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Summary

This study aims to identify the extent to which Bonaire’s buildings and critical
infrastructure will be directly impacted by future climate change, focusing on floods
and storms. To do so, we combine open-source information on exposure and
vulnerability with locally acquired detailed information through interviews and
fieldwork. We introduce a new method, called neighbourhood sampling, to produce
accurate local data on building values to overcome data scarcity. The results show that
in 2050 a 1/100 flood event may affect at least 54 buildings, depending on the climate
scenario, most of which are residential along the southern coastline, leading to a
maximum of 14.4 USDm in damages. In 2050, no critical infrastructure other than roads
will be hit by a flood. Using our approach, we find no damages due to storm hazards,
which can be attributed to the limited availability of knowledge on wind vulnerability
for Bonaire. The results are assumed to be underestimated due to inaccuracy in the
applied hazard intensity maps, which can significantly impact the estimated flooding
damages and associated costs. This research is anticipated to serve as a foundation for
more sophisticated local climate hazard research on scarce data locations, and Bonaire
specifically. Moreover, it provides a starting point for further research on adaptation
measures on Bonaire, as it shows which areas are most vulnerable to flooding.
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1 Introduction

Global research shows that climate change will cause sea level rise (SLR) and extreme
weather, causing severe impacts on humans and livelihoods (IPCC, 2021). Yet, local
research to understand the potential impacts of climate extremes is still missing in
many parts around the world. Small Island Developing States (SIDS) specifically lack
specific local research on how climate change affects them, providing them with less
knowledge on how to adapt to its effects (McSweeney et al., 2010). Furthermore, SIDS
are widely regarded as highly vulnerable to climate change because they face more
environmental challenges than others due to their small size, remoteness, and high
exposure to natural hazards (Scandurra et al., 2018).

It is expected that under 2 degrees of global warming by the year 2150, approximately
500,000 people living on SIDS will have to relocate due to permanent inundation. (IPCC,
2018; Rasmussen et al., 2018). Recent research found that climate change is causing
more and more health-related risks for SIDS (Schnitter et al., 2018; Ault, 2016). In
addition, it may significantly impact the tourism-led growth of SIDS, which most of
these islands heavily rely on (Seetanah & Fauzel, 2019). The 2017 North Atlantic
Hurricane Season is an example of the impact that natural hazards can cause on
Caribbean SIDS. It caused mortality and relatively large-sized population displacement
(Robinson, 2020). Bonaire faces, similarly to SIDS, major challenges such as unilateral
dependency on tourism, dependency on trade infrastructure, adaptation to sea level
rise, and extreme weather events (Verweij et al., 2020). Bonaire’s dependence on
tourism and international trade makes it more vulnerable to becoming economically
unstable as a result of natural disasters and climate change (EPA, 2017; Koch et al.,
2015; Bueno et al., 2008).

In 2016, Hurricane Matthew passed Bonaire at 225 kilometres, causing tropical storms,
extreme wind and rainfall, and high waves (KNMI, 2016; Monna, 2016). Recent research
shows that sea level rise on Bonaire will be faster than the global average (Le Bars et
al., 2022). As a result, Bonaire will likely be hit harder by tropical storms and floods.
Especially the south of Bonaire, where most of the housing and infrastructure are
located, is vulnerable to climate hazards due to its relatively low altitude. However,
most studies on climate impact on Bonaire focus either on tourism or biodiversity
instead of direct human impact (UYARRA et al., 2005; Moore, 2010; Sandin et al., 2008;
Bak et al., 2005; Debrot & Bugter, 2010).

This study aims to identify the extent to which Bonaire's buildings and critical
infrastructure will be directly impacted by future climate change in 2050 and 2150,
focusing on floods and storms. To do so, we combine open-source information on
exposure and vulnerability with locally acquired detailed information through
interviews and fieldwork. We introduce a new method, called neighbourhood sampling,
to produce accurate local data on building values to overcome data scarcity. The
combination of buildings and critical infrastructure damages provides a complete
overview of the expected direct impacts (Garschagen et al., 2016). This research will
contribute to a larger research project to create awareness among policymakers and
researchers on the dangers of climate change for islands like Bonaire.
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2 Methods

This section will elaborate on the methods used in this research to come to the final
results and explain the collected data. Furthermore, it will provide information on the
different data sources and how they are combined to create the total risk for buildings
and critical infrastructure. Figure 1 presents a schematic overview of the methods used
in this research, a more detailed schema can be found in Annex A. In this study, a
traditional risk approach is applied, in which we define risk as the function of hazard —
the probability of a flood event; exposure — the population and value of assets subject
to flooding; and vulnerability — the capacity of a society to deal with the event (UNDRR,
2015).

