3 and decreases in SSPs 4 and 5 until 2100, compared to 2010. The highest
urban population density of over 8,000 people/km? is projected in SSP3, the scenario with the
highest expected population growth in these countries; the lowest density of ca. 4,150
people/km2 is projected under SSP4.

(a) North South & East € (b)

1523 § Yinog

— SSP1 SSP2 SSP3 SSP4 — SSP5

Figure 3.3 Urban population density in each SSP and geographical region. (a) In 2100 compared to 2010, (b) development
2010-2100 in coastal versus inland locations. Coastal = Low Elevation Coastal Zone (see SM3.3; McGranahan et al 2007).
Please note different scales of the y-axes

Figure 3.3b presents the development of urban population densities in the course of the century,
differentiating between coastal and inland locations. In both geographical regions, density is
higher in coastal locations compared to inland locations under all SSPs and time steps except
the base year. In the Mediterranean North, urban population density in coastal locations first
increases in SSPs 1-4, before it decreases in the second half of the century; in inland locations,

43



ACCOUNTING FOR INTERNAL MIGRATION IN SPATIAL POPULATION PROJECTIONS — A GRAVITY-BASED
MODELING APPROACH USING THE SHARED SOCIOECONOMIC PATHWAYS

density decreases in the course of the century in all SSPs except SSP1 where it first increases
and starts to decrease in 2080. In the South and East, urban population density increases in
coastal and inland locations under SSPs 1-3, with a rapid increase in coastal locations, which
levels off in SSP1 from 2080 onwards. Under SSPs 4 and 5, urban population density
experiences some increase in coastal locations until 2070 and remains on a similar level in
inland locations in the course of the century.

Comparing the population in coastal locations across SSPs and geographical regions (Figure
3.4), we observe, similar to urban population density, a population three orders of magnitude
higher in coastal locations in southern and eastern countries compared to the Mediterranean
North in 2010 (Figure 3.4a). This difference is projected to increase until 2100 under all SSPs
except SSP5 where coastal population increases considerably in the northern Mediterranean as
well, resulting in the highest coastal population (15.2 million) in 2100. Further, the number of
people in coastal locations in the North increases slightly in SSP1 and SSP2 and decreases in
SSPs 3 and 4 compared to the baseline, with the lowest number of roughly 6.5 million people
in coastal locations under SSP3. In the South and East, we observe the opposite development:
the highest coastal population of over 100 million in 2100 is projected under SSP3, whereas we
find the lowest coastal population of ca. 42.7 million under SSP5. Nonetheless, the number of
people in coastal locations of southern and eastern countries increases under all SSPs compared
to the baseline. These results reflect the higher attractiveness of coastal locations compared to
inland locations in both geographical regions, which is amplified in the southern and eastern
Mediterranean by a limited land area available for human settlement in inland locations
(SM3.2), and superimposed by country-level population decline in the northern Mediterranean
under SSPs 3 and 4 (SM3.8).

(a) North South & East (b) 15~ ———————

Baseline (2010) ——
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Coastal population [million
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— SSP1 SSP2 SSP3 SSP4 — SSP5
Figure 3.4 Coastal population in each SSP and geographical region. (a) In 2100 compared to 2010, (b) development 2010-2100,

differentiating urban versus rural populations. Coastal = Low Elevation Coastal Zone (see SM3.3; McGranahan et al 2007).
Please note different scales of the y-axes
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In Figure 3.4b, the development of the coastal population in the course of the century is shown
for urban versus rural populations. In the northern Mediterranean, the coastal population lives
primarily in urban settlements under all SSPs. It first increases under all SSPs except SSP3,
where it decreases gradually in the course of the century. In the second half of the century, the
urban population in coastal locations also declines in SSPs 1, 2, and 4. The coastal population
in rural settlements decreases slowly under all SSPs. In southern and eastern countries, a similar
share of the coastal population lives in urban and rural settlements in 2010, which changes
considerably until 2100, when the vast majority of people in coastal locations are projected to
live in urban settlements under all SSPs except SSP3. Urban population in coastal locations
increases markedly under all SSPs and starts to decline in 2080 under SSPs 1, 4, and 5. The
coastal population in rural settlements continuously increases under SSP3 until 2100, and
gradually decreases under all other SSPs, in particular in the second half of the century.

3.4 DIscussION

Our spatially downscaled population projections account for important migration processes
within countries (i.e. rural-urban and inland-coastal) as well as for plausible future spatial
development patterns (i.e. urban sprawl). As such they constitute improved representations of
future population distributions and are useful for a wide range of IAV assessments. The spatial
resolution (30 arc seconds) is suitable for capturing these development trends and patterns while
avoiding a misleading impression of certainty as future socioeconomic developments are highly
uncertain (Preston et al. 2011, Sherbinin et al. 2019). Therefore, we anticipate that the
developed projections are particularly meaningful for assessments at continental to regional
scales, for example for analyzing exposure to extreme heat, water scarcity, and flooding
(coastal, fluvial, pluvial). The insights of such assessments can support decision-making, for
example in the context of adaptation planning or spatial planning, to ensure that decisions are
robust under a wide range of futures (Moss et al. 2010, Walker et al. 2013, Haasnoot et al.
2020). For local-scale assessments, other methods can be used for further downscaling the
developed projections (e.g. Merkens and Vafeidis 2018).

Our results suggest higher future climate change exposure in southern and eastern
Mediterranean countries compared to northern Mediterranean countries due to consistently
higher urban densities and coastal population under all SSPs. However, exposure would differ
markedly across SSPs, depending on the socioeconomic challenges for adaptation that result
from differences in the effectiveness of policies and institutions, economic growth, and
technological change among others (O’Neill et al. 2017). Assuming that an increase in urban
population density increases the urban heat island (UHI) effect, therefore leading to higher
urban heat stress, which will exacerbate due to climate change (Chapman et al. 2017, Koomen
and Diogo 2017, Vanos et al. 2020), heat exposure would be highest under SSP3 in the South
and East and SSP1 in the North. As SSP1 is characterized by sustainable development with
well-managed, compact urban areas and low adaptation challenges, it would result in potentially
lower expsoure than SSP3 (assuming all else equal), as SSP3 is characterized by high adaptation
challenges due to slow economic growth, low technological development, and weak policies
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and institutions. Similarly, coastal exposure would be highest in the South and East under SSP3,
with a large share of the coastal population living in rural settlements, where coastal protection
is expected to be rarely pursued as costs often exceed benefits (Lincke and Hinkel 2018). In the
North, coastal exposure would be highest under SSP5 and SSP1, which are both characterized
by low adaptation challenges. Due to high urban sprawl in SSP5, we expect coastal adaptation
to be more challenging than in SSP1. Furthermore, as SSP5 experiences rapid economic growth,
residual risk would be high, leading to high damages in case of adaptation failure during coastal
flooding. While we are aware that the future lies somewhere between (or even beyond) the five
SSPs (O'Neill et al. 2020, O’Neill et al. 2017), our results suggest that future spatial population
patterns will contribute to higher exposure in the southern and eastern Mediterranean, which
may exacerbate already existing disparities between the two geographical regions (MedECC
2020b).

To be able to further contextualize these results, the population projections can be enriched by
additional demographic and socioeconomic variables important for IAV research, such as age,
sex, race, education, poverty, and income. Such extensions are sparse in the current literature,
with few examples that have downscaled 1AV variables with the help of SSP-based population
projections at national (i.e. the US) (Hauer 2019), European (Hurth et al. 2017, Rohat et al.
2019b), and global scales (Murakami and Yamagata 2019). Furthermore, our projections do not
account for the potential impacts of climate change on migration, which is expected to increase
once impacts such as flooding, heat stress, and droughts become more severe (Black et al. 2011,
McLeman 2019). To account for this effect, plausible future changes in climatic conditions
based on the Representative Concentration Pathways (RCPs) (van Vuuren et al. 2011a) can be
integrated into the model to produce projections that account for climate change-induced
migration, a first example being the work of Rigaud et al. 2018. Such integrated assessments
can additionally explore potential feedbacks between climate change, adaptation strategies, and
migration patterns, which are expected to influence future impacts substantially (Aerts et al.
2018).

Furthermore, we compared our results to those of previous work that accounted either for
inland-coastal migration (Merkens et al. 2016, Reimann et al. 2018a) or for urban sprawl (Jones
and O’Neill 2016, downscaled by Gao 2017). We find that the population numbers projected in
coastal locations in 2100 for each SSP are similar across the four studies, but also show marked
differences (Figure 3.5). Similar to Jones and O’Neill, we project the highest coastal population
of 108 million in SSP3 and the lowest population of 51 million in SSP4. However, we project
a higher coastal population than Jones and O’Neill under all SSPs except SSP3, reflecting the
higher attractiveness of coastal locations implemented in our approach. The coastal approach
of Merkens et al. and Reimann et al. projects the lowest coastal population of 41/35 million in
SSP1, based on the assumption that sustainable and effective management of coastal areas
reduces their attractiveness. In SSP5, the coastal approach results in a comparatively high
coastal population of 54/61 million as it assumes coastal locations to be very attractive, while
not accounting for the sprawling development that we assume under SSP5. In total, our results
deviate most from the other approaches in SSP1, with a difference of up to 25 million coastal
inhabitants. This difference reflects one limitation of the gravity approach, which models
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aggregate population trends primarily based on the distance-decay effect (section 3.2.1) and
does not account for the effects of policy on a location’s attractiveness. Future work can
integrate such effects into the model as an additional model layer similar to the spatial mask

().

Merkens et al. (2016)
Reimann et al. (2018)
Jones & O'Neill (2016)

100 -
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Figure 3.5 Mediterranean coastal population in 2100 based on Merkens et al 2016,
Reimann et al 2018, Jones and O’Neill 2016 (downscaled projections of Gao 2017), and
the approach used in this study. Coastal = Low Elevation Coastal Zone, based on MERIT
DEM (Yamazaki et al 2017)

When using our population projections, the following additional limitations need to be
considered. First, we calibrated the model to a relatively short period of twenty years due to a
lack of long-term gridded population data. This period was characterized by population growth
in most Mediterranean countries. As we expect to see declining population numbers in the
second half of the century under almost all SSPs, the observed changes in population patterns
are not necessarily indicative of future patterns. Second, since we were not able to calibrate the
B parameters for each country individually, the calibrated parameters may not reflect the spatial
development patterns in all countries of the respective geographical region to the same degree.
Similarly, we had to post-process the calibrated gs to reflect differences in development
patterns in coastal versus inland locations as our calibration procedure did not produce plausible
parameters for these locations. We assume the reason for this being the small strip of land
defined as coastal compared to its inland counterpart, which may impede finding the optimal g
parameter (section 3.2.2; SM3.5). Last, we would like to point out that the redefinition of grid
cells into urban and rural populations after each projection time step (section 3.2.4) can follow
a different algorithm than the one used in this study, one example being the ‘degree of
urbanization’ (Pesaresi et al. 2016).

Despite its limitations, the extended gravity-based model produces plausible distributions of
future population patterns for each SSP, which can be updated once new knowledge and data
become available. The model allows for integrating additional model layers (e.g. a policy layer)
as a weight on the population potential (v;), and can be extended to explore climate change-
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induced migration, for example by correlating the local attractiveness factor A; to changes in
environmental conditions with the help of spatial regression models (Rigaud et al. 2018). Due
to its modest data requirements, we expect the model to be particularly relevant for producing
consistent projections in data-scarce regions like the Mediterranean region, where detailed
region-wide data are often lacking (Lange et al. 2020). As we rely on freely available global
input data, the model can easily be extended to other continents, regions, or the global scale,
given that sufficient computing resources are available.

3.5 CONCLUSION

This paper presents SSP-based gridded population projections that account for rural-urban and
coastal-inland migration processes as well as for spatial changes in settlement patterns (i.e.
urban sprawl), which have been produced with an extended gravity-based model specifically
developed for this study. We apply the model to the Mediterranean region, accounting for
distinct characteristics in northern versus southern and eastern Mediterranean countries. Our
projections have a spatial resolution of 30 arc seconds, a temporal resolution of ten-year time
steps (2020-2100), and are consistent with the five SSPs, both in terms of qualitative narrative
assumptions as well as national-level population projections. As these projections explore the
range of uncertainty regarding plausible future spatial population patterns in the 21st century,
they are useful for a wide range of IAV assessments. The model can be extended to account for
the effects of climate change or spatial policies on a location’s attractiveness for human
settlement. As the model has modest data requirements and is calibrated to freely available
global input data, it can be extended to other continental and/or global scales.

Future work can further refine the modeling approach by addressing its limitations such as
separately calibrating the model to coastal versus inland locations; selecting a larger set of
countries for the S calibration; and calibrating the model separately to phases of population
growth and decline. A systematic assessment of the model’s sensitivity to different population
input data, urban versus rural population classification algorithms, and the choice of S
parameters would further provide useful insights for model users. Moreover, the model can be
extended for integrated assessments to explore feedbacks between climate change impacts,
adaptation strategies, and migration processes. For such assessments, different SSPs, RCPs, and
Shared Policy Assumptions (SPASs) (Kriegler et al. 2014) can be combined, as envisaged as part
of the SSP-RCP-SPA scenario framework (van Vuuren et al. 2014, O'Neill et al. 2020).
Additionally, future research can explore the potential of the model for producing spatial
projections of other key variables in IAV research. Last, we would like to encourage use of the
developed population projections in Mediterranean 1AV assessments.
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Data availability statement

The gridded population projection datasets produced for each SSP and ten-year time step (2010-
2100) are publicly available for download at https://figshare.com/s/b4e5cadb9b1965ed010fL.
The model scripts (R Core Team 2020) are available from the corresponding author upon
reasonable request.
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4 MEDITERRANEAN UNESCO WORLD
HERITAGE AT RISK FROM COASTAL FLOODING
AND EROSION DUE TO SEA-LEVEL RISE

UNESCO World Heritage sites (WHS) located in coastal areas are increasingly at risk from
coastal hazards due to sea-level rise. In this study we assess Mediterranean cultural WHS at
risk from coastal flooding and erosion under four sea-level rise scenarios until 2100. Based on
the analysis of spatially explicit WHS data, we develop an index-based approach that allows
for ranking WHS at risk from both coastal hazards. Here we show that of 49 cultural WHS
located in low-lying coastal areas of the Mediterranean, 37 are at risk from a 100-year flood
and 42 from coastal erosion, already today. Until 2100, flood risk may increase by 50% and
erosion risk by 13% across the region, with considerably higher increases at individual WHS.
Our results provide a first-order assessment of where adaptation is most urgently needed and
can support policymakers in steering local-scale research to devise suitable adaptation
strategies for each WHS.

This chapter is published as*?:

Reimann, L., Vafeidis, A.T., Brown, S., Hinkel, J., Tol, R.S.J. 2018. Mediterranean
UNESCO World Heritage at risk from coastal flooding and erosion due to sea-level rise.
Nature Communications 9, 4161. DOI: 10.1038/s41467-018-06645-9.