RISK — Hazard + Exposure + Vulnerability
) L OSM road and semi-structured
IPCC scenario’s Bing tb“!":'”‘-’ building data with interviews with local
footprints atiributes (usage) experts

maps (van
2022 (bloemendaal

anen ‘ et al.2022)

I

map showing
| location and |
| usage of all |
\_buildings /

]

hazard
inensity maps

neigbourhood
sampling

/' mapof
/' buildings and |
roads showing/

‘. value /

{«— Building value data

exXposure

-

*—‘—*

Aulnerability’, functionality
curves per ‘thresholds per
building/road |, building/road

maps

type type
Risk maps table
showing: comparing the
% and € risk per
damage scenario

Figure 1

2.1 Data collection

Schematic overview of the methods

This research uses three types of data collection: open-source data collection, semi-
structured interviews with experts, and neighbourhood sampling. Open-source data
showing worldwide building footprints by Bing maps is used to show the location of all
the buildings on Bonaire. Furthermore, OpenStreetMap (OSM) data is used to
supplement these footprints further and add the road network to the exposure maps
(Microsoft Bing Maps, 2022; OSM: OpenStreetMap, n.d.). Additionally, OSM provides
the occupation of different types of buildings, which is used to value buildings.

Semi-structured interviews are held with multiple parties on the island, such as
construction companies and local first responders, to gather information or to check if
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data values are correct and not outdated. Semi-structured interviews are chosen
because they provide a versatile and flexible way to communicate and gather
information (Kallio et al., 2016). Its main advantage is that it gathers more detailed
information by enabling researchers to find reciprocity between interviewer and
participant and improvise follow-up questions based on participant’s responses
(Hardon et al. 2004). The questions are established prior to the interview and
formulated using an interview question list per participant to cover all the topics.

Additionally, local fieldwork in the form of sampling per neighbourhood is needed, as
no detailed information is available. The neighbourhood sampling method is a new
method used for the first time in this study. It consists of gathering local information
through fieldwork and determining the average building type of each specific
neighbourhood based on the researchers' observations. As not all buildings on Bonaire
are inside an official neighbourhood, extra neighbourhoods are created based on
landmarks and OSM maps that show where houses are grouped. An overview of the
neighbourhoods can be found in Annex B. Per neighbourhood, the most representative
type of building is found and a geotagged panorama photo is taken of it. Based on this
panorama photo and the observations at location, the average building value, building
height, roof material, and roof shape are added to the neighbourhood polygon in a
Geographic Information System (GIS) program. The analysis of this data will be
explained in the next sections.

2.2 Hazard

2.2.1 Flood hazard

Hazard data is provided through Dullaart & Van Manen (2022). Dullaart & van Manen’s
study applied the SFINCS model to model sea level rise, storm surges, and waves for
three time intervals (2050, 2100, and 2150) using four IPCC 2021 scenarios (SSP1-1.9,
SSP2-4.5, SSP5-8.5 and SSP5-8.5 LC) (IPCC, 2021; Dullaart & van Manen, 2022). The
SFINCS model uses a 30-metre resolution global elevation map, in which forests and
buildings are removed. Using this global elevation map, Dullaart & Van Manen (2022)
produced flood intensity maps for coastal flood hazards with a return period of once
every 100 years. It must be noted, however, that inaccuracy in the elevation precision
of the applied DEM is noticed, indicating a potential average overestimation of the
elevation of 1,2 metres (Dullaart & van Manen et al., 2022). Please see the study by
Dullaart & Van Manen et al. (2022) for a more elaborate discussion on the implications
of the chosen DEM.

2.2.2  Wind hazard

For the wind damage, future wind data of Bloemendaal et al. (2022) is used. They have
calculated changes in tropical cyclone frequency and intensity based on past tropical
storm data from 1980 to 2017. Although their results show a relative increase in the
frequency of intense tropical storms for the Caribbean region, only a negligible change
in maximum wind speeds was found (ibid). The data from four models, CMCC-CM2-
VHR4, CNRM-CM6-1-H, EC-Earth3P-HR, and HadGEM3-GC31-HM, are averaged into one
expected wind speed, which is projected over the island. Moreover, current wind speed
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values are compared across various scenarios to compare the difference in the
expected associated future damages due to high wind speeds.

2.3 Exposure

2.3.1 Occupation and location

To find the location of all exposed assets, open-source data by Microsoft is used in
combination with OSM data (Microsoft Bing Maps, 2022, OSM; OpenStreetMap, 2022).
First, all building polygons for Bonaire are downloaded from OSM and categorised
based on occupation. An overview of the classifications can be found in Annex C. For
some buildings, OSM already provides the occupation. However, for others, we
identified them ourselves based on the name of the building or company. If these are
both unavailable, it is assumed that a building is residential. These residential buildings
are divided into four categories based on their potential monetary value: moderate,
medium, high, and high+. Each building is categorised based on the earlier described
neighbourhood sampling method, resulting in an average category per neighbourhood.
These averages per neighbourhood are geographically overlayed to give each
residential asset a subcategory, as provided in Annex D. There is also a separate
category called sheds. Sheds are selected based on their area being smaller than 50m2,
as it is assumed that buildings this small are sheds next to a building or small storage
units constructed of less valuable construction materials.

In case of overlap between Bing Maps and OSM, the Bing Maps data on building
footprints is preferred, as it is more detailed and complete. In addition, attribute data
from the OSM, such as occupation, will be transferred to the Bing Maps building
footprints using spatial overlay. If there is no overlap, the nearest available OSM
datapoint is taken to provide attributes and the building polygons from OSM are added
to the Bing Maps database.
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Figure 2  Distribution of categorised buildings on Bonaire

Figure 3 shows that more than 12.000 of the 13.127 identified buildings on Bonaire are
residential or sheds, followed by 292 hospitality buildings and 224 office buildings.
Most of the residential and shed buildings are located in or around Kralendijk and
Rincon, as these are the two main cities on Bonaire. Hospitality services, such as hotels
and restaurants, are mainly located close to Kralendijk or along the western coastline.
The 192 industry buildings on Bonaire are mostly located in less habituated locations,
such as on the south of the island, where the salt marshes and salt industry are located.
Other examples of industrial buildings in less habituated locations are the BOPEC oil
depots and powerplant located far north of the island.

Figure 3 indicates that there is a clear difference between the number of buildings and
the total value per category. Hospitality and industry, for example, represent a higher
total value than sheds, while sheds are identified more frequently than other buildings.
This is primarily due to the assumption that the value of sheds is significantly lower
than the value of other occupations, as they are constructed from less valuable
materials. In addition, all sheds are smaller than 50 square metres, whereas the
majority of other buildings are much larger, resulting in a higher total value.

2.3.2 Value

Identifying and valuing buildings is essential for estimating losses from hazards (FEMA,
2009). Similar to Huizinga et al. (2017), this research gives its buildings and network
assets a maximum damage value based on construction cost. This is because
construction costs typically refer to replacing the structural and non-structural
components (Engelhardt et al., 2019). Therefore, they are used in calculating direct
costs or damages due to climate hazards. Determining the construction cost of each
asset is done by first categorising each building on its occupation, as each occupation
requires different construction elements and costs. Then, subcategories are made for
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each category type, so each can be given an individual construction value. The
subcategories are presented in Annex D.

The value of each sub-categorized building type is based on one of three sources. For
most building categories, the Rider Levett Bucknall (RLB, 2021) report provides accurate
construction costs for Bonaire. If the Rider Levett Bucknall (RLB, 2021) lacks data for a
category, the BCQS international (2020) report is used. For the categories “schools”,
“government buildings”, “(movie) theatre and museums”, and “religious buildings”,
USA data (FEMA, 2009) are used since both Rider Levett Bucknall (RLB, 2021), and BCQS

(2020) do not provide data for these categories.

For residential buildings, the neighbourhood sampling method is used to determine the
category of value per square metre. Neighbourhoods are classified into four categories
and the individual value category can be found in Annex E. For sheds, a calculation of
half the price per square metre of industrial buildings is taken, as based on fieldwork, it
can be assumed that most sheds are made of similar materials as industrial buildings.

Not all of the construction expenses are derived from the same year and metric system.
Therefore, all values are converted to the value per square metre for 2022 based on the
Dutch Caribbean consumer price index from 2010 to 2021. (CBS, Statline, n.d.). We
keep this constant for the future flood scenarios. In other words, we express the future
impact of climate change into current year values.

Church/religious building €14.76
other | €34.25
Healthcare I €£64.11
School, libarary, kindergarten I €75.60
Shed ] €89.24

offices [l €139.09

Building catogory

Shops and Retail €189.54
Industry €274.20
Hospitality €340.53
Residentiol - | 3,596.24
€- €1,000.00 € 2,000.00 € 3,000.00 € 4,000.00

Total value of all buildings Millions

Figure 3 Distribution of total construction value per category of buildings on Bonaire

The area of each building is calculated using a GIS area calculator per polygon. Then,
each building is provided with a specific value based on its area and occupation, by
multiplying the area per polygon with the specific value of its category. The building
polygon layer, including their newly calculated values, is combined with the hazard
intensity maps for each scenario, resulting in a map showing the exact exposed
elements and providing the exposed value for a hazard in 2050 and beyond.

2.3.3  Critical infrastructure

Similar to buildings, critical infrastructure is classified into different categories. These
categories are developed based on the local expertise of Wolfs Company and local
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knowledge gained during fieldwork. They can be found in Annex C under the categories:
energy, transportation, drinking water, waste, health and first responders, and industry.