12 please note: For consistency throughout the thesis, the term ‘regional” has been changed to ‘continental’ in
two instances when we refer to the scale of analysis. Further, British English has been changed to American
English.
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4.1 INTRODUCTION

Since 1972, the United Nations Educational, Scientific and Cultural Organization (UNESCO)
designates the world’s common heritage under the World Heritage Convention (UNESCO
1972). The World Heritage List of 2018 comprises a total of 1092 cultural and natural heritage
sites, based on their Outstanding Universal Value (OUV) (UNESCO World Heritage Centre
2018). Over 77% of these sites are cultural World Heritage sites (WHS) which have high
intangible value as they represent icons of human civilization (Terrill 2008, Cazenave 2014). A
large share of cultural WHS are located in coastal areas as human activity has traditionally
concentrated in these locations (Reeder et al. 2012, Benoit and Comeau 2005). As the risk of
coastal hazards such as flooding and erosion increases with sea-level rise (SLR) (Marzeion and
Levermann 2014), a considerable number of coastal WHS will gradually be exposed to these
hazards in the future (Sabbioni et al. 2008, Marzeion and Levermann 2014), threatening the
OUV of affected sites (UNESCO World Heritage Centre 2008, 2015b, Howard 2013, Phillips
2015) and potentially leading to losses in economic revenue as WHS are popular tourist
destinations (Lollino et al. 2015, Phillips 2015). This is particularly true for the Mediterranean
region as several ancient civilizations have developed in the region (Benoit and Comeau 2005,
Cazenave 2014, European Environment Agency (EEA) 2014), resulting in a high concentration
of cultural WHS in coastal locations. Due to the small tidal range and steep topography in
coastal areas, ancient and current settlements are often located directly at the waterfront and
hardly above sea-level (Benoit and Comeau 2005, UNEP/MAP 2017). Furthermore, adaptation
methods and protection standards vary considerably across Mediterranean countries (Scussolini
etal. 2016) due to large socioeconomic differences between northern, eastern and southern parts
of the region (UNEP/MAP 2016, European Environment Agency (EEA) 2014), therefore
leaving most WHS with limited protection from coastal hazards.

Although WHS are protected under the World Heritage Convention, countries themselves are
responsible for their management, which includes adaptation to climate change (UNESCO
World Heritage Centre 2007). However, WHS management plans rarely consider adaptation to
SLR impacts (Phillips 2014, Howard 2013). Although climate change has been acknowledged
as a threat to WHS in recent years (UNESCO World Heritage Centre 2008, Terrill 2008,
Phillips 2014, Fatori¢ and Seekamp 2017), few studies have explored this aspect, leaving
heritage managers and policymakers with little information on potential adaptation options.
Therefore, previous work has called for more research identifying WHS at risk to inform
adaptation planning and to ensure that their OUV is preserved (Perry 2011, UNESCO World
Heritage Centre 2008, 2007, 2015b, Howard 2013, Howard et al. 2016). It has expressed the
need for more robust data and modelling approaches on local to regional scales, as adaptation
planning takes place at a national level and specific adaptation measures are implemented at a
local level (UNESCO World Heritage Centre 2008, Howard 2013, Howard et al. 2016). The
results of assessments based on these methods can support adaptation planning, especially in
prioritizing adaptation strategies with limited financial resources (Sabbioni et al. 2008, Terrill
2008, Phillips 2014, Howard et al. 2016, Phillips 2015, Anderson et al. 2017).
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Previous studies have primarily focused on local-scale assessments of various climate change
impacts on UNESCO WHS (Howard 2013, Howard et al. 2016, Phillips 2014, 2015, Wang
2015, Daly 2011, Schmidt and Rudolff 2013) or on natural hazards, such as landslides and river
floods, without directly considering climate change (Lanza 2003, Lollino et al. 2015, Hapciuc
et al. 2016, Vojinovic et al. 2016, Cigna et al. 2018). To our knowledge, only one large-scale
study has analyzed the long-term impacts of SLR on cultural UNESCO WHS (Marzeion and
Levermann 2014). This study was based on aggregate WHS data provided on the UNESCO
website, where every WHS is depicted by a point that represents its approximate center, even
if the WHS consists of a number of so-called serial nominations (UNESCO World Heritage
Centre 2015a). Consequently, the location of the point can substantially deviate from the
location of the actual WHS. Further, none of the above-mentioned studies assessed the risks of
coastal flooding due to extreme sea levels (ESL) or to coastal erosion due to SLR.

To address the current research gap, we assess Mediterranean UNESCO cultural WHS at risk
from coastal flooding and erosion under four SLR scenarios from 2000 to 2100. We use an
index-based approach that allows for ranking and comparing WHS at risk. For this purpose, we
produce a WHS dataset containing spatially explicit representations of all Mediterranean WHS
located in low-lying coastal areas. Results show that the vast majority of WHS at risk from
either of the two hazards until 2100 are already at risk under current conditions. Risk will
increase in the course of the century, its magnitude depending on the rate of SLR, with
particularly high increases in coastal flood risk and at individual WHS. Our results can support
adaptation planning in determining potential risk thresholds (tipping points) based on the
temporal evolution of the indices. Additionally, based on the WHS most at risk policymakers
can designate priority areas for further analysis in order to devise specific adaptation strategies.

4.2 RESULTS
4.2.1 UNESCO World Heritage in coastal areas

The modified and extended WHS dataset (Reimann et al. 2018b) comprises 159 data entries
that represent inscribed (main) WHS (49) along with their serial nominations (110) located in
the Mediterranean Low Elevation Coastal Zone (LECZ) which is defined as all land with an
elevation of up to 10 m in hydrological connection to the sea (McGranahan et al. 2007). The
data comprise attributes adopted from the original dataset and newly added attributes (e.g.
heritage type, elevation, WHS location in urban settlements, distance from the coast). See
APPENDIX C, Supplementary Table 4.1 for a complete list of attributes. Our analysis focuses on
an aggregated version of the dataset that contains the 49 main WHS. Figure 4.1 shows the 49
main WHS located in the Mediterranean LECZ. Approximately one third of these WHS are
located in Italy (15), followed by Croatia (7), Greece (4) and Tunisia (4). In most instances,
only certain parts of the WHS (on average 35%) fall into the LECZ; five sites are fully located
in the LECZ (Reimann et al. 2018b).
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Figure 4.1 UNESCO cultural World Heritage sites located in the Mediterranean Low Elevation Coastal Zone (LECZ). All
sites are shown with their official UNESCO ID and name. The map also shows extreme sea levels per coastal segment based
on the Mediterranean Coastal Database (Wolff et al. 2018a) under the high-end sea-level rise scenario in 2100

4.2.2 Flood risk

Under current conditions (base year 2000), 37 WHS are at risk from ESL, defined as the 100-
year storm surge (including tides) plus the amount of SLR for the respective scenario and year
(see section 4.4.3), which corresponds to 75% of all sites located in the LECZ. This number
increases to 40 WHS at risk under the high-end (HE) scenario. The flood area ranges from
0.03% of the total WHS at Archaeological Site of Leptis Magna (183) and Cultural Landscape
of the Serra de Tramuntana (1371) to 97% at Venice and its Lagoon (394), with a mean of
11.3%. The average flood area increases to over 14% in 2100 under the HE scenario,
corresponding to an increase of 24% compared to 2000. Under Representative Concentration
Pathway (RCP) 2.6, RCP4.5 and RCP8.5, the average flood area increases to around 12% in
2100 (Figure 4.2a). In 2000, the highest flood depth of 1.2m can be found at Archaeological
Area and the Patriarchal Basilica of Aquileia (825) while the mean of maximum flood depths
for all sites amounts to 0.4m. The maximum flood depth increases by approximately 70% to a
mean of 0.6m under RCP2.6, 92% (over 0.7m) under RCP4.5, 121% (approximately 0.8m)
under RCP8.5 and 290% (roughly 1.5m) under the HE scenario (Figure 4.2b), where the highest
flood depth of 2.5m can be found at Venice and its Lagoon (394). The flood risk index that
results from combining flood area and flood depth (see section 4.4.3) has a mean of 3.7 in 2000,
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which increases by 25% to 4.6 under RCP2.6 and by almost 50% to 5.5 under the HE scenario

(Figure 4.2c).
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Figure 4.2 Temporal evolution of the flood risk indicators at each World Heritage site, averaged across the Mediterranean
region. Results are shown from 2000 to 2100 for RCP2.6, RCP4.5, RCP8.5 and the high-end (HE) scenario. a) Mean area
flooded (in %), b) mean flood depth (in m), c) mean flood risk index

In the base year, the risk index ranges from 0 for those sites that are not at risk to a maximum
of 10 at Venice and its Lagoon (394), Ferrara, City of the Renaissance, and its Po Delta (733)
and Archaeological Area and the Patriarchal Basilica of Aquileia (825). These WHS are located
along the northern Adriatic Sea where ESL are highest as high storm surges coincide with high
regional SLR (Figure 4.1; Supplementary Figure 4.1). Under the HE scenario, a total of six
WHS have the highest risk index of 10, four of which are located in Italy and two in Croatia
(Figure 4.3). In 16 Mediterranean countries (including Gibraltar), at least one WHS is at risk
under at least one of the four scenarios. The highest number of WHS at risk can be found in
Italy (13), which corresponds to 87% of the Italian WHS located in the LECZ, followed by
Croatia (6; 86%) and Greece (3; 75%). See also Supplementary Figure 4.2 for the flood risk
indicators at each WHS and Supplementary Data 1 for the raw data of the indicators.
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Figure 4.3 Flood risk index at each World Heritage site under current and future conditions. a) In 2000 and b) in 2100
under the high-end sea-level rise scenario

4.2.3 Erosion risk

Under current conditions, 42 WHS are at risk from coastal erosion, which corresponds to 86%
of all sites located in the LECZ. This number increases to 46 WHS under the HE scenario.
Erosion risk is predominantly determined by the distance of a WHS from the coastline. Already
in 2000, 31 WHS are at least partly located within 10m of the coastline, which increases to 39
sites under the HE scenario (Supplementary Figure 4.3), based on the assumption that all areas
below the amount of SLR are permanently inundated (see section 4.4.4). The average distance
from the coast decreases from roughly 1.1km in 2000 by 30% to 762 m under RCP2.6 and by
more than 90% to slightly above 100m under the HE scenario (Figure 4.4a). As we assume the
erosion risk indicators coastal material, mean wave height and sediment supply to remain
constant in the course of the century, the erosion risk index increases only slightly from 2000
to 2100. The average erosion risk index increases from 6.2 in 2000 to 6.3 in 2100 under RCP2.6
and RCP4.5. Under RCP8.5 it increases to 6.4 and under the HE scenario it increases to 7,
which corresponds to an increase of 13% compared to 2000 (Figure 4.4Db).
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Figure 4.4 Temporal evolution of two erosion risk indicators at each World Heritage site,
averaged across the Mediterranean region. Results are shown from 2000 to 2100 for RCP2.6,
RCP4.5, RCP8.5 and the high-end (HE) scenario. a) Mean distance from the coastline (in m),
b) mean erosion risk index

In the base year, the erosion risk index ranges from 0 for those sites not at risk to 9.8 (very high)
at Tyre (299) (Figure 4.5), which is located directly at the coastline (very high risk) and is
characterized by sandy material (very high risk), a mean wave height of 0.7m (high risk) and
sediment supply of just below 1mg I (high risk). The second highest risk index can be found
at Pythagoreion and Heraion of Samos (595). Under the HE scenario, erosion risk remains
highest at Tyre, followed by Archaeological Ensemble of Tarraco (875), Pythagoreion and
Heraion of Samos (595) and Ephesus (1018), all of which have a very high index of 9 and
higher. Similar to flood risk, in 16 Mediterranean countries (including Gibraltar) at least one
WHS is at risk from coastal erosion under at least one of the four scenarios. The highest number
of WHS at risk can be found in Italy (14), which corresponds to 93% of the Italian WHS located
in the LECZ, followed by Croatia (7; 100%) and Greece (4; 100%). Erosion risk varies
moderately across the Mediterranean region and no regional pattern can be discerned as erosion
risk indicators are mostly site-specific. (Please see Supplementary Figure 4.3 and
Supplementary Figure 4.4 for the erosion risk indicators at each WHS and Supplementary Data
2 for the raw data of the indicators).
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Figure 4.5 Erosion risk index at each World Heritage site under current and future conditions. a) In 2000 and b) in 2100
under the high-end sea-level rise scenario

4.3 DISCUSSION

In this study, we assess UNESCO WHS at risk from coastal flooding and erosion under four
SLR scenarios until 2100, based on revised and extended spatially explicit WHS data. The use
of an index-based approach enables a quick evaluation of both risks that can easily be applied
to other locations (Reeder-Myers 2015, Ramieri et al. 2011, Seenath et al. 2016). With the help
of the risk indices we are able to rank and compare WHS, while at the same time we avoid
attaching a monetary value to them (Moel et al. 2009). The results of this study can therefore
support adaptation planning at different spatial scales: at the national scale, especially in
countries with a large number of WHS at risk such as Croatia, Greece, Italy and Tunisia; at the
EU scale, as, for example, regulated under the EU Floods Directive (European Union 2007);
and at the basin scale, as prescribed under the Barcelona Convention which is the basis for the
Mediterranean Action Plan and the Protocol on Integrated Coastal Zone Management (ICZM)
in the Mediterranean (UNEP/MAP 2008). Our results can be particularly useful in designating
priority areas with urgent need for adaptation and can serve as a basis for further, more in-depth
assessments (Mclaughlin and Cooper 2010). Furthermore, the temporal evolution of the risk
indices and their individual components can provide valuable information on the point in time
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when a WHS may be at risk or when a certain risk threshold may be exceeded (Anderson et al.
2017). This threshold can be referred to as an adaptation tipping point as its exceedance requires
a (new) policy action (Hermans et al. 2017, Kwakkel et al. 2016). An example of such potential
tipping points for both risk indices is shown in Figure 4.6. These insights can be used to ensure
that the OUV of WHS at risk from either of the two hazards is preserved in the long term.

In total, 47 WHS may be at risk from at least one of the two hazards by the end of the century,
with Piazza del Duomo, Pisa (395) potentially at risk from flooding only and seven sites
(UNESCO IDs 493, 498, 829, 975, 1024, 1096, 1240) from erosion only. Based on these results,
only two sites, Medina of Tunis (36) and Xanthos-Letoon (484), are not at risk from any of the
two hazards by 2100. Further, we find that 93% of the sites at risk from a 100-year flood and
91% of the sites at risk from coastal erosion under any of the four scenarios are already at risk
under current conditions, which stresses the urgency of adaptation in these locations (Figure
4.6).
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Figure 4.6 Examples of potential adaptation tipping points for the flood risk index and the erosion risk index. Both graphs
show points in time when a World Heritage site may exceed a certain risk threshold with the respective amount of sea-level
rise under the high-end scenario. Point labels show the official UNESCO ID of the sites affected. a) Flood risk index
threshold of 6.5, b) erosion risk index threshold of 7.5

Risk will further increase by 2100, in particular in the second half of the century, when
projections of SLR diverge considerably based on the respective scenario. Therefore, the
magnitude of risk increase largely depends on global mitigation efforts in the next years, which
should pursue the aim not to exceed RCP2.6 (van Vuuren et al. 2011b) as planned under the
Paris Agreement (UNFCCC 2016). If the goal of the Paris Agreement is not met, the amount
of SLR may exceed the height of a 100-year storm surge by a factor of 1.4 under RCP8.5 and
a factor of 3 under the HE scenario in 2100. Therefore, SLR may become a larger threat to
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WHS than a present-day 100-year storm surge. A recent study of future ESL at the European
scale has come to similar results, suggesting that present-day 100-year events in the
Mediterranean may occur much more frequently, up to several times per year, by 2100
(Vousdoukas et al. 2017). Our results illustrate the value of rigorous global-scale mitigation
efforts which could be crucial in preventing WHS from losing their OUV, especially as
protection measures only work effectively up to a certain water level. Recent research has
shown that RCP2.6 may be exceeded by 2100 (Rockstrom et al. 2016, Rogelj et al. 2016,
Schleussner et al. 2016), therefore adaptation planning should prepare for higher SLR scenarios.

As adaptation measures need to be integrated into the WHS without compromising its OUV,
adaptation planning at WHS is particularly challenging (Margottini 2015, Howard 2013). Since
a site’s OUV is bound to its location, retreat seems to be the least favorable adaptation option
(Phillips 2014, Howard 2013, Wang 2015). While relocation of individual monuments such as
the Early Christian Monuments of Ravenna (788) or The Cathedral of St James in Sibenik (963)
may be technically possible, it seems to be impossible to relocate WHS that extend over large
areas such as urban centers, archaeological sites and cultural landscapes. Examples of non-
UNESCO cultural heritage monuments that have been moved inland are Clavell Tower
(Bowcott 2008) and Belle Tout lighthouse in the UK (Belle Tout lighthouse 2018) and Cape
Hatteras Lighthouse in the USA (U.S. National Park Service 2015). However, we could not
find any examples in the existing literature where a UNESCO WHS was relocated. Relocation
should be assessed carefully on a case-by-case basis and may be a suitable adaptation strategy
for those WHS where risk is very high.

Common accommodation strategies such as hazard insurance, emergency planning or land-use
planning (Klein and Nicholls 1998) cannot be applied to WHS, but strategies to raise awareness
can be pursued. Terrill 2008 suggests to use the iconic nature of WHS to emphasize the severity
of their loss in order to raise awareness of policymakers and heritage managers and to promote
climate change mitigation. Recent efforts at the national to local level that monitor cultural
heritage and provide guidance for managing heritage in the light of climate change show that
awareness is gradually increasing. Examples are the Irish Heritage Council, Historic England,
the U.S. National Park Service’s Cultural Resources Climate Change Strategy and the Scottish
Coastal Heritage at Risk project which has developed a smartphone app for surveying cultural
heritage at risk from coastal erosion. This project raises awareness of local communities and
authorities who can help designate priority areas and can therefore support heritage
management (Hambly 2017). Further, Khakzad et al. 2015 suggest to include coastal heritage
into ICZM, which may help in increasing the efficiency of adaptation planning. Another
accommodation strategy would be to remove the inventory of WHS, such as paintings or
statues, during flood events.

Coastal protection seems to be a suitable adaptation strategy as it may be possible to integrate
it into any type of cultural WHS (i.e. urban heritage, archaeological site, cultural landscape or
monument) without compromising its OUV. One example is the MOSE (Modulo Sperimentale
Elettromeccanico/Experimental  Electromechanical Module) project currently under
construction in Venice (www.mosevenezia.eu). The entire lagoon will be protected by
submerged mobile barriers at the lagoon inlets that will be raised during high waters of at least
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1.1m. These barriers do not interfere with the appearance of Venice and the fragile ecosystem
of the lagoon as long as they are not raised frequently (Margottini 2015, UNESCO World
Heritage Centre 2007). This example illustrates that, in order to preserve the aesthetic value of
a WHS, very expensive protection measures may have to be pursued. An alternative to hard
protection measures may be the use of coastal ecosystems as soft, nature-based protection by
attenuating water levels and stimulating sedimentation in certain locations (Temmerman et al.
2013, van Wesenbeeck et al. 2017).

A combination of awareness-raising strategies and protection measures seem to be the most
suitable adaptation strategies, but relocation also needs to be considered, in particular where
risk is very high. However, local-scale assessments are needed in order to devise adaptation
measures that are tailored to the characteristics of individual WHS and the type of hazard they
are at risk from (Phillips 2014, Howard 2013). With regard to flood risk, such local-scale
assessments should additionally consider a potential low bias in return flood heights due to
uncertainties regarding the rate of sea-level rise to avoid an underestimation of risk in the
adaptation process (Buchanan et al. 2016).

As a first-order risk assessment, using a simple methodology based on publicly available
region-wide data, this study can easily be reproduced and applied to other regions where a high
number of WHS is potentially at risk from coastal hazards due to SLR (e.g. South-East Asia).
However, such assessments should bear in mind the limitations of this study. We have refrained
from analyzing the vulnerability of WHS to the two hazards as local-scale data concerning the
internal characteristics of a WHS such as heritage material or heritage inventory are not readily
available and including those in the analysis goes beyond the scope of this first-order
assessment. Furthermore, we regard the use of depth-damage functions that are commonly
applied in large-scale flood risk assessments to represent vulnerability (Ward et al. 2015, Hinkel
et al. 2014, Muis et al. 2015, Jongman et al. 2012, Aerts et al. 2014, Ward et al. 2017) as
problematic in the context of UNESCO World Heritage. Due to the high intangible value of
WHS (Howard 2013, Terrill 2008), it is very difficult and ethically questionable to quantify the
damages at a WHS, which would imply that one WHS is more valuable than another (Phillips
2015). However, if appropriate local-scale data are available, it may be possible to assess the
tangible costs of coastal flooding and erosion by accounting for e.g. loss of revenue or cost of
repairs (Taylor et al. 2007).

The elevation-based (bathtub) approach used for modelling the floodplain tends to overestimate
the flood extent, in particular in low-lying, mildly sloping terrain such as the Nile, Rhone and
Po deltas (Vousdoukas et al. 2016, Vousdoukas et al. 2018a), as hydrodynamic and hydraulic
processes are not considered (Ramirez et al. 2016, Poulter and Halpin 2008, Seenath et al.
2016). However, in steep terrain the flood extent is only slightly overestimated or even
underestimated (Vousdoukas et al. 2016, Ramirez et al. 2016, Vousdoukas et al. 2018a). As
large parts of the Mediterranean are characterized by steep topography (Benoit and Comeau
2005), we expect this approach to provide a reasonable approximation of maximum potential
flood extent at the majority of WHS. Furthermore, this modelling approach is extensively used
in large-scale flood modelling (Jongman et al. 2012, Hinkel et al. 2014, Wolff et al. 2016,

61



MEDITERRANEAN UNESCO WORLD HERITAGE AT RISK FROM COASTAL FLOODING AND EROSION DUE
TO SEA-LEVEL RISE

Hoozemans et al. 1993, Muis et al. 2015, Muis et al. 2016, Muis et al. 2017) and can be regarded
as a standard in such assessments (Moel et al. 2015, Ramieri et al. 2011).

As we do not consider defense structures in place due to lack of data on coastal protection
measures (Scussolini et al. 2016), we may additionally overestimate risk in locations where
protection measures exist. This appears to be the case at the Early Christian Monuments of
Ravenna (788) and Archaeological Area and the Patriarchal Basilica of Aquileia (825), both
located along the northern Adriatic Sea, where flood risk is modelled to be very high and erosion
risk is modelled to increase rapidly at the end of the century, even though these WHS are
currently located 6.7 and 3.5km inland (Supplementary Data 2). A further example is Venice
and its Lagoon (394) which is, according to our results, one of the WHS most at risk from
coastal flooding (Figure 4.3) and erosion (Figure 4.5) until 2100. However, once construction
of the MOSE project is completed (expected in 2018 as of the last official status (Citta di
Venezia 2017)), risk will be reduced considerably as the flood barriers will protect the city and
the lagoon from ESL of up to 3m (www.mosevenezia.eu). According to our results, this
protection level will be sufficient until 2100, with ESL projected to be 2.5m under the HE
scenario. As Venice has struggled with flood waters for centuries (Margottini 2015), it forms a
special case; we did not find any other Mediterranean example where protection measures have
been installed to protect an entire WHS.

We must also note that we may underestimate the floodplain in certain locations as it was not
possible to account for human-induced subsidence even though it can be high in cities (Hanson
et al. 2011, Hallegatte et al. 2013) such as Venice (Bock et al. 2012) and Istanbul (Nicholls
1995) and in river deltas such as those of the Nile, Po and Rhone (Syvitski et al. 2009, Taramelli
et al. 2015) due to ground water extraction. Currently, there is a lack of consistent data and of
reliable scenarios projecting future development of human-induced subsidence (Hinkel et al.
2014). Furthermore, the Shuttle Radar Topography Mission (SRTM) digital elevation model
(DEM) used is a surface model and as such it may overestimate elevation in forested and built-
up areas (Lichter et al. 2011, Sampson et al. 2015). We observe this effect in Venice and its
Lagoon (394) where only small sections of the city’s built-up areas are located at elevation
increments of 1-3m AMSL although the City of Venice reports the island to be almost fully
inundated (91%) during a flood of 2m (Citta di Venezia 2016). A second example is Ferrara,
City of the Renaissance, and its Po Delta (733) where forest directly located at the coast (Wolff
et al. 2016) has elevation values of more than 10m. Across the whole Mediterranean, built-up
areas make up over 75% of the WHS located in the LECZ (see Reimann et al. 2018b),
potentially leading to an underestimation of elevation, and therefore the risks of flooding and
erosion in these locations. Despite its limitations, the SRTM DEM is currently the most
consistent and commonly used global elevation model (Kulp and Strauss 2016) and we did not
have access to any other higher-resolution region-wide DEM as LIDAR (Light Detection And
Ranging) data are only available for certain parts of the Mediterranean and the newly created
CoastalDEM (Kulp and Strauss 2018) is not freely available. Please consult Kulp and Strauss
2016 for an in-depth discussion of the SRTM limitations.

The limitations of this study can be addressed in local-scale assessments that should be
conducted to develop specific adaptation strategies and to select suitable adaptation measures
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for individual WHS. We encourage other researchers to use the revised and extended WHS data
as a starting point for such assessments that allow for applying hydrodynamic modelling
approaches, including higher-resolution local-scale data, and accounting for vulnerability.

Our results can raise awareness of policymakers and heritage managers by pointing to the urgent
need for adaptation as a large number of WHS are already at risk from coastal flooding and
erosion under current conditions. Both risks will exacerbate in the course of the twenty-first
century and possibly beyond, their magnitude depending on the global-scale mitigation effort
in the coming years. However, adaptation can only be implemented to a limited degree,
especially with regard to WHS, as their OUV may be compromised by adaptation measures. If
no steps are taken, WHS may lose their OUV in the next centuries and may consequently be
removed from the UNESCO World Heritage list. Therefore mitigation efforts are as much
needed as adaptation to protect our common heritage from being lost. As UNESCO WHS are
monitored at least to a certain degree under the World Heritage Convention, they will more
likely receive the necessary attention and funding for adaptation measures against the risks of
SLR. This is particularly true for WHS in densely populated locations such as the cities of
Venice, Dubrovnik, Tyre or Tel-Aviv due to the high potential impacts of coastal hazards
(Anderson et al. 2017, Hinkel et al. 2014). Cultural heritage not inscribed in the World Heritage
list will receive much less attention and many of these will slowly disappear with SLR even
though these sites are important parts of human history as well (Anderson et al. 2017).

4.4 METHODS
4.4.1 General framework

We employ the conceptual risk framework of the Intergovernmental Panel on Climate Change
(IPCC) widely used in the current literature (Jongman et al. 2012, Jongman et al. 2015, Muis et
al. 2015, Zhou et al. 2017, Klijn et al. 2015), in which risk results from the interaction of hazard,
exposure and vulnerability (Field 2012, Oppenheimer et al. 2014). To assess coastal flood risk
we define hazard as the intensity (i.e. surge height) and frequency (i.e. return period) of a storm
surge and exposure as the area of a WHS flooded, along with the flood depth. To assess the risk
of coastal erosion we define the amount of SLR as the hazard and determine exposure of a WHS
to coastal erosion by the distance of a WHS from the coast, combined with the characteristics
of the coastal zone that determine its sensitivity to coastal erosion. We do not assess a site’s
vulnerability to either coastal flooding or erosion as analysis of the internal characteristics of a
WHS, such as heritage material and inventory, are needed. Such data are not readily available,
and therefore this work is beyond the scope of this continental-scale assessment.

In order to quantify flood risk and erosion risk we use an index-based approach, which is a
well-established method in the literature (Reeder-Myers 2015, Gornitz et al. 1994, Torresan et
al. 2012, Satta et al. 2015, Daire et al. 2012, Mavromatidi et al. 2018, Peduzzi et al. 2009, Balica
etal. 2012, Daly 2014) and particularly suitable for first-order assessments on continental scale
to support adaptation planning (Torresan et al. 2012, Mclaughlin and Cooper 2010, Daly 2014).
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With the help of the risk indices we are able to assess potential impacts on WHS with rising sea
levels and compare WHS with each other without attaching monetary value to them (Moel et
al. 2009). For transparency reasons and to ease application of our methodology to other regions,
we select risk indicators that are based on publicly available data. An overview of the data used
can be found in Supplementary Table 4.2.

4.4.2 UNESCO World Heritage data processing

We use the UNESCO World Heritage List data of 2018 provided on the UNESCO website
(UNESCO World Heritage Centre 2018), in which each WHS is represented as a point, with
longitude and latitude coordinates. We extract all cultural WHS located along the
Mediterranean Sea. To account for WHS consisting of more than one site, so-called serial
nominations (UNESCO World Heritage Centre 2015a), we manually check each WHS and add
further point data entries for serial sites based on maps and descriptions provided on the
UNESCO website (UNESCO World Heritage Centre 2018). To reflect each WHS location as
accurately as possible, we follow the methodology used in Chang et al. 2009 and Dassanayake
et al. 2012. Therefore, we correct the location of misplaced WHS by using Google Earth™
satellite imagery. Where in doubt, we additionally compare photos and site descriptions
provided on the UNESCO website with photos of the Panoramio web service embedded in
Google Earth™ (as of January 2018 replaced by photos from Google Maps). Next, we examine
WHS maps downloaded from the UNESCO website and digitize the outline of each site with
the help of Google Earth™, resulting in one polygon for each serial WHS. We validate our
WHS polygons by comparing them to those produced as part of the European PROTHEGO
project, available in a map viewer (PROTHEGO project 2018).

Subsequently, we extract the WHS located in the LECZ based on the lowest elevation value of
each WHS polygon in the SRTM DEM version 4.1 (Jarvis et al. 2008, Farr et al. 2007). The
LECZ represents all land with an elevation of up to 10m in hydrological connection to the sea
(McGranahan et al. 2007). This way we ensure that all sites potentially exposed to coastal
flooding and erosion are included in the analysis.

4.4.3 Flood risk

To assess WHS at risk from ESL, we calculate the floodplain of a storm surge with a 100-year
return period under four SLR scenarios from 2000 to 2100. We use a 100-year storm surge as
it is a standard measure for coastal protection and has been widely used in previous assessments
(Muis et al. 2015, Muis et al. 2016, Muis et al. 2017, Jongman et al. 2012, Kron 2005, Neumann
et al. 2015, Nicholls et al. 2008a, Hallegatte et al. 2013, Hanson et al. 2011, Hinkel et al. 2014).
To account for spatial differences in the floodplain across the Mediterranean basin, we use
storm surge data from the Mediterranean Coastal Database (MCD) (Wolff et al. 2018b, 2018a),
where surge heights are available for each of the approximately 12,000 coastal segments. We
select surge heights that are derived from the Global Tide and Surge Reanalysis (GTSR) dataset
which accounts for ESL due to storm surges and tides. A detailed description of the methods
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used for developing the dataset can be found in (Muis et al. 2016). In the MCD, a downscaled
version of the GTSR data is available. To ensure that all data used for the analysis are referenced
to the same vertical datum, we convert the vertical datum of the surge data, referenced to the
mean sea-level, to the EGM96 geoid, the vertical datum of the SRTM data (Ramirez et al. 2016,
Muis et al. 2017, Kulp and Strauss 2016, Kulp and Strauss 2018). To do so, we use the mean
dynamic ocean topography (Rio et al. 2014), which is the difference between mean sea-level
and the geoid.