Critical infrastructure services such as transportation, health, and first responders play
a crucial role in preventing high casualties during and after a natural hazard. The
transportation category is especially essential for Bonaire, as it includes crucial
international trade facilities, such as the airport and the harbour, as well as the islands’
road infrastructure network. This network is essential for people to flee from a hazard
and for first responders to reach highly vulnerable locations. However, in some
categories, such as energy and drinking water, only buildings are included, leaving out
networks like wires and pipelines, due to the lack of local data for this study. This lack
of local data forces this study to focus on critical infrastructure buildings and the road
network's effectiveness in reaching buildings. As the first responders use the road
network as their main transport infrastructure, this study will provide information on
what areas will still be serviced by first responders and which will not. The buildings and
roads that make up the infrastructure class for each category are located using OSM
data and the Wolfs company's local knowledge. The plotted locations can be found in
Annex F. Critical infrastructure assets are not valued since they are unknown and
particularly distinctive to each type of service, making the use of generalised data
illogical. However, because critical infrastructure is not valued, it is also impossible to
estimate damages to these structures in terms of money. As a result, this study will only
highlight the structures affected by flooding and windstorms.

2.4 Vulnerability

To identify the vulnerability per asset, a classification is made based on building height.
The classifications are split into single-story or multiple-story buildings. The buildings
are classified using the earlier described neighbourhood sampling, as no detailed data
was available. Next, a vulnerability curve is created for each category; one for the
coastal flood hazard (Figure 4) and one for the storm hazard (Figure 5). A vulnerability
curve shows how much an asset or network feature will be damaged by a specific
hazard of a certain intensity.

The flood vulnerability and storm vulnerability curves are constructed based on semi-
structured interviews with the Independent Expertise Bureau (IEB), a consultancy
bureau concerned with the insurance of buildings on Sint Maarten against natural
hazards, since buildings on Sint Maarten and Bonaire have similar qualities, materials,
and styles local and experts on the vulnerability of buildings on Bonaire were
unavailable.

2.4.1 Flood vulnerability

A distinction is made between the single-story and the multiple-story building because
single-story buildings are completely flooded at a lower level than multiple-story
buildings. No distinction was made between buildings with two or more stories, as field
research revealed that the majority of Bonaire's structures are no higher than two
stories.

Buildings on Bonaire are all constructed in similar styles and with similar materials
(Independent Expertise Bureau, personal communication, April, 2022). However, there
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are some differences in building quality. According to Steenbouw B.V. (2022),
differences in building quality are primarily based on the size of the available budget
and the age of the building. Old buildings on Bonaire used to be constructed of coral
stone blocks, while buildings nowadays are made of newer, higher-quality materials.
Unfortunately, all buildings are far from waterproof, making them vulnerable to coastal
flood events (Steen Bouwadvies B.V., personal communication, April, 2022). The first
metre of a building is especially vulnerable to flooding and water damage, making the
vulnerability curves presented in Figure 2 the steepest in the first metre. This is because
buildings on Bonaire are built on an approximately 30 cm thick foundation layer made
of multiple layers of brick or concrete-filled diabase. Diabase is a mix of fine sand,
pebbles, and soils excavated in the eastern parts of Bonaire. If the foundation,
especially the diabase, gets wet, it will start to settle and cause subsidence of the walls
and the foundation itself (Steen Bouwadvies B.V., personal communication, April,
2022). Moreover, the most vulnerable and valuable assets in a building, such as
electrical outlets and computers, are usually placed within the first metre above the
floor (Independent Expertise Bureau, personal communication, 2022). Due to the
location of these vulnerable and valuable assets, the vulnerability curve (Figure 2) is
steepest in the first metre for both single-story and multi-story buildings. For buildings
with multiple stories, the same logic is applied. As a flood crosses the first floor, it again
will hit the most valuable and vulnerable assets in the first metre above the floor.
Consequently, there is a second steeper increase of damage at 3 metres. In these
vulnerability curves, no distinction in usage of the buildings is made, as all buildings are
constructed in a similar style and with similar materials (Independent Expertise Bureau,
personal communication, 2022; Steen Bouwadvies B.V., personal communication, April,
2022).
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Figure 4  Flood vulnerability curve for buildings on Bonaire, for both single-story and
multi-story buildings
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2.4.2  Windstorm vulnerability

For the storm vulnerability curves, no distinction between building characteristics is
made. According to the Independent Expertise Bureau (IEB, personal communication,
April, 2022), there is no difference in vulnerability based on building quality or height,
but only on the quality of the roof construction. However, no data on the quality of the
roof construction is available. Therefore, together with IEB, a general building
vulnerability curve is created (see Figure 5). As a general vulnerability curve is hard to
construct with high accuracy, a vulnerability curve (Figure 5) with a maximum and
minimum range of damage per hurricane category is made.

100%
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==g==minimal damage
80%

maximum damage

70%

60%

50%

40%

30%

Percentage of damage

20%

10%

0%
1 2 3 4 5
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Figure 5 Windstorm vulnerability curve for buildings on Bonaire

2.4.3  Critical infrastructure vulnerability

The network analysis aims to shed light on which components of Bonaire’s road
network will sustain damage and which portions of Bonaire will not have access to that
network's services. However, due to the lack of publicly accessible local knowledge, a
vulnerability curve or functionality threshold per infrastructure category cannot be
constructed for Bonaire. For example, no exact data on buildings' vulnerability to floods
and high wind speeds is available. It is stated by local first responders that both the
hospital and the fire station are built to be natural disaster-proof, meaning they can
withstand high wind speeds and flood levels (Fire fighter, personal communication,
May, 2022). It is furthermore assumed that the harbour construction is designed to be
strongly resistant to flood damage.

As explained in the previous exposure section, there is no local knowledge available on
networks such as pipelines and powerlines, but only on roads. This makes it impossible
for this research to construct a vulnerability curve or functionality threshold for these
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networks except for road infrastructure. A functionality threshold of 40 cm for the
examined road infrastructure network is constructed based on semi-structured
interviews with local experts. Roads that are 40 cm or more underwater are assumed to
be non-functional for any vehicle, as this is the maximum flood height for local first
responder vehicles to drive through (IEB, personal communication, May, 2022). The
identification of non-functional roads due to flooding is made by spatially overlapping
the flood maps with the road infrastructure maps.

In addition to the direct damages to critical infrastructure, this study evaluates the road
network’s connectivity. Roads that are cut off from the network are added to the
already unusable roads as they are unreachable and therefore also unusable. Which
roads will be cut-off is determined using a line polygon connectivity checking tool in a
GIS. This tool shows what parts of the original network are cut-off once the flooded
parts are out of the network. The combination of the flooded and disconnected roads is
evaluated in terms of connectivity with critical infrastructure buildings. This shows to
which areas these buildings can still provide services. The main focus is on whether first
responders are still able to reach residential areas and other critical infrastructure
buildings so that they can provide aid and minimise damage when hazards hit.
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3 Results

The results section will only present damages as a result of coastal flooding, as our
approach did not find damages related to wind (we elaborate on this in Chapter 4).

3.1 Impact and damage to buildings due to storm inundation

Figure 6 visualises current buildings on Bonaire and inundation levels in four different
climate scenarios (SSP 1-, SSP 2-4.5, SSP 5-8.5 and SSP5-8.5 LC) for 2050 and 2150. It is
shown that the greatest flood risk will be in the south and along the coast of Bonaire,
which is already affected in 2050 in a SSP 1-1.9 climate projection. Although the
difference in inundation depth appears to be relatively small for the three climate
scenarios in 2050, more prominent differences can be seen for the climate projections
in 2150. Note that, as described in section 2.2.1 (Hazard), inaccuracy in the applied
DEM is identified, which may result in an underestimation of inundation levels and
associated damages.

| Inundation (SFINCS model) |

2050
SSP 2-4.5

2050
SSP 585

2050
SSP 1-1.9

2050
SSP 5-8.5

2150|
SSP 1-1.9

2150
SSP 2-4.5

2150
SSP 5-8.5

2150
SSP 5-8.5LC

Inundation (m)

I 3.1

0.05
=== Artificial area

-

— Reference line Bonaire

Figure 6  Comparison of hazard extent for each climate scenarios SSP 1-1.9, SSP 2-
4.5, SSP 5-8.5 and SSP5-8.5 LC in 2050 and 2150

3.1.1 Impact and building damage costs in 2050

As presented in Table 1, the differences in monetary impacts of flood hazards across
the various climate scenarios for 2050 are relatively small: expected damage values
associated with climate scenario SSP 5-8.5 LC are estimated to be almost 4,4% higher
than the expected costs related to climate scenario SSP 1-1.9. This is due to the fact
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that the flood risk does not affect more buildings in the most extreme climate scenario
than in the least extreme climate scenario. On Bonaire, only few buildings are located
directly on the (southern) coast, since building along coastlines is prohibited, with few
exceptions (Steen Bouwadvies B.V., personal communication, April, 2022). Although the
number of buildings hit remains the same in the different climate projections, namely
54, the damage costs are expected to increase due to higher levels of inundation, which
can cause additional damage to the houses hit. The difference in total damage between
SSP 1-1.9 and SSP 5-8.5 LC is approximately 600.000 USD.