To account for plausible increases in ESL due to SLR, we combine the adjusted surge heights
with four SLR scenarios based on the Representative Concentration Pathways (RCPs) (van
Vuuren et al. 2011a). We use the regionalized SLR projections by (Kopp et al. 2017) that
account for three ice sheet components, glacier and ice cap surface mass balance, thermal
expansion and other oceanographic processes, land water storage and non-climatic factors such
as Glacial Isostatic Adjustment (Kopp et al. 2014, Kopp et al. 2017). These projections are
available as grid points with a spatial resolution of 2° by 2°. We select the median projections
(50" percentile) of RCP2.6, RCP4.5 and RCP8.5 for 2010-2100 to cover the likely range of
uncertainty regarding SLR, as well as the 95" percentile of RCP8.5 (5% probability) to account
for a HE scenario. We spatially join the grid points of the SLR projections to the coastal
segments of the MCD closest to each point and calculate the ESL of a 100-year storm surge for
each coastal segment, scenario and 10-year time step. We do not account for potential changes
in storminess as confidence in these projections is low (Church et al. 2013).

We model the 100-year coastal floodplain for each SLR scenario with the help of a planar
elevation-based (bathtub) approach using the SRTM DEM, which is extensively used in large-
scale flood modelling (Jongman et al. 2012, Hinkel et al. 2014, Wolff et al. 2016, Muis et al.
2015, Muis et al. 2016, Muis et al. 2017). The SRTM data used have a spatial resolution of 3
arc seconds (approximately 90m at the equator) and a vertical resolution of 1m (Farr et al.
2007). Based on these data, we determine the area of each WHS located at elevation increments
from Om up to 4m in hydrological connection to the sea in a first step. Next, we attribute the
calculated ESL to the nearest WHS. If more than one ESL can be attributed to one WHS, we
calculate a weighted mean based on the number of raster cells with a specific ESL height
assigned to each WHS. To determine the area of each WHS flooded (in %), we linearly
interpolate between respective elevation increments based on the ESL assigned, following the
method of Hinkel et al. 2014. We further calculate the maximum flood depth per WHS (in m)
based on the difference between the ESL and the elevation value in the SRTM DEM. For WHS
located below Om according to the SRTM data, we assume the minimum elevation value of
each WHS to be Om. We apply this assumption to correct for artefacts present in the SRTM
data, such as individual pixels with very low elevation values (e.g. -20 m at Venice and its
Lagoon (394)) (Hirt 2018). Using these values would result in unrealistically high maximum
flood depths. Further, we do not account for existing flood protection measures in our analysis
due to a lack of consistent region-wide data. Data of existing flood defenses may be available
for specific locations across the region, but integrating those into our analysis would
compromise the consistency of our results.
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For the flood risk index, we scale flood area and flood depth linearly to values ranging from 0
(not at risk) to a maximum value of 5 (very high risk), assuming that a WHS is at very high risk
when at least 50% of the site are flooded with a flood depth of at least 1m (Hinkel et al. 2014,
Messner et al. 2007) (Table 4.1). We must note that we could not find any studies assessing
flood risk based on the area of an object flooded; therefore we assume that the OUV of a WHS
is seriously threatened if at least half of the site is flooded. In a last step, we calculate the sum
of the scaled flood risk indicators, which results in an index ranging from 0 to 10.

Table 4.1 Scale values used for the components of the flood risk index and the erosion risk index

INDEX 0 1 2 3 4 5

NOT AT VERY LOW MODERATE HIGH VERY

INDICATOR RISK LOW HIGH

FLOOD RISK

Flood area [%] 0 >0 L ee—") >50

Flood depth [m] 0 >0 C— >1

EROSION

RISK

Distance [m] > 500 500 —— <10

muddy; rocky
Coastal material rocky - with pocket - sandy
beaches

Mean wave

height [m] 0.1 > 08

Sediment 4 11.5 | —— <05

supply [mg I7]

4.4.4 Erosion risk

To analyze WHS at risk from coastal erosion due to SLR, we calculate an erosion risk index
for each WHS from 2000 to 2100 under the four SLR scenarios (RCP2.6, RCP4.5, RCP8.5,
HE). We adopt the indicators used in previous index-based approaches on coastal erosion
(Mavromatidi et al. 2018, Gornitz et al. 1994, Boruff et al. 2005, Torresan et al. 2012,
Mclaughlin and Cooper 2010, Satta et al. 2015, Pendleton et al. 2004) and cultural heritage at
risk from coastal erosion (Reeder et al. 2012, Reeder-Myers 2015, Daire et al. 2012) and select
those that play a key role in the Mediterranean (UNEP/MAP 2012) and for which data are
publicly available. Accordingly we assume that erosion risk is determined by a WHS’s distance
from the coast, the coastal material, mean wave height and sediment supply.

We use the coastline of the MCD (Wolff et al. 2018a) to calculate the shortest distance of each
WHS from the coast. In several instances the coastline of the MCD considerably deviates from
the actual coastline as detected with the help of Google Earth™, for example, around the cities
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of Trogir and Sibenik in Croatia or the city of Catania in Italy. In these instances we use the
distance from the coastline of the global self-consistent, hierarchical, shoreline database version
2.3.7 (Wessel and Smith 1996, see Reimann et al. 2018b). We calculate the change in coastline
due to SLR with the help of the SRTM data under the assumption that all areas below the
amount of SLR in hydrological connection to the sea are inundated (Antonioli et al. 2017).
Again we interpolate linearly between elevation increments (Hinkel et al. 2014) and calculate
the decrease in a WHS’s distance from the coastline for each scenario and 10-year time step.
Further, we use the MCD to assign the coastal material and mean wave height to each WHS
based on the coastal segments attributed to the site. If more than one coastal material type or
wave height is attributed to a WHS, we adopt the dominant one. To account for sediment supply,
we use a newly created dataset of mean monthly Total Suspended Matter (TSM) concentration.
TSM is a measure of water turbidity in coastal locations that can be used as an indicator for
sediment supply (Schuerch et al. 2018). The original data were produced in the context of the
GlobColour project and were calculated based on satellite imagery (Doerffer and Schiller
2010). We spatially join the grid point data of the TSM to the coastal segments of the MCD
closest to each grid point. If more than one grid point can be attributed to a segment, we
calculate the mean of the points that extend along that segment. Subsequently, we attribute TSM
values to each WHS, following the same procedure. We must point out that TSM represents
sediment supply only to a limited degree as it does not include river bedload supplied at river
mouths, which plays an important role in counteracting coastal erosion in the Mediterranean
(Ninfo et al. 2018, Besset et al. 2017). A dataset of bedload sediment transport is currently not
available for the entire Mediterranean region. For the erosion risk index, we scale the four
indicators linearly to values ranging from 0 (not at risk) to a maximum value of 5 (very high
risk) based on scale values used in the literature that we adapt to the environmental conditions
in the Mediterranean basin (Table 4.1).

Accordingly, we assume a WHS to be at risk from coastal erosion if it is located at least within
500m from the coast with the highest risk at or below 10m distance (Daire et al. 2012),
accounting for a two-fold increase in observed erosion rates in the Mediterranean due to SLR
(Reeder et al. 2012, Ozhan 2002). For coastal material we use the scale values of Reeder et al.
2012 and Mavromatidi et al. 2018 and for mean wave height we adapt the values of
Mavromatidi et al. 2018. For sediment supply we assume risk to be very high when the TSM
concentration is below 0.5mg I"t. We calculate one erosion risk index (ERI) for each WHS
based on equation (4.1) where D stands for distance under the respective scenario and time step,
M for coastal material, mWH for mean wave height and TSM for Total Suspended Matter. We
follow the weighting used in Reeder-Myers 2015, which is largely based on previous
assessments (Reeder et al. 2012, Gornitz et al. 1994, Pendleton et al. 2004) and we adjust it to
the indicators included in this analysis, ensuring that the relative importance of each indicator
remains unchanged. As sediment supply primarily plays a role in calm waters (i.e. beaches,
wetlands, inlets) where it can get deposited (UNEP/MAP 2012), we exclude TSM from the risk
index at WHS in rocky locations. In a last step we scale the ERI to a possible maximum value
of 10.
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1

ERlyocky = (3D + 2M + mWH) + =
i : = 4.1

. if D>500,ERI =0 (4.1)

ERI,per = (3D + 2M + mWH + TSM) *Z

445 Code availability

Spatial data processing was conducted in the Geographic Information System (GIS) software
ArcGIS. The results of the spatial analysis were further processed in the software environment
R to calculate the flood risk and erosion risk indices. The computer code of these calculations
is available upon request.

4.5 DATA AVAILABILITY

The WHS datasets produced for this study are available in text format (CSV) and polygon
vector format at https://doi.org/10.6084/m9.figshare.5759538 (Reimann et al. 2018Db).
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5 CONCLUSIONS AND OUTLOOK

5.1 MAIN ACHIEVEMENTS AND FINDINGS

The work carried out in Chapter 2 to 4 has advanced the spatial representation of variables that
represent exposure to SLR-related hazards, i.e. population and cultural assets, to facilitate their
integrated analysis in coastal risk assessments at continental (i.e. Mediterranean) scale. A
particular focus has lain on accounting for future changes in coastal risks, by exploring
uncertainty in exposure under alternative socioeconomic scenarios (i.e. SSPs) and increasing
SLR-related hazards under a range of SLR scenarios (i.e. RCPs). This section synthesizes the
main achievements of this thesis by discussing how the three key research needs established in
section 1.3.1 have been addressed across the three preceding chapters.

5.1.1 Downscaling global-scale data and modeling approaches to the continental scale

As shown in section 1.2, coastal risk assessments at continental scale have been scarce in the
literature, with the majority of assessments focusing on the global scale. Even when coastal
risks are assessed at continental scale (i.e. European scale), these assessments are almost
exclusively based on global data, modeling approaches, and scenario assumptions (e.g. Hinkel
et al. 2010, Vousdoukas et al. 2018b, Vousdoukas et al. 2020a, Athanasiou et al. 2020). Each
of the three preceding chapters has addressed the need for downscaling global data and
modeling approaches to the continental scale to be able to reflect regional differences, using the
Mediterranean region as a case study.

Chapter 2 downscales the global modeling approach of Merkens et al. 2016 based on coastal
SSP narratives extended to the Mediterranean region. The continental-scale focus allows for
establishing Mediterranean-specific SSP elements, such as water demand and second home
ownership, as well as for differentiating socioeconomic developments across two geographical
regions (i.e. the northern Mediterranean versus the southern and eastern Mediterranean). Based
on these refined scenario assumptions, distinct model parameters (i.e. modification factors for
the established urban and rural growth differences, GD) for each geographical region and SSP
are developed (section 2.2.2). As a result, the number of people projected to live in the
Mediterranean LECZ in 2100 based on the refined model version can deviate by as much as
15% (SSP1) from the results produced with the original version of the model. Similarly,
Chapter 3 downscales the global gravity-based modeling approach of Jones and O’Neill 2016,
calibrating the model to the two geographical regions established in Chapter 2, and integrating
inland-coastal migration into the model (section 3.2.2). As in Chapter 2, the calibration process
results in distinct model parameters (i.e. B parameters for coastal rural (CR), inland rural (IR),
coastal urban (CU), inland urban (IU) areas) for each geographical region and SSP. The
downscaled model projects an up to 25% higher population in the LECZ (SSP1), which, in
particular, reflects the integration of inland-coastal migration processes into the model. Due to
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their refined scenario assumptions and modeling approaches, the downscaled models in
Chapters 2 and 3 produce projections that deviate considerably from their respective global
counterpart. As these projections plausibly reflect socioeconomic developments at continental
scale, they can be used in a wide range of (coastal) IAV assessments. The differences between
the two modeling approaches are discussed in further detail in section 5.1.2.

In Chapter 4, the global UNESCO WHS data are downscaled to the Mediterranean region by
correcting the WHS point data and producing spatial representations (i.e. polygons) of each
cultural WHS located in the LECZ (see also 5.1.3). The continental-scale focus allows for
assembling this high-resolution spatial database in a timely manner. Further, it allows for
assessing Mediterranean WHS at risk from SLR-related hazards with the help of the MCD
(Wolff et al. 2018a), where regional differences in the physical parameters needed for such an
assessment (e.g. ESL, coastal material) are represented in roughly 12,000 coastal segments
(section 4.4). The results of this assessment exhibit clear regional patterns regarding the severity
of flood risk and erosion risk due to SLR at each WHS, which further emphasizes the need for
incorporating regional characteristics in coastal risk assessments.

5.1.2 Developing spatial population projections that account for internal migration
processes

The second key research need addressed in this thesis is the use of socioeconomic scenarios for
exploring plausible future socioeconomic developments in coastal locations. Specifically, this
thesis extends previous research that has assumed homogenous population growth per country
by applying national-level growth rates to the current population distribution, therefore
neglecting spatial differences in population growth due to internal migration (e.g. Jongman et
al. 2012, Nicholls et al. 2018, Lincke and Hinkel 2018, Vafeidis et al. 2019).

Chapter 2 accounts for inland-coastal and rural-urban migration based on observed differences
in population growth (i.e. GD) between coastal and inland locations in each country, calculated
separately for rural and urban settlements. To account for the uncertainty in future migration
patterns, the GD are modified for each SSP and geographical region by interpreting the
Mediterranean coastal SSP narratives and are applied to each of the four zones (i.e. CR, IR,
CU, IU) established per country. The resulting spatial population projections reflect plausible
changes in population distributions for each country, SSP, and time step. As the GD are applied
to fixed delineations of the four zones, urban sprawl is not captured in this approach, which
may result in an overestimation of population exposure when assessing coastal risks due to a
potential overconcentration of the population in coastal locations (Merkens et al. 2018). The
gravity-based modeling approach used in Chapter 3 allows for exploring the uncertainty related
to future spatial changes in settlement patterns (i.e. urban sprawl), rural-urban migration, and
inland-coastal migration across the SSPs. To capture the spatial patterns of these processes, in
particular in coastal locations, the model uses a 15 times finer spatial resolution (i.e. 30 arc
seconds) than the original version of the model. Similar to the approach in Chapter 2, the
calibrated model parameters for the four zones (CR, IR, CU, IU) are modified for each SSP and
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geographical region to account for the uncertainty in future migration patterns. The gravity-
based model dynamically distributes the population in each time step based on a population
potential per grid cell calculated with a distance-decay function that additionally includes the
contribution of local effects to the potential of a cell (section 3.2.1), thereby producing diverse
settlement patterns. Compared to the static model used in Chapter 2, the gravity-based model
projects 12-70% higher population numbers in the LECZ (in 2100) under all SSPs except SSP5,
which is characterized by considerable urban sprawl in the twenty-first century, thereby
resulting in a 5% lower LECZ population. In SSP1, the large difference in projected LECZ
population (i.e. 70%) results from the assumption in the static approach that effective coastal
zone management leads to population decline in coastal locations, which is not accounted for
in the gravity-based model.