Table 1 Overview of the effects of climate scenarios SSP 1-1.9, SSP 2-4.5, SSP 5-8.5
and SSP5-8.5 LC in 2050 and 2150

Number of fetiEge LT Total damage

Scenario Year of affected

buildings hit (#) buildings (m) (USDm)

SSP 1-1.9 2050 54 0.340 13.8
2150 100 0.400 23.1

SSP 2-4.5 2050 54 0.350 14.1
2150 142 0.508 38.4

SSP 5-8.5 2050 54 0.361 14.3
2150 471 0.385 76.2

SSP 5-8.5 LC 2050 54 0.365 14.4
2150 1655 0.533 316.8

Figure 7 indicates that in the SSP 1-1.9 scenario for the year 2050, 21 of the 54 exposed
buildings to storm inundation are located in the neighbourhood of Belnem, which is
significantly more compared to the other neighbourhoods, resulting in $2.19 million of
the total damage of 13.8 USDm. In 2150, Belnem will be even more severely damaged,
as an additional 87 buildings will be damaged due to coastal flooding, resulting in
estimated total damage costs of 23.1 USDm. The estimation that (at least) 100 out of
the 882 (8.82%) buildings in Belnem will be hit in 2150, even in the least severe climate
scenario, suggests that local flooding can cause significant property damage within a
specific neighbourhood and will result in severe local impact, which can be disruptive
for a whole neighbourhood on Bonaire. The damages found in Belnem demonstrate
that, in order to prevent the damage and disruption caused by climate change,
neighbourhoods along the coast, which are generally the most valuable, must be
protected against flooding by 2050.

As described extensively in Dullaart & van Manen et al. (2022), sea level rise may also
cause permanent inundation on some parts of the island. While it is difficult to
disentangle the potential damage between storm surge inundation and permanent
inundation, it should be noted that the effects of storm surge inundation alone may
underestimate the potential total damages. As a result of permanent inundation, one
can expect that buildings cannot be used anymore. This would indicate much higher
damages as a result of permanent abandonment of certain buildings. The number of
buildings that could be affected by permanent inundation is provided in Annex J. The
results show that only three buildings might be affected by permanent inundation in
the year 2050, across all scenarios (compared to the 54 houses that could be affected
by storm surge inundation). However, this could substantially increase towards 2150. In
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the case of SSP1-1.9, this could increase to up to 48 buildings. For SSP5-8.5, this number
could increase to 185 buildings by the year 2150.

Building damage Belnem neighbourhood (SFINCS model, SSP1-1.9)
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Figure 7 Damage of buildings (%) in the neighbourhood of Belnem — climate scenario
SSP 1-1.9 in 2050 and 2150

3.1.2 Impact and damage costs in 2150

When extending the time factor to 2150 for each scenario, much more prominent
impacts associated with the different climate projections can be seen and the extent
and intensity of the flood hazard increase. In general, there is an increase in average
flood depth, and the hazard’s extent may also substantially increase in 2150 compared
to 2050. While the average inundation (in metres) increases in climate scenario SSP 2-
4.5 compared to SSP 1-1.9, the average inundation is lower in SSP 5-8.5 (Table 1). This
can be explained by the fact that the inundated area (metres) increases more than the
increase in SLR (metres), which results in a lower average inundation level.

The enlarged inundated area translates into higher flood damage costs, as indicated in
Table 1. However, it must be noted that estimating the exposure value for 2150 is
sensitive and complex: the location of (future) buildings and the current inflation
cannot be extrapolated to 2150, due to a lack of extensive data on inflation rates and
uncertainty about the locations and quantity of buildings. However, it can be assumed
that the city of Kralendijk and other buildings will not be (completely) moved to
another geographic location. Based on these assumptions, the damage costs associated
with the different climate scenarios have been estimated for 2150. Table 1 indicates
that whereas expected damages in 2050 SSP 1-1.9 account for 13.95 USDm, these costs
are expected to be tripled in the SSP 5-8.5 scenario (75.24 USDm).
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When zooming in on Kralendijk, we find no buildings to be impacted in 2050 in any of
the climate scenarios. In 2150, however, parts of the current Kralendijk may be flooded
in case of a coastal flood hazard for the SSP scenarios 5-8.5 and 5-8.5 LC. Figure 8 shows
a comparison of the building damage caused by a flood in 2150 under the climate
scenario SSP1-1.9 versus SSP5-8.5 LC. While the centre does not flood under the SSP1-
1.9 conditions, severe building damages in the city centre of Kralendijk and the airport
are predicted under the conditions of climate scenario SSP5-8.5 LC.