It is worth noting that, although the spatial population projections produced in Chapter 3
account for more processes driving spatial population patterns, the projections produced in
Chapter 2 span a broader range of uncertainty concerning the number of people living in the
LECZ (range of 56.5 versus 61.4 million) as potential population decline in coastal locations is
included as well. Conversely, Chapter 3 projects the highest total number of people in the LECZ
in 2100 (SSP3). From a risk management perspective, an approach resulting in high LECZ
populations may be more meaningful than one exploring a broader uncertainty range, as
decision-makers would be able to plan for a ‘worst-case’ scenario. Consequently, the strengths
and weaknesses of the produced projections should be considered when selecting a set of spatial
population projections based on the application at hand.

5.1.3 Advancing the spatial representation of exposure variables not commonly used in
coastal risk assessments

The third key research need addressed in this thesis is to advance the spatial representation of
exposure variables other than population or population-based variables such as GDP per capita,
which the majority of coastal risk assessments at continental to global scales have focused on
in previous research. Consequently, examples of studies that account for other exposure
variables such as infrastructure (Koks et al. 2019, Yesudian and Dawson 2021) and cultural
assets (Marzeion and Levermann 2014) are scarce in the current literature.

Chapter 4 develops a spatial database of cultural assets, i.e. UNESCO WHS, located in the
Mediterranean LECZ. The database is assembled by correcting the point coordinate data
provided in the UNESCO World Heritage List (as of 2018) and by drawing polygons of each
WHS with the help of satellite imagery and photos of the WHS. In addition to the attributes
provided in the World Heritage List, the developed database contains attributes of interest to
coastal risk assessments such as heritage type, distance from the coast, and percent of the WHS
located in the LECZ. A first-order assessment of WHS at risk from flooding and erosion under
four RCP-based SLR scenarios finds the vast majority of the 49 WHS included in the database
to be already at risk under current climatic conditions, with over 75% and 85% at risk from
flooding and erosion, respectively. It also shows that awareness regarding SLR-related risks at
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WHS is low and that adaptation planning is urgently needed. As adaptation measures must not
compromise the site’s OUV, innovative solutions are needed that are tailored to the
characteristics of each WHS. These results stress the importance of including additional
exposure variables in continental-scale coastal risk assessments, as coastal risks may otherwise
be underestimated in locations where multiple elements (e.g. population, cultural assets, and
infrastructure) are exposed to SLR-related hazards.

5.2 RECOMMENDATIONS FOR FURTHER RESEARCH

This thesis has addressed the three key research needs in continental-scale coastal risk
assessments summarized in the preceding section. Several additional research needs have been
identified during this work, which, if addressed, can further advance coastal risk assessments
at continental scales. Therefore, | conclude this thesis with six recommendations for further
research that focus on work that builds directly on this thesis (points 1-4), before turning to a
set of broader recommendations to advance (coastal) risk assessments in general (points 5-6).

1. Employ and enhance data to include characteristics of vulnerability in
Mediterranean coastal risk assessments

As all spatial data produced as part of this thesis are publicly available from an online
repository, they can be used for assessing exposure and vulnerability to coastal hazards at
continental to national scales. To do so, the developed exposure data can be enhanced with
further variables to characterize vulnerability. In the case of population, indicators such as age,
sex, ethnicity, education, and income are commonly discussed in the literature (e.g. Cutter et
al. 2003, Madajewicz 2020). While several studies have developed SSP-based projections of
such indicators at administrative unit level, the projections are available either for single
countries (Hauer 2019, Chen et al. 2020b, Jiang et al. 2020) or for Europe (Terama et al. 2019),
where the baseline data needed for such projections are readily available. Apart from gridded
projections of GDP (Hurth et al. 2017, van Huijstee et al. 2018, Murakami and Yamagata 2019,
Wang and Sun 2021), spatially explicit projections that include variables for characterizing
vulnerability are not available at continental scales. The global-scale gridded data of current
sex and age structures available from the WorldPop project (Tatem 2017, Pezzulo et al. 2017)
are an example of a potentially suitable starting point for enhancing the population projections
developed in this thesis with vulnerability variables. In the case of UNESCO WHS, variables
such as material, tourist revenue, or cost of repairs (Taylor et al. 2007) can be added to the
database, although assessing vulnerability of WHS is challenging due to their high intangible
value (Chapter 4).

Coastal risk assessments that additionally account for the vulnerability of exposed elements can
help establish hotspots of future coastal risks more comprehensively. Further, by combining
exposure variables (i.e. population and cultural assets), hotspots of ‘compound
exposure/vulnerability’ can be established, i.e. where a high number of exposed population
coincides with a UNESCO WHS. This may especially be the case in old towns inscribed in the
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World Heritage List such as Venice, Dubrovnik, and Tel Aviv. Such assessments should also
explore possible ways to assess future risks due to compound flooding (e.g. ESL + heavy
precipitation) as it further amplifies impacts in exposed locations (Zscheischler et al. 2020), but
has not been analyzed in continental-scale assessments yet (Ward et al. 2020).

2. Extend data and modeling approaches for coastal risk assessments at other scales
of analysis

The methods used in this thesis can be extended to other continent-scale study areas. Applying
the population modeling approach of Chapter 2 at other continental scales is rather
straightforward due to its modest computing requirements, as long as extended SSP narratives
are available to account for regional characteristics. In contrast, the gravity-based approach
(Chapter 3) is computationally expensive, which can impede its applicability in large countries
such as Brazil and China due to its refined spatial resolution compared to the original version
of the model (Jones and O’Neill 2016). Furthermore, the development of a continental-scale
cultural heritage database can be very time consuming, as each site needs to be digitized
individually. The lack of a consistent and coherent spatial database of cultural assets has been
amain constraining factor in previous risk assessments, in particular when it comes to including
cultural heritage other than UNESCO WHS in such a database (Anderson et al. 2017; section
4.3).

For regional to national assessments, the data and modeling approaches can be further refined,
thereby allowing for including additional variables to characterize vulnerability (see point 1).
While the UNESCO WHS database assembled in Chapter 4 can be readily applied in such
assessments, the modeling approaches for characterizing coastal flooding and erosion need to
be refined. At these scales of analysis, application of the two-dimensional hydrodynamic model
LISFLOOD-FP may be feasible, and may further allow for including protection measures in
place, for instance, by assembling a spatial database of protection measures based on satellite
imagery. Applying the population projection approaches at regional to national scales allows
for further refining their spatial resolution, by using spatial population data such as WorldPop
(Tatem 2017) or GHS-POP (Schiavina et al. 2019) as model input, which are available at spatial
resolutions of 3 arc seconds and 9 arc seconds, respectively. Furthermore, uncertainty in future
socioeconomic development can be explored in more detail based on an extended set of SSP
narratives for the region or country analyzed. Participatory approaches to co-produce regional
to national narratives such as the Living Lab approach are worth exploring at these scales of
analysis to ensure that the narratives are considered relevant and plausible by the involved
stakeholders (Reimann et al. 2021).

For local-scale assessments, other modeling approaches need to be explored that account for
migration decisions at the individual level such as Agent-Based Modeling (ABM). A possible
way forward is using the results of the approaches used in this thesis as boundary conditions
for an ABM approach and accounting for more refined migration assumptions based on agent
decisions (see point 3 for further details) (Wrathall et al. 2019).
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3. Account for feedbacks between SLR-related hazards, exposure, and vulnerability

Current continental-scale coastal risk assessments overlay spatial information of the hazard,
exposure, and vulnerability without considering potential feedbacks between the three risk
drivers. However, SLR-related hazards will affect exposure and vulnerability, by leading to
migration of exposed populations (Black et al. 2011, McMichael et al. 2020) as well as to
adaptation responses that reduce vulnerability of the exposed elements (Oppenheimer et al.
2019, Hauer et al. 2020). As these feedbacks can influence future risks considerably, it is
important to account for these dynamics to explore how adaptation strategies (including
migration) can affect future risks (Aerts et al. 2018). The SSP-RCP scenario framework offers
a flexible tool to do so, as it is designed to explore plausible SSP, RCP, and SPA combinations
(O'Neill et al. 2020). Developing SPAs for adaptation allows for exploring potential effects of
adaptation policies such as managed retreat, implementation of hard protection measures, or
the designation of setback zones on future SLR-related damages as well as on residual risk. For
instance, when hard protection measures are pursued, residual risk is likely to be high due to
increasing population and assets in protected locations (‘levee effect”) (Di Baldassarre et al.
2015, Haer et al. 2020).

To account for these feedbacks, the gravity-based model developed in Chapter 3 offers a
flexible approach to explore the potential effects of broad-scale adaptation policies on SLR-
induced migration. It also allows for integrating the feedbacks of other climate change impacts
such as heat stress, crop yields, and desertification on internal migration (e.g. Rigaud et al.
2018). As gravity models reflect aggregate human behavior only (section 3.2.1), other modeling
approaches such as ABM are needed to capture individual adaptation decisions. By using
decision rules of different agents such as governments, insurers, and individual households,
ABM allows for exploring adaptation decisions at an individual level (Aerts 2020). Further,
ABM can be used to account for the influence of changes in risk perception on adaptation
decisions after a hazard has hit (Aerts et al. 2018). While ABM has been primarily applied at
local to national scales (e.g. Lazar et al. 2020) due to the high computational demands and data
requirements (Aerts 2020), a recent study has applied ABM at continental scale to assess the
future risks of river flooding in Europe (Haer et al. 2020). In this context, the coupling of
different modeling approaches may be an interesting way forward, for instance, using the DIVA
modeling framework (Hinkel et al. 2014) for establishing where dikes are built and where beach
nourishment is pursued based on the concentration of population and assets (including
UNESCO WHS) in exposed locations. At Mediterranean scale, the high-resolution MCD
(Wolff et al. 2018a) can provide the underlying coastal database for such a DIVA application.

4. Combine modeling approaches for more robust projections

This thesis has shown that coastal risk assessments use different modeling approaches for
characterizing SLR-related coastal hazards and exposure. The strengths and weaknesses of
different modeling approaches to characterize the coastal floodplain are relatively well
documented in the literature and have been established by comparing the modeled floodplain
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to the observed floodplain of a past event (e.g. Vousdoukas et al. 2016, Seenath et al. 2016,
Ramirez et al. 2016). Studies that compare modeling approaches for characterizing exposure
are hampered by a lack of ‘ground truth’ validation data. While the delineation of static
exposure elements such as cultural assets and infrastructure is rather straightforward, spatial
population or urban land use data are based on census data with varying spatial and temporal
resolution per country, which are often further refined with the help of redistribution algorithms
based on satellite imagery (Leyk et al. 2019). Therefore, exposure data are characterized by
high uncertainties already under current conditions that will further increase in the future due
to the uncertainties related to future socioeconomic development and internal migration. Two
studies have compared different modeling approaches for producing future projections of
population and urban land use at continental to global scales and have concluded that the
selected modeling approach can influence projected exposure substantially (Merkens et al.
2018, Rohat et al. 2019b).

Similar to the current practice in climate modeling where multi-model ensembles are used to
balance the strengths and weaknesses of different climate models (Flato et al. 2013), future
work can use multi-model ensembles of different socioeconomic modeling approaches to
produce results that are robust across a range of models (as proposed in van Ruijven et al. 2014).
Concerning population projections, such ensembles can be produced from the static approach
used in Chapter 2, the gravity-based approach of Chapter 3, and ABM, among others. Similarly,
a multi-model ensemble approach could be used for the different urban land use projections
available in the literature, such as Chen et al. 2020a, Gao and O'Neill 2020, and Wolff et al.
2020. In recent years, several so-called ‘Model Intercomparison Projects’ (MIP) such as the
Inter-Sectoral Impact Model Intercomparison Project (ISIMIP)* or the Coastal impact Model
Intercomparison Project (CoastMIP)* have been established with the aim to compare modeling
approaches. A similar MIP could be initiated for socioeconomic modeling approaches (e.g.
SocioMIP).

5. Take stock of available exposure and vulnerability data

Different disciplines are involved in the development of exposure and vulnerability data based
on their specific interests and needs; for example, historians or archaeologists have a particular
interest in cultural heritage, demographers in population, and engineers in infrastructure and/or
protection measures in place. As all of these data are important for assessing future climate
risks, a joint collaborative effort across disciplines would be desirable to harmonize the
development of these data and to share them on a shared data platform. An example of such a
data platform is the Socioeconomic Data and Applications Center (SEDAC)™ hosted by the
Center for International Earth Science Information Network (CIESIN) at Columbia University,
New York, which provides a wide range of datasets related to human-environment interactions
such as data on agriculture, health, population, and poverty. Further, the recently established

13 https://www.isimip.org/
14 http://coastmip.org/
15 https://sedac.ciesin.columbia.edu/
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POPGRID Data Collaborative® (also hosted by CIESIN) offers tools for comparing different
gridded population and urban extent datasets to guide application of these data in policy and
research (Leyk et al. 2019, POPGRID Data Collaborative 2020).

There is need for extending these data platforms with additional exposure and vulnerability
variables and for establishing new data platforms that focus on specific variables such as
cultural assets, infrastructure, or adaptation measures. In this context, a data platform of
spatially explicit SSP-based projections is of particular interest as data and modeling
approaches related to the SSPs have increased considerably in recent years. At Mediterranean
scale, for instance, five sets of gridded population projections are currently available (i.e.
Merkens et al. 2016, Jones and O’Neill 2016, Murakami and Yamagata 2019 in addition to
those developed in this thesis), which have been produced based on different data and modeling
approaches. Systematic and comparative documentation of the projections’ strengths and
weaknesses is currently unavailable, which would help select a set of projections depending on
the user needs and would ease combining modeling approaches for more robust projections
(point 4).

The need for making data and modeling approaches publicly available to the research
community has been increasingly acknowledged in recent years (Gewin 2016, Wilkinson et al.
2016), and will likely result in an increase in data platforms similar to SEDAC or POPGRID.
Through improved documentation of data and transparency of modeling approaches, new
research avenues can be established more swiftly, which will also open up opportunities for
future collaborations. One such collaboration opportunity could be to explore the potential of
coupling modeling approaches to produce SSP-based projections of future urban land use with
the help of spatial population projections, or vice versa.

6. Harness other sources of exposure and vulnerability data

Recent research has increasingly explored new methods for generating spatial exposure and
vulnerability data, in particular in data-scarce environments, where census data are unavailable
or out of date. Mobile phone data can provide important information on human mobility, by
capturing diurnal to seasonal work-related migration (Dujardin et al. 2020), short-term
migration (hours to weeks) during hazard events (Lu et al. 2016), and long-term migration
patterns (Deville et al. 2014, Lai et al. 2019). These insights allow for validating available
spatial population datasets, refining these data both temporally and spatially, as well as
validating and calibrating migration models for producing population projections. Furthermore,
recent work has increasingly focused on harnessing social media data, in particular Twitter data,
for real-time information on the location of hazard events such as coastal flooding and river
flooding (Arthur et al. 2018, Bruijn et al. 2018, Barker and Macleod 2019, Bruijn et al. 2020)
as well as infrastructure disruptions resulting from such hazards (Roy et al. 2020). Based on
these data, warnings can be issued and evacuation of population and assets can be initiated,
therefore reducing exposure and vulnerability in at-risk locations.