Building damage Kralendijk (SFINCS model, 2150)
SSP 1-1.9vs. SSP 5-8.5LC
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Figure 8  Damage of buildings (%) in Kralendijk — climate scenarios SSP 1-1.9 and SSP
5-851LCin2150

3.2 Impact on critical infrastructure

Figure 9 illustrates Bonaire's key infrastructure, such as essential buildings and
roadways, in 2050 in two climate projections (SSP 1-1.9 and SSP 5-8.5 LC). All of
Bonaire's essential infrastructure vulnerable to climate-driven flood risks is located in
the south and/or along the coast. According to local firefighters, it can be presumed
that roads are still passable until they are flooded to a depth of 40 centimetres, as this
is the largest depth through which a first responders vehicle can still travel (Fire fighter,
personal communication, May, 2022). When considering the impact on infrastructure
such as roadways, even roads that are not immediately exposed to flood threats can be
severed from the network, rendering the entire road inoperable. As shown in Figure 9,
all roads in the Southern part of Bonaire will be unusable in 2050 under both climate
scenarios (SSP 1-1.9 and SSP 5-8.5 LC). Therefore, emergency services cannot reach the
Cargill facilities and other buildings in these areas of Bonaire. Please refer to the
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research by van Beukering et al., 2022 for a more elaborate discussion on the impacts
on tangible cultural heritage.

Impact on critical infrastructure (SFINCS model, 2050)
SSP 1-1.9 vs. SSP 5-8.5LC
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Figure 9 Impact on critical infrastructure on Bonaire - climate scenarios SSP 1-1.9
and SSP 5-8.5 LC in 2050

When looking at the inundation impacts in 2150, similar to the impacts on buildings,
the change in time interval results in more severe impacts to critical infrastructure.
Figure 10 indicates that not only the infrastructure in the Southern part of Bonaire is
impacted, but under climate scenario SSP 1-1.9, the road to BOPEC and powerplant in
the northern part of Bonaire is also unpassable. When zooming in on BOPEC, it can be
seen that the facilities themselves are not hit by any hazard (Annex H). Furthermore, it
is notable that the harbour is expected to be hit by the flood hazard in any scenario in
2150. However, this is a structure built into the water and made to embrace the
impacts of strong waves and water height changes. Therefore, it is expected that
damage to these structures will be minimal. Furthermore, Figure 10 shows that
projections for climate scenario SSP 5-8.5 LC in 2150 indicate that the road to waste
management facility Selibon will be unpassable through the direct road, but not
completely cut off from the road network or hit by a coastal flood hazard.
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Impact on critical infrastructure (SFINCS model, 2150)
SSP 1-1.9 vs. SSP 5-8.5LC
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4 Discussion

Global research suggests that SIDS worldwide would suffer from higher levels of
vulnerability to climate change due to their smallness, remoteness, and exposure to
natural hazards (Scandurra et al., 2018). Especially due to global warming and the
increase of surface temperatures, it is expected that only 60,000 of all the people living
on SIDS will be spared an inundation event globally by the year 2150 (IPCC, 2021;
Rasmussen et al., 2018). Furthermore, recent research showed that sea level rise on
Bonaire would be faster than the world average (Le Bars et al., 2022). This may lead to
more extensive and frequent flooding, possibly more storm hazards, and high numbers
of exposed buildings. The results in the current study also find that various buildings are
exposed to coastal flooding hazards, with varying impacts depending on the applied
climate projection and time interval. In addition, by 2050, numerous coastal and
southern roads on the island will be unusable, even under climate scenario SSP 1-1.9,
making it impossible for emergency services to reach these areas and the buildings that
are located there. In 2150, the oil terminal in the north of Bonaire will also be
inaccessible due to an impassable road. In terms of building damage, it is anticipated
that 54 buildings in the southern region of Bonaire will be affected in 2050. In the year
2150, the number of damaged buildings ranges from 108 (SSP 1-1.9) to 471 (SSP 5-8.5
LC), resulting in estimated damages of 25 USDm and 316.8 USDm, respectively. Since
the majority of affected structures are located in the southern region of Bonaire and
the Belnem neighbourhood in particular, flooding hazards can have severe local effects
and disrupt an entire Bonairian neighbourhood. In 2150, under certain climate
scenarios Kralendijk is predicted to flood, which will also have severe consequences.
The Dutch government and local authorities should implement coastal adaptation
measures to protect at-risk communities from coastal flooding hazards.

4.1 Limitations

Although this study provides useful insights for policymakers on infrastructure location
and the potential effects of coastal flooding on this infrastructure, it comes with various
uncertainties and limitations. One of the problems inherent with studies on disaster risk
modelling on this small scale and location is the number of assumptions required to
make in such a data-scarce analysis. This is not only the case for the assumptions taken
in the analysis of this study but also for the approaches taken in developing the external
input data being used. In this research, this includes the hazard intensity maps and the
building exposure data.