16 https://www.popgrid.org/
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Additional innovative ways for harnessing exposure and vulnerability data are the use of
OpenStreetMap (OSM) data for information on infrastructure (Koks et al. 2019) and real estate
data from Zillow for building structures and property prices in the US (Bernstein et al. 2019).
Further, citizen science projects offer great potential for generating new data related to building
structures, adaptation measures, infrastructure, and cultural assets among others. Two examples
that can support coastal risk assessments are the Coastwards project, which pursues the aim to
produce a global database of coastal materials'’, and the Scottish Coastal Heritage at Risk
project that has developed a mobile app to monitor coastal erosion at cultural heritage sites in
Scotland (Hambly 2017).

Future research can further explore methods to harness these data sources systematically to
produce, refine, and validate spatial exposure and vulnerability datasets. Additionally, such data
can advance our understanding of migration processes at different spatial and temporal scales,
based on which we can refine migration models to reflect future migration patterns more
plausibly in data-scarce regions, but also at continental to global scales.

17 http://coastwards.org/
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SM2.1 Mediterranean coastal SSP elements

/ Basic S5P elements \ / Coastal SSP elements \ /Region-speciﬁc elements \

® Urbanization ® Shipping ® \Water demand

® Economic growth ® Fisheries ® | and subsidence

® |nequality e (Coastal tourism ® Second home ownership
® International trade _l_ e Lifestyle + e Qverfishing

® Globalization ® (Coastal zone ® Energy demand*

® Consumption management ® Migration*

e |nternational cooperation e Agriculture*

e Technology

- DN AN /

* = region-specific elements also included in the basic elements (O’Neill et al. 2017)

SM2.2 Data used to determine the current state of socioeconomic development in each
Mediterranean country

Mediterranean SSP | Indicator Reference
element
Urbanization Urbanization level (2014) The World Bank 2016
Urbanization rate (2000-2014)
Economic growth GNI per capita (in US$, 2014)
Annual GDP growth (2000-2014)
Inequality GINI index
International trade, Export-import ratio (% of GDP, 2014)
globalization
Agriculture Agriculture (% of GDP, 2014)
Shipping Maritime freight (in t, relative to population, 2013) Eurostat 2015a, 2015b,
The World Bank 2016
Fisheries Fish captures (in t, 2013) Food and Agriculture
Organization of the United
Nations (FAO) 2016
Tourism International tourism (no of arrivals, relative to The World Bank 2016
country size, 2013)
Water demand Annual freshwater withdrawal (in %, 2013)
Energy demand Net energy imports (in %, 2012)
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SM2.3 General scenario assumptions

If the population’s mobility is high and visa regulation are low,
migration is high.

SSP elements Assumptions References
International o If international cooperation is effective and technological

cooperatiop; development and transfer rapid, socioeconomic development is

Technological converging in the whole region.

development

Inequality; o Ifinequality is high, willingness to migrate is high, with the Hugo 2011,
Migration primary goal to improve living standards. Foresight 2011

Coastal tourism

If living standards improve, tourism demand increases,
especially in coastal areas.

Sanna and Le
Tellier 2013,
Manca and
Santarossa 2016

International

Sanna and Le

If policies are effective and oriented towards sustainability,
overfishing is managed successfully.

o If international trade and globalization are high, the importance
trade; of the region’s shipping industry is high. Tellier 2013, World
Globalization; Economic Forum
Shipping (WEF) 2011,
Hanson et al. 2011
Fisheries; o If inequality is high, small-scale fisheries are particularly Sauzade and
Agriculture important to secure the population’s protein intake. Rousset 2013
o If agricultural productivity increases, efficiency in fishing
practices increases.
Overfishing o If seafood consumption is high and efficiency in fishing Food and
practices low, overfishing is high. Agriculture

Organization of the
United Nations
(FAO) 2014

Water demand

If living standards are high, water demand is high, which
includes high water demand due to tourism.

If technological development in agriculture is low, a large
amount of available freshwater is used for irrigation, which
leads to water stress, particularly in semi-arid areas.

World Economic
Forum (WEF)
2011, Benoit and
Comeau 2005,
Adams et al. 2014,
Sanna and Le
Tellier 2013, Kok et
al. 2006

Energy demand

If use of renewables and energy efficiency are high, (fossil)
energy demand decreases.

If energy demand of fossil fuels is high, demand for
international energy infrastructures in the coastal zone is high.

Benoit and Comeau
2005, Bauer et al.
2017

Land subsidence

If water demand is high and productivity in agriculture low, land
subsidence is high as groundwater is increasingly exploited.

If policies are effective and oriented towards sustainability,
water resources are managed successfully.

Adams et al. 2014,
Nicholls et al.
2008b, Syvitski et
al. 2009

Coastal zone
management

If international cooperation is high and if institutions work
effectively, coastal zone management is effective.

If coastal policies focus on sustainability, ecosystems are
protected and land use change is restricted.

If policies are oriented towards economic growth,
socioeconomic development in the coastal zone is high as
industry and services are concentrated in Mediterranean coastal
locations.

Adams et al. 2014,
European
Environment
Agency (EEA)
2014, World
Economic Forum
(WEF) 2011,
Nicholls et al.
2008b
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Lifestyle/Second o If international migration and living standards are high and if Benson and
home ownership policies do not restrict settlement in coastal locations, second O'Reilly 2009,
home ownership in the coastal zone is high. Huete and

o If second home ownership is high, additional jobs are created, Mantecon 2012

which attract more people to move to the coast.

SM2.4 Mathematical equations used for the population projections

1
PT=PCU+PCR+PIU+PIR ()

where PT is the total population of one country and P¢U, P¢R pIU_ PIR the population in
each of the four zones (2).

GDops = 1/2 % (g1 = graer + 9Ticz — 9Tac (2)

GD&ys = 1/2 % (griy — graty + grits — 97ity 3)

where GDY, (GDE, ) is the observed growth difference between the coastal urban (rural)
and inland urban (rural) zone, gr is the growth rate, At1 (4t2) refers to the years 2000 to
2005 (2005 to 2010), and CU, 1U, CR, and IR to the four country zones (z).

PtU:Pt*ut (4)
PE=Px (1—u) )

where PU (PF) is the projected urban (rural) population at time t, P, the population based
on KC and Lutz 2017, and u, the urbanization level based on Jiang and O’Neill 2017.

PtC—U1(PtU - Ptlyl * GDs%P)

PeY = e ©)
PCR — PtC—R1(PtR — P{%; * GDgp) v
t - PtR L ( )

where PEY (PER) is the coastal urban (rural) population at time t and GD&p (GD&p) the
modified urban (rural) growth differences for each SSP. The inland urban (rural) population
results from the difference of total urban (rural) population and coastal urban (rural)
population.

z zZ
, Pt — Poqo
rf = ——7

(8)

PZZO10
where r/# is the population growth rate of a given zone z between time t and the base year
2010. Finally, we multiply r# by the GPWv4 of 2010 in 5-year time steps until 2100.
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SM2.5 Full Mediterranean coastal SSP narratives
SSP1 — Green Coast

This pathway focuses on sustainable development. Due to effective international cooperation
and rapid technological development and transfer, best practices are circulated in the whole
region, which results in converging socioeconomic development. Economic growth is moderate
in northern Mediterranean countries and high in the south and east, which reduces inequality
across countries. As a result, international migration decreases although migration between all
Mediterranean countries is possible. Urbanization is high and well managed in all countries;
policies promote compact cities without urban sprawl. The focus on more regionalized
production results in moderate international trade, in which markets of the whole region are
interconnected. As southern and eastern Mediterranean countries get increasingly integrated
into international trade, the shipping industry gains importance in these countries. It remains on
a similar level in the Mediterranean north, with increasing efficiency in all countries.

Similarly, agricultural productivity increases. This leads to improved efficiency in fishing
practices and fleet, particularly in southern and eastern Mediterranean countries. Due to less
material-intensive consumption and low-meat diets, the importance of fishing decreases. Also,
effective regulation in the form of fishing quotas allows for overfished stocks to recover.
Further, water demand decreases in all countries due to more sustainable water use as well as
more efficient water treatment. Similarly, demand for international energy infrastructures
decreases, as renewable energies are pursued and energy efficiency increases considerably.
Tourism demand increases in the southern and eastern Mediterranean because of higher living
standards and remains on a similar level in the northern part of the region. All countries pursue
sustainable tourism. Hence tourism activities concentrate on regional travel, leading to
decreasing total international tourism demand.

Coastal zone management is highly effective in the whole region. Policies acknowledge the
protective function of coastal ecosystems and focus on their conservation and restoration.
Therefore, policies prevent migration to coastal areas. As a consequence, population growth in
delta regions declines, which reduces the rate of land subsidence. Second home ownership in
the coastal zone is restricted in the whole region.

Considering these developments, coastal population growth decreases compared to inland
locations in the whole Mediterranean. Coastal ecosystem protection and decreasing importance
of fisheries lead to declining population growth in coastal rural areas. Restrictive policies inhibit
migration to coastal urban areas. Nevertheless, due to the importance of shipping and inertia of
urban infrastructure, coastal urban population growth is marginally lower than in the inland.
These growth trends in rural and urban areas are more pronounced in the northern
Mediterranean as compared to the southern and eastern parts of the region as socioeconomic
development of the countries converges gradually in the course of the century. Therefore, we
reduce the observed rural growth difference by 3% in the north and by 1% in the south and east
and the urban growth difference by 2% and 1%, respectively.
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SSP2 — No Wind of Change

This pathway is characterized by continuing historical patterns. Efforts for more efficient
international cooperation across the region are made, but success is limited. Technological
development is uneven, with generally high development in the northern Mediterranean and
slow transfer to southern and eastern countries. Economic growth and reduction in inequality
are uneven, with higher economic growth in the south and east, but lower reductions in
inequality than in northern countries. Limited mobility as well as restrictive visa regulations
lead to moderate international migration. Urbanization is high in northern Mediterranean
countries and moderate elsewhere, with considerable urban sprawl. International trade takes
place in semi-globalized markets which are dominated by northern Mediterranean countries
and interconnection with southern and eastern markets is limited. Consequently, the shipping
industry is of high importance in the Mediterranean north and of lower importance in the south
and east.

Agricultural productivity increases gradually, which results in increasing efficiency of fishing
practices and fleet, especially in southern and eastern countries. Since consumption is material-
intensive and meat-rich, fisheries remain important. As a result, overfishing is a problem in the
whole region. Water demand is high in all Mediterranean countries and mainly driven by
tourism in northern countries and agriculture in southern and eastern Mediterranean countries.
In the north, water resources are more effectively managed over time. In semiarid areas, in
particular in the Middle East and the Maghreb, water stress leads to progressing desertification.
Energy demand is high in northern Mediterranean countries and moderate in the south and east.
As energy efficiency is moderate and renewables are used unevenly, demand for international
energy infrastructures is high in the north and moderate in the south and east. Tourism is
characterized by mass tourism in northern countries. The cruise sector plays an important role
as well. In other Mediterranean countries, tourism is directed towards international tourists and
experiences a gradual increase.

In the whole region, coastal zone management focuses on local issues and is moderately
successful. Coastal ecosystems are lost to built-up areas, particularly in the northern
Mediterranean, but increasingly so in the south and east. This development, combined with
increasing exploitation of groundwater, results in progressing subsidence of river deltas in the
whole region. Second home ownership in the coastal zone continues to increase in northern
Mediterranean countries and experiences moderate demand in the south and east.

In this pathway, population growth patterns in the coastal zone continue like before. In coastal
rural areas of the Mediterranean north, population growth is mainly driven by tourism and
second home ownership. In the south and east, population growth in coastal rural locations is
higher due to the continuing importance of small-scale fisheries. Regarding coastal urban areas
of the north, population growth is primarily determined by the importance of shipping and
tourism. Compared to this, coastal urban areas of southern and eastern countries experience
lower population growth, as their participation in international trade and tourism activities is
limited. Consequently, we use the observed urban and rural growth differences without
modifying them.
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SSP3 — Troubled Waters

This pathway is characterized by regional rivalry. Policies aim for national interests and
security. Thus international cooperation is weak and international organizations (e.g. EU, Arab
League) fall apart. Therefore, technological development and transfer are slow, which
particularly affects eastern and southern Mediterranean countries. Economic growth is low in
the whole region and inequalities between countries increase. Consequently, demand for
international migration is high, in particular from southern and eastern countries to the north,
but extremely limited due to strict visa regulations. The entire region is characterized by low
and poorly managed urbanization, resulting in sprawling urban areas which are unattractive for
further settlement. The de-globalizing economy concentrates on national markets. Therefore,
international trade is strongly constrained, leading to considerable reduction in shipping in all
countries. The remaining shipping routes are primarily located in the northern Mediterranean
and are hardly interconnected with the south and east.

Low technological development in agriculture leads to inefficient fishing practices. Particularly
southern and eastern Mediterranean countries are characterized by a high share of small-scale
artisanal fisheries. Fishing concentrates on domestic demand which is characterized by
material-intensive consumption in the whole region, leading to severe overfishing. Further,
groundwater is exploited extensively for agricultural use. This results in serious environmental
degradation which advances desertification in semiarid locations. Energy demand is moderate
due to low economic growth and low energy efficiency. As domestic energy sources are
pursued, international energy infrastructures are decommissioned. Tourism demand decreases
in all countries because of lower living standards and concentrates on domestic destinations.

Coastal management is weak and uncoordinated. If policies are in place, they concentrate on
local issues. As a consequence, coastal ecosystems experience serious degradation. River deltas
are put under high stress and land subsidence accelerates in the entire region. Due to low
international migration and a low income level, second home ownership in the coastal zone
decreases.

In this pathway, coastal attractiveness for human settlement decreases. As living standards
decrease, this pathway is characterized by little mobility of the population and thus little coastal
migration. In coastal rural locations, population grows due to increasing importance of fisheries
despite the fact that coastal waters are overfished to large extents. Coastal urban areas lose their
attractiveness compared to inland cities due to declining shipping and tourism. Therefore,
population growth in coastal urban locations is almost exclusively driven by natural growth and
does not differ from inland areas. These population growth patterns are less pronounced in the
south and east than in northern countries. In the south and east, coastal rural locations
experience higher growth and coastal cities do not lose their advantage over inland cities as
severely. The reason for this is the presently higher importance of fisheries and lower
importance of shipping and tourism in southern and eastern countries. Especially in the south
and east, the population is forced to move closer to the coast as desertification advances. To
account for these growth patterns, we modify the rural growth difference by +0.5% in northern
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countries and +1% in southern and eastern countries and the urban growth difference by -1%
and -0.5%, respectively.

SSP4 — Fragmented Coast

This pathway is characterized by high inequalities across and within countries. The
Mediterranean region is divided into two groups: a wealthy elite which comprises a small share
of the population and a poorer population group which makes up the rest of the population. The
majority of the elite lives in the northern Mediterranean and is connected globally. Although
technological development and transfer are high among the elite, transfer to poorer population
groups is limited. Therefore, economic growth is uneven, with high growth primarily in
northern countries and low growth in the south and east. Inequality is high, both within and
across countries. Especially in northern Mediterranean countries, low population growth leads
to aging of the population. In combination with high economic growth, this results in high
demand for human resources. However, owing to low mobility of poorer populations in the
Mediterranean south and east, international migration is moderate. Despite high attractiveness
of urban areas in the Mediterranean north, urbanization is moderate due to aging of the
population. Effective management leads to low urban sprawl. Urbanization is high in the south
and east since cities are regarded as economic engines. Due to a lack of management, these
areas experience considerable urban sprawl, with poorer population groups living in peri-urban
slums in vulnerable locations, which are characterized by high unemployment. International
trade is high among the elite, but is not connected with other population groups. Consequently,
in northern Mediterranean countries shipping is high and interconnected with efficient fleets.
In the south and east, shipping is moderate and mainly characterized by poor equipment and
little interconnection. Generally, poorer population groups are dependent on manufactured
goods from the elite and supply the elite with raw products.

Agricultural productivity increases for large-scale farming and is low in small-scale agriculture.
Therefore, fisheries in the north are mainly characterized by highly efficient large-scale
fisheries, whereas the Mediterranean south and east are dominated by small-scale fisheries with
low efficiency. The importance of fisheries increases in the whole region due to high
consumption of fish by both, the elite and poorer population groups. Among poorer population
groups, fish is a main source of protein intake and fisheries mostly operate for subsistence
purposes. In the course of the century, overfishing becomes a serious problem. Further, high
water demand leads to extreme water stress and progressing desertification in semiarid
locations. Around the elite, especially in northern countries, water is used excessively for
luxurious lifestyles, but is well-managed; among the rest of the population, water-intensive
agriculture is the main driver of water demand. Energy demand decreases among the elite due
to an increase in efficiency and use of renewable energies. These new technologies are not
accessible to the remaining population, resulting in moderate demand for international energy
infrastructures, especially in the south and east. Tourism demand is high among the elite; it
pursues high-class tourism at international destinations. Therefore, most tourists come from the
Mediterranean north, whereas the majority of the population cannot afford travel.
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Management of the coastal zone is efficient at the local level. It is directed towards the elite’s
benefit with little interest in sustainable solutions. Coastal ecosystems are destroyed for land
reclamation to realize prestigious building projects in these highly attractive environments.
Poor coastal management results in serious degradation. Due to the importance of agriculture,
population growth is high in delta regions, especially in the south and east; this leads to
accelerating land subsidence. The elite aims for engineered solutions to slow down subsidence
rates. Second home ownership in the coastal zone is popular among the elite.

In this pathway, coastal population growth increases compared to inland population growth in
the whole region. Among the elite, coastal population growth in rural areas is mostly driven by
tourism and ownership of second homes and by small-scale subsistence fisheries among other
population groups. Urban areas experience high population growth since they are regarded as
economic engines. Coastal growth is higher in the south and east compared to the north because
coastal population growth is mainly driven by poorer population groups. Further, in countries
affected by advancing desertification, people are forced to move closer to the coast. Due to
these developments, we increase the rural and urban growth differences by 1% in the north and
by 2% in the south and east.

SSP5 — Coast Rush

This pathway focuses on economic growth. Effective international cooperation leads to rapid
technological development and transfer across the whole region. Economic growth is high in
all Mediterranean countries and inequality is strongly reduced, particularly in the south and
east. International migration is high due to an open migration policy and high mobility. It mostly
takes place from the south and east to the north because of a lack of human resources resulting
from demographic change and aging. Urbanization is high in all countries with some urban
sprawl, which becomes more effectively managed over time. In this highly globalized world,
international trade is high and all Mediterranean countries are increasingly interconnected.
Consequently, the shipping industry experiences a marked increase in volume and efficiency.
Especially the south and east profit from this development.

Increasing productivity in agriculture leads to higher efficiency in fisheries and small-scale
fisheries are almost completely replaced by large-scale enterprises. Material-intensive
consumption and meat-rich diets lead to relatively high importance of fisheries. Therefore,
overfishing becomes a serious threat in the whole region, which is counteracted by increased
use of aquaculture. Further, high water demand leads to groundwater depletion, particularly in
semiarid locations. Engineering solutions, such as desalination plants and water pipelines,
provide affected regions with freshwater. Similarly, demand for international energy
infrastructures is high to meet the high demand of fossil fuels in all Mediterranean countries.
Due to high living standards and mobility, all Mediterranean countries participate in tourism
activities, resulting in a substantial increase in tourism demand in the south and east. Tourism
mostly takes place in the form of mass tourism across national borders, including the cruise
sector.
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Coastal zone management is highly effective in the north and increasingly so in the south and
east. However, it focuses on economic growth rather than environmental issues. Loss of coastal
ecosystems and continuing land subsidence are managed by engineering solutions at a local
scale to ensure well-being of the population. Since international mobility is high, the number
of second homes in the coastal zone increases particularly in the Mediterranean south and east,
as the coastal zone of the north is densely built up.

In this highly globalized world, the coastal zone is extremely attractive, leading to higher
population growth in the coastal zone compared to inland locations in all Mediterranean
countries. In coastal rural areas, tourism and second homes are the main drivers of population
growth. Population in coastal urban areas increases since economic activity is concentrated in
these. Due to high urbanization rates and urban sprawl, many rural areas get urbanized. These
growth trends are more pronounced in the Mediterranean south and east than in the north
because of catch-up effects. Therefore, we increase the observed rural growth difference by 2%
in northern countries and by 3% in the south and east and the urban growth difference by 3%
and 4%.

SM2.6 Total LECZ population in the Mediterranean in 2010 and 2100

140
120
100
80
60
40
20
0 | - | B | u
2010 SSP1 SSP2 SSP3 SSP4 SSP5
Number (Mio) 41.8 34.1 55.2 96.2 43.1 59.6
Growth (%) -18.4 32 130.1 3.1 42.5
H Share (%) 8.9 7.0 9.4 13.3 8.9 10.3

Number (Mio) gives the total population count, Growth (%) represents the change of the LECZ
population relative to the base year 2010, and Share (%) is the share of people living in the LECZ
compared to the total population.
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SM2.7 LECZ population per country for each SSP in 2050 and 2100 compared to the base year 2010

Country ISO | GPWv4!® SSP1 SSP2 SSP3 SSP4 SSP5
2010 2050 2100 2050 2100 2050 2100 2050 2100 2050 2100

Albania ALB 444,563 377,316 141,629 455,875 293,312 563,793 533,301 430,734 198,819 456,389 243,262
Algeria DZA 766,270 | 1,531,805 | 1,209,261 | 1,643,533 | 1,681,836 | 1,674,679 | 2,161,783 | 1,710,406 | 1,508,606 | 1,769,957 | 1,652,208
Bosnia and

Herzegovina | BIH 6,805 1,195 139 2,027 803 3,070 2,350 1,587 289 1,734 371
Croatia HRV 110,735 104,589 61,590 116,011 98,059 107,395 108,155 114,484 81,116 138,703 114,122
Cyprus CYP 73,104 103,982 74,345 108,912 107,952 95,947 106,666 104,693 87,571 126,685 110,276
Egypt EGY | 27,023,874 | 31,659,993 | 19,582,337 | 41,574,667 | 36,133,737 | 58,322,636 | 76,944,136 | 35,649,489 | 25,791,780 | 37,598,322 | 32,188,092
France FRA 694,496 971,476 | 1,047,405 | 1,084,240 | 1,420,165 872,299 744,753 | 1,085,378 | 1,268,721 | 1,510,806 | 3,162,200
Greece GRC 954,875 885,139 702,661 885,643 740,672 770,371 443,713 854,779 606,888 | 1,038,545 | 1,141,313
Israel ISR 367,166 629,070 849,707 647,749 955,577 527,231 546,976 611,164 770,746 832,065 | 1,724,143
Italy ITA 4,819,787 | 4,209,723 | 2,687,993 | 4,524,282 | 3,483,454 | 3,770,642 | 1,981,219 | 4,516,665 | 3,144,140 | 5,864,348 | 6,545,776
Lebanon LBN 357,157 250,043 171,187 268,158 220,804 290,508 321,707 253,031 163,048 258,184 178,485
Libya LBY 252,773 785,213 659,722 829,867 874,646 907,176 | 1,311,088 810,826 701,702 803,087 683,558
Malta MLT 23,062 20,696 13,166 21,540 17,916 21,177 22,009 20,078 13,111 21,740 14,360
Montenegro | MNE 27,882 39,052 22,786 41,649 32,815 41,447 42,761 42,878 30,397 48,897 37,452
Morocco MAR 256,009 368,068 254,016 389,408 344,728 416,149 525,565 466,320 442,807 474,595 464,321
Palestine PSE 115,843 192,461 164,367 218,523 253,201 298,485 595,084 280,434 471,527 190,008 131,586
Slovenia SVN 22,117 32,089 38,797 31,730 44,632 20,955 17,426 32,113 40,747 51,042 121,401
Spain ESP 1,830,301 | 2,836,191 | 2,758,142 | 2,908,755 | 3,368,237 | 2,164,089 | 1,666,767 | 2,916,075 | 3,046,001 | 4,002,058 | 6,326,101
Syria SYR 173,960 214,479 130,392 247,142 200,860 275,420 313,370 344,939 500,330 291,794 279,320
Tunisia TUN 1,382,041 | 2,472,017 | 1,895,227 | 2,512,180 | 2,329,742 | 2,493,724 | 2,914,805 | 2,480,666 | 1,789,299 | 2,534,351 | 1,951,964
Turkey TUR 2,129,580 | 2,684,526 | 1,678,642 | 3,068,951 | 2,629,922 | 3,530,439 | 4,942,771 | 3,156,732 | 2,469,884 | 3,179,355 | 2,546,452
Total 41,832,399 | 50,369,123 | 34,143,511 | 61,580,842 | 55,233,070 | 77,167,632 | 96,246,405 | 55,883,471 | 43,127,529 | 61,192,665 | 59,616,763

18 GPWv4 = Gridded Population of the World, Version 4
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SM3.1 SSP narrative excerpts

A

SSP2 Middle of the Road
The world follows a path in which social,
economic, and technological trends do not shift
markedly from historical patterns. [Population]
growth, along with income inequality that
persists or improves only slowly, continuing
societal stratification, and limited social
cohesion, maintain challenges to reducing
vulnerability to societal and environmental
changes and constrain significant advances in
sustainable development. These moderate
development trends leave the world, on
average, facing moderate challenges to
mitigation and adaptation, but with significant
heterogeneities across and within countries.

SSP3 Regional Rivalry
A resurgent nationalism, concerns about
competitiveness and security, and regional
conflicts push countries to increasingly focus
on domestic or, at most, regional issues.
Population growth is low in industrialized and
high in developing countries. Growing resource
intensity and fossil fuel dependency along with
difficulty in achieving international cooperation
and slow technological change imply high
challenges to mitigation. The limited progress
on human development, slow income growth,
and lack of effective institutions, especially
those that can act across regions, implies high
challenges to adaptation for many groups in all
regions.

SSP4 Inequality
Highly unequal investments in human capital,
combined with increasing disparities in
economic opportunity and political power, lead
to increasing inequalities and stratification both
across and within countries. Environmental
policies focus on local issues around middle and

high income areas. The combination of some
development of low carbon supply options and
expertise, and a well-integrated international
political and business class capable of acting
quickly and decisively, implies low challenges to
mitigation. Challenges to adaptation are high
for the substantial proportions of populations
at low levels of development and with limited
access to effective institutions for coping with
economic or environmental stresses.

Socioeconomic challenges for mitigation

>

Socioeconomic challenges for adaptation

Supplementary Figure 3.1 The five SSPs based on their challenges for adaptation and mitigation, with excerpts of each
narrative (O’Neill et al. 2017, own emphasis added)

SM3.2 Spatial mask processing

The spatial mask [; determines the habitability of each grid cell based on five geographic
variables: water bodies, protected land, elevation, slope, and bare land. We assembled the
spatial mask based on high-resolution datasets that were publicly available for the entire
Mediterranean region (Supplementary Table 3.1). Grid cell values range from 0 (uninhabitable)
to 1 (fully inhabitable) based on the proportion of each cell that is inhabitable. By analyzing the
current population distribution (2015) for the respective input variable, we assigned a likelihood
to each cell (ranging from 0 to 1) to be inhabited.

To establish water bodies, we used the full maximum water extent of Pekel et al. 2016 (as of
2015) and set the spatial mask to zero in those locations. For protected land, we selected the
International Union for the Conservation of Nature (IUCN) protection categories la (nature
reserve), Ib (wilderness area) and Il (national park) from the World Database on Protected
Areas (WDPA) database and masked these out for human settlement, assuming that mandate
for protection will remain constant until 2100. Further, we established the currently highest-
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elevation settlement based on the Multi-Error-Removed Improved-Terrain Digital Elevation
Model (MERIT DEM) by analyzing the population distribution of 2015. As a result, we
excluded all elevation above 3832m. We used MERIT DEM as, in the US, it has a root mean
square error (RMSE) of 3.14m, which is considerably lower than that of other widely used
DEMs such as the SRTM DEM or ASTER DEM (Gesch 2018).

Supplementary Table 3.1 Data used for spatial mask processing

Variable Data hame Original horizontal Reference
resolution

Water bodies Global Surface Water 1 arc second Pekel et al. 2016
Protected land World Database on Polygon shapefiles UNEP-WCMC and IUCN

Protected Areas (WDPA) 2019
Elevation + MERIT DEM 3 arc seconds Yamazaki et al. 2017
Slope
Bare land ESA CCI land cover 10 arc seconds ESA 2017

We also calculated slope [in degrees (°)] from MERIT DEM and analyzed how the current
population is distributed in different slope classes. We found 98% of the 2015 population to
live in terrain with a maximum slope of 15°; the remaining 2% of the population lived in terrain
with slopes between 15° and 45°. Accordingly, we masked out all terrain with slopes over 45°,
assigned terrain with slopes of 15° to 45° a probability value of 0.02, and set the mask values
for slopes up to 15° to 1. As large parts of the southern and eastern Mediterranean region are
semi-desert or desert areas, we additionally accounted for the land cover class ‘bare land’. To
do so, we established patches of connected cells of bare land and selected the largest patches in
the southern and eastern parts of the region. We then analyzed the proportion of population
living in these patches in the year 2015, and applied this value (i.e. 0.025) to the spatial mask.
In a final step, we combined all mask layers by multiplying them, and aggregated the spatial
mask to a resolution of 30 arc seconds, retaining the proportional degree of habitability of the
higher resolution (Supplementary Figure 3.2).
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Supplementary Figure 3.2 Spatial mask: Habitability per grid cell. Resolution: 30 arc seconds (WGS84)

SM3.3 Coastal Zone Definition

To differentiate coastal versus inland locations, we produced a coastal mask that combined a
coastal buffer with an elevation-based definition of the coastal zone, following Reimann et al.
2018a. We used a 20km coastal buffer as it covers large urban areas in coastal locations
(Kummu et al. 2016). In the Mediterranean in 2015, over 50% of the population living within
100km from the coastline lived within the 20km distance buffer, which corresponded to almost
one third of the total Mediterranean population (based on GHS-POP). Second, we combined
the distance buffer with the Low Elevation Coastal Zone (LECZ), which includes all land with
an elevation of up to 10m in hydrological connection to the sea (McGranahan et al. 2007). We
established the LECZ with the help of MERIT DEM (SM3.2).

SM3.4 Urban population definition

The GHS-based settlement model GHS-SMOD differentiates seven settlement classes, four of
which can be attributed to urban land (i.e. urban centers, dense urban clusters, semi-dense urban
clusters, and suburban/peri-urban areas) (Florczyk et al. 2019). We defined the urban
population of 2015 for each country, using the GHS-SMOD data of 2015 (Pesaresi et al. 2019).
To do so, we used a three-step process: first, we used full SMOD classes, starting with urban
centers and adding further settlement classes (as the definition of ‘urban’ differs markedly
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across countries (Seto et al. 2011), we had to use different SMOD classes for each country).
Second, we added individual settlements of the next SMOD class; third, we added population
cells next to the settlements defined in steps 1 and 2, starting with the highest population
density, until the population defined as urban equaled the total urban population number
provided by the WUP (United Nations, Department of Economic and Social Affairs, Population
Division 2019).

To define the urban population of the years 2000 and 1990, we followed a slightly different
process: for the year 2000, we used the cells defined as urban in 2015 as a mask for urban
population and deducted (added) population from (to) this mask until the total population
matched the urban population as defined by the WUP. We then repeated this process for 1990,
where we used the urban population grid of 2000 as a mask.

SM3.5 Development of coastal versus inland B parameters

As our g calibration procedure did not produce plausible results for coastal versus inland
locations (i.e. it resulted in negative 8 parameters), we had to modify the calibrated urban and
rural B parameters to account for the differences in spatial development patterns in these
locations. This issue possibly arose due to the relatively small strip of land defined as coastal,
which covers only 2.8% of the Mediterranean land area. To establish the differences in coastal
versus inland locations, we analyzed the spatial patterns of urban and rural population changes
in those locations for the calibration period (i.e. 1990-2010).

Our analysis showed that urban sprawl (i.e. number of additional urban grid cells) was higher
in the northern Mediterranean than the southern and east Mediterranean (as reflected in the
urban g parameters calibrated for the two regions: 0.459 versus 0.617). Further, we found
sprawl to be higher in coastal locations compared to inland locations in both regions, with
higher sprawl in coastal locations of the South and East relative to the inland. In terms of
population growth in coastal rural (CR), inland rural (IR), coastal urban (CU), and inland urban
(1U) locations, we established the same patterns, with higher population growth rates in coastal
locations compared to the respective inland locations. We calculated the growth difference
(GD) between coastal and inland locations following Merkens et al. 2016 and found GDs of
0.10/0.20 in urban/rural locations in the northern Mediterranean and GDs of 0.28/0.09 in
urban/rural locations in the southern and eastern Mediterranean. We used these GDs as
modification factors to adjust the calibrated S parameters, resulting in the four parameters (i.e.
CR, IR, CU, IU) per geographical region presented in Supplementary Table 3.2.
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Supplementary Table 3.2 Established  parameters for coastal rural (CR),
inland rural (IR), coastal urban (CU), and inland urban (IU) locations in both

geographical regions

Settlement North South & East
type

Factor B Factor B
Rural 2 0.089
CR -10% 1.8 -5% 0.084
IR +10% 2.2 + 5% 0.093
Urban 0.459 0.617
CuU -5% 0.436 - 15% 0.524
U + 5% 0.482 + 15% 0.710

SM3.6 Model validation

Supplementary Figure 3.3 presents Q-Q plots of the modeled versus the observed population
for the total population, urban populations, and rural populations, reflecting the best model fit
for the total population (i.e. when combining urban and rural populations). Supplementary
Figure 3.4 presents the relative absolute error (RAE) per grid cell, calculated by dividing the
error per cell by the observed population in that cell. Similar to Jones and O’Neill 2013, high
positive or negative RAEs can primarily be associated with rural locations where the relative
error is high, although the total error is small (mostly <100 persons).

The error metrics calculated for the entire Mediterranean region can be found in Supplementary
Table 3.3. We would like to point out that we avoided overfitting the model to current
population patterns and trends as the aim of this work was to produce population projections
that explore the range of uncertainty regarding plausible future population patterns. As future
patterns of spatial population change can be considerably different from observed trends, we
left flexibility in the model to allow for patterns to emerge that have not been observed in the
past.

Total Urban Rural
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40,000~
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-
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o] ’ /
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Supplementary Figure 3.3 Q-Q plots of the total population, urban populations, and rural populations. Blue line represents the
perfect fit

40,000 60,000
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Supplementary Figure 3.4 Relative absolute error (RAE) per grid cell for the observed versus modeled total
population in 2010. Blue colors = model underestimates population, red colors = model overestimates population

Supplementary Table 3.3 Model performance metrics for the entire Mediterranean region (MAE =
mean absolute error, WMAPE = weighted mean absolute percentage error, RMSE = root mean square

error)
Settlement
type

Rural

CR

IR

Urban

CuU

IU

Total

WMAPE
[%0]
34.4
30.9
35.7
18.3
18.0
18.5
14.7

SM3.7 Model modifications for each SSP

RMSE

97.6
169.3
90.3
111.9
217.4
100.6
79.4

RZ

0.64
0.75
0.59
0.94
0.96
0.92
0.97

We modified the calibrated f parameters to ensure consistency of the future spatial
development patterns with the socioeconomic (O’Neill et al. 2017) and urban (Jiang and
O’Neill 2017) developments described in the SSP narratives. To establish multiplication factors
for each S parameter, SSP and geographical region, we used a three-step approach, similar to
Reimann et al. 2018a. First, we ranked the SSPs with regard to their differences in urban
development patterns, also establishing whether the spatial development patterns become more
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concentrated or more sprawling compared to the observed patterns; second, we established
differences between the two geographical regions based on the Mediterranean coastal SSP
narratives (Reimann et al. 2018a); third, we extensively tested different multiplication factors
to establish those that produced plausible spatial population patterns for each SSP and
geographical region. This process resulted in the multiplication factors presented in
Supplementary Table 3.4, representing compact development under SSP1, slight decrease in
sprawl under SSP2 (compared to historical patterns), and an increase in sprawl under SSPs 3-
5, with generally slightly higher sprawl in southern and eastern countries due to less effective
management (Reimann et al. 2018a).

Supplementary Table 3.4 Multiplication factors for the calibrated 8 parameters per SSP and geographical region derived
from the qualitative assumptions in the SSP narratives (O’Neill et al. 2017, Jiang and O’Neill 2017)

Quialitative assumptions Multiplication factor
North South &
East
SSP1 - Well-managed, compact urban development 4 3
- Reduce incentives that promote urban sprawl and
population de-concentration
SSP2 - Continuation of historical patterns 1.5 1.2
- Slow adoption of sustainable technologies
SSP3 - Poorly managed, unattractive cities 0.98 0.98
- Lack of regulation
SSP4 - Mixed development across and within cities 0.95 0.9
- Middle Income Countries: Cities as engines of
growth
- High Income Countries: high concentration of elites
SSP5 - Large metropolitan areas with urban sprawl 0.9 0.85

The reason for using high multiplication factors for more compact development patterns
compared to those for increasing sprawl lies in the fact that the model is sensitive to changes in
the 8 parameter, in particular the closer Ss are to 0. We tested the model’s sensitivity to changes
in B by producing population projections for Tunisia and Spain based on a range of
multiplication factors. We found that a 50% decrease in calibrated 8 values led to an increase
in urban grid cells of 18-19%, while a 50% increase led to a decrease of 6-9% (Supplementary
Figure 3.5). Similarly, a 50% decrease in S resulted in 16-18% less densely populated urban
locations, while a 50% increase resulted in an increase in urban population densities of 6-10%.
To account for this asymmetry/skewness, we chose multiplication factors close to 1 for SSPs
3-5 (increase in sprawl), and relatively high multiplication factors for SSP1 and SSP2 (more
compact development).
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Supplementary Figure 3.5 Relative changes in urban grid cells and urban population density when using different
beta multiplication factors. Results for Tunisia and Spain under SSP2 in 2100

We additionally applied a population density threshold per grid cell to avoid unrealistically high
population densities, using the currently (2015) highest density grid cell in urban and rural
locations in each geographical region as a baseline. Similar to the multiplication factors derived
for the 8 parameters, we increased the observed values under SSP1 (+10%) and SSP2 (+5%)
and decreased them under SSP4 (-5%) and SSP5 (-10%).

Furthermore, we produced two additional spatial masks (in addition to the baseline spatial mask
described in SM3.2) to reflect future changes in habitability consistent with the SSP narratives.
As SSP1 is a scenario of sustainable development, we assumed the IUCN protection categories
Il (national monument) and IV (habitat/species management area) to be additionally
unavailable for human settlement; we decreased the maximum elevation available for
settlement by 10%; and we reduced the probability values for slope and bare land by half. As
SSPs 4 and 5 are characterized by high technological change and effective management but
limited awareness of sustainable solutions, we assumed only IUCN category Il to become
additionally unavailable for human settlement; we increased the elevation threshold by 10%,
and we doubled the probability values for slope and bare land. For SSPs 2 and 3, we assumed
no future changes in habitability, and therefore used the baseline spatial mask.
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SM3.8 National-level population and urbanization projections under the SSPs
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Supplementary Figure 3.6 Population and urbanization projections for each SSP and geographical region. (a) in 2100
compared to 2010, (b) differentiating urban versus rural populations. Please note different scales of the y-axes. Data source:
International Institute for Applied Systems Analysis 2018
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Please note:

In addition to the Supplementary Figures and Tables listed here, Supplementary data were
published along with Chapter 4. The data can be found in the ‘Electronic supplementary
material” section in the online version of the published article at https://doi.org/10.1038/s41467-
018-06645-9. These materials include the following files:

Name Description
Description of Additional Description of the variables included in
Supplementary Files Supplementary Data 1 and 2
Supplementary Data 1 Results of the flood risk calculations
Supplementary Data 2 Results of the erosion risk calculations
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Supplementary Figure 4.1 Spatial patterns of the extreme sea level components storm surge and sea-level rise.
a) 100-year storm surge (in m) taken from the Mediterranean Coastal Database (Wolff et al. 2018), b) regional
sea-level rise (in m) in 2100 under the high-end scenario based on Kopp et al. 2017
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Supplementary Figure 4.2 Characteristics of the flood risk indicators flood area and flood depth at each
World Heritage site under current and future conditions. a) and b) area flooded (in %) in the base year 2000
(a) and in 2100 under the high-end sea-level rise scenario (b), c) and d) maximum flood depth (in m) in 2000
(c) and in 2100 under the high-end sea-level rise scenario (d)
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Supplementary Figure 4.3 Characteristics of the erosion risk indicator distance from the coastline (in m) at
each World Heritage sites under current and future conditions. a) in 2000, b) in 2100 under the high-end sea-
level rise scenario
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20°J'0”E - 30°&O“E
Supplementary Figure 4.4 Characteristics of the static erosion risk indicators at each World Heritage site. a)

coastal material, b) mean wave height (in m), c) sediment supply (in mg I') given for coastal materials other
than rocky
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Supplementary Table 4.1 Attributes of the corrected Mediterranean UNESCO World Heritage site data

Attribute name Description original added®
dataset?
unique_id unique ID of each serial site X
id_no ID of main site X
site_id ID of serial nomination X
name_seria Name of serial nomination X
name_en Name of main site in English X
name_fr Name of main site in French X
date_inscr Date when it was inscribed in the list X
sec_date Date when changes have been made (e.g. adjusting X
boundary)
danger_lis Date when it was put on the danger list (if applicable) X
longitude X coordinate of center point in decimal degrees X xX*
latitude Y coordinate of center point in decimal degrees X X*
area_ha Area of site in hectares (excl. buffer zone) (-9999 = not X X*
given)
area_hal Area of site in hectares (excl. buffer zone) as calculated X

based on the WHS polygons produced

Cl-C6 Criteria of Outstanding Universal Value (OUV) (1/0) X

criteria_t OUV criteria in text X

category Cultural (or natural) X

category_s C for cultural X

states_en Name of the country (countries) in English X

states_fr Name of the country (countries) in French X

region_en Name of the region in English X

region_fr Name of the region in French X

iso_code 2-digit country code X

undp_code 3-digit country code of the UNDP (United Nations X
Development Programme)

transbound Cross-border site (1/0) X

no_serial Number of serial sites X

her_typel Heritage type based on International Council on X

her_type2 Monuments and Sites (ICOMOS) 2011 and Daly 2014

her_type3 1 = cultural landscape
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2 = built heritage/architecture/historic urban center
3 = archaeological remains
4 = single monument
buffer_ha Buffer area in hectares (-9999 = not given)
srtm_min Lowest site elevation in the SRTM90 DEM (Farr et al.
2007, Jarvis et al. 2008)

srtm_max Highest site elevation in the SRTM90 DEM
srtm_mean Mean site elevation in the SRTM90 DEM

p_lecz Percent of site located in the LECZ

ur_grump Location of WHS in urban areas based on the GRUMP

urban extents grid (Center for International Earth
Science Information Network - Columbia University
(CIESIN) et al. 2011) (1/0)

ur_mod_buf Location of WHS in urban areas based on the MODIS
urban extents grid (Schneider et al. 2009) with a 500 m
buffer (1/0)

ur_joined Combination of ur_grump and ur_mod_buf based on

Google Earth™ satellite imagery

dist. MCD Distance from the coast [m] based on the Mediterranean
coastal database (MCD) (Wolff et al. 2018a)
dist_gshhs Distance from the coast [m] based on the global self-

consistent, hierarchical, shoreline database (GSHHS)
version 2.3.7 (Wessel and Smith 1996)

dist_join Combination of dist MCD and dist_gshhs based on
Google Earth™ satellite imagery

= included in the serial site dataset only

= included in the main site dataset only
2 taken over from the original World Heritage List data of 2018 (UNESCO World Heritage Centre 2018)
® added to the original World Heritage List data with the help of the data sources stated in the description
* modified from original World Heritage List data
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Supplementary Table 4.2 Data used

Variable

Coastal World Heritage

Elevation

Flood risk

Sea-level rise scenarios

Storm surge

Mean dynamic ocean
topography (MDT)

Erosion risk

World Heritage distance from

the coastline

Erodibility

Waves

Sediment supply

Indicator(s)
World Heritage sites 2018

Shuttle Radar Topography Mission
(SRTM) DEM

RCP2.6, RCP4.5, RCP8.5 (50"
percentile)

High-end (RCP8.5, 95" percentile)*

100-year surge height

Used to reference the surge heights to
the EGM96 geoid

Mediterranean Coastal Database
(MCD);

Global self-consistent, hierarchical,
shoreline database (GSHHS) version
2.3.7

Coastal material

Mean wave height

Total suspended matter

Reference
UNESCO World Heritage Centre
2018

Farr et al. 2007, Jarvis et al. 2008

Kopp et al. 2017

Wolff et al. 2018a, based on Muis
etal. 2016
Wolff et al. 20184, Rio et al. 2014

Wolff et al. 2018a

Wessel and Smith 1996

Wolff et al. 2018a

Wolff et al. 2018a

Schuerch et al. 2018, based on data
of the GlobColour project Doerffer
and Schiller 2010

* We found the sea-level rise projections of the high-end scenario in 2100 to be lower than those of 2090 at a number of
grid points, which we considered to be implausible due to the fact that the projections post-2100 continue to increase in an
accelerating manner. Therefore we have calculated the mean of the sea-level rise growth rates between the years 2080-
2090 and 2110-2120 and added it to the projection of 2090 to adjust the projection of 2100.
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