4.1.1 Digital Elevation Model

As stated by Koks et al. (2019), flood risk analysis reliability depends on the uncertainty
of the hazard side of the risk equation and especially the digital elevation map (DEM).
Vousdoukas et al. (2018) showed that a change in resolution from 10 to 100 metres
could change the estimated EAD by 200%. The hazard intensity maps used in this
research are constructed for a hazard with a return period of 1-100 years using a global
30 metres resolution DEM for the year 2050. As described by Dullaart & van Manen
(2022), the DEM applied in this study appeared to differ significantly from Dullaart &
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van Manen’s (2022) self-measured elevation points and those from Geomaat Bonaire
(geodetic engineering company), with an average overestimation of the elevation of 1,2
metres. In case a correction of the average inaccuracy of the DEM would be applied to
the DEM of Bonaire as a whole, the number of buildings hit, and associated damage
value would significantly increase and Kralendijk would be flooded in 2050 climate
scenario SSP 1-2.6 (Annex ). The number of buildings hit would range from 181 to 1831
buildings, resulting in a total damage value of approximately 36 and 207 USDm for
climate scenarios SSP 1-2.6 in 2050 and SSP 5-8.5 in 2150, respectively.

4.1.2 Building value

In addition, recent research demonstrates that the value of elements exposed and the
depth-damage curves utilised are the most influential factors in the estimation of flood
damage (de Moel & Aerts, 2010). In this study, the value of the exposed elements is
determined using recent, specific, expert-verified, and as locally relevant data as
possible.

For the island of Bonaire, availability of data on buildings and their values is scarce. This
study attempts to overcome significant uncertainties in the value of exposed elements
by verifying building-level data for each neighbourhood. This allows for a greater level
of specificity regarding the value and vulnerability of residential buildings. As residential
buildings make up more than half of all buildings on Bonaire, it was attempted to
reduce uncertainty through ground-truthing our data during a local field trip. As per-
neighbourhood averages can lead to overgeneralization, uncertainty in the estimates
may remain unavoidable. Nevertheless, the methodology creates a more accurate
representation of the value and height of buildings than the assumption that all
residential buildings are of equal value. This innovative methodology can be used in
similar data-scarce locations as long as fieldwork and classifications can be performed.

Compared to the number of categories on the value of assets, the vulnerability curves
provided are relatively general. This generalisation is not considered a significant
uncertainty, as local fiel[dwork and expert interviews showed that buildings on Bonaire
are all constructed with similar materials and styles (Annex H), thereby limiting
variation in asset values. More extensive and detailed data on roof construction quality
and wind speed vulnerability would, however, create a higher level of detail. Currently,
this data is unavailable.

Due to the difficulty to assess the building values of houses, we were not able to
properly quantify the economic impacts to Bonaire due to permanent inundation. As
such, the damage estimates provided in this report could be interpreted as a lower
bound estimate of the impacts of climate change.

4.1.3 Critical infrastructure networks

Due to the limited availability of data on Bonaire's critical infrastructure, particularly for
critical infrastructure networks, it was not feasible to provide a complete overview of
the effects of climate-related hazards on all infrastructural networks. Therefore, the
scope of this study is limited to an evaluation of the vulnerability of roads and critical
infrastructure assets. However, the methods applied to analyse the road infrastructure
are readily and easily applicable to other networks that are currently unavailable. For
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this research to become more comprehensive on the impacts of climate hazards to
critical infrastructure, additional information is needed on the functionality
thresholds/vulnerability curves and the location of other networks, such as the
electricity network and sewage. This study provides a zoom-in on the most critical cut-
off locations, such as oil terminal BOPEC and the powerplant, which shows the
necessity of the availability of a functional road network.

4.2 Next steps

4.2.1 Future research

Taking the previous limitations of this study into consideration, future research should
focus on: (1) the formation of vulnerability curves for high wind speeds lower than
category one and multiple types of buildings, since more detailed vulnerability curves
per building type will provide a more detailed and precise risk calculation; (2)
identifying the location and vulnerability of other critical infrastructure networks such
as electricity and sewage, so that a more complete picture of the risk to critical
infrastructures can be created, and; (4) determining the vulnerability of other critical
infrastructure networks, such as electricity and sewage, so that a more comprehensive
risk assessment can be performed. By examining these components, a more complete
local view of the expected damages for each scenario period can be generated. In
addition, a more accurate DEM should be developed for Bonaire to gain a better
understanding of the inundation depth. Also, if additional flood hazard maps were
created for multiple return periods, annual damages could be estimated. These
anticipated annual damages would provide a solid basis for comparing the costs of
various adaptation measures.

4.2.2 Adaptation measures

Given that coastal flooding due to climate change will cause damage to Bonaire in
multiple ways, and that considering that the inaccuracy of the DEM will most likely
underestimate the expected damages, Bonaire should start developing appropriate
adaptation strategies. There is a particular need for national governments and other
actors to focus on: (1) the protection of the southern part of Bonaire before 2050, such
as Belnem and the salt ponds, as this is highly vulnerable to flooding; (2) the protection
of Kralendijk before 2150 because it will partially flood in the different climate
projections; (3) the protection of roads in order to ensure that critical infrastructure
assets, such as oil terminal BOPEC, are always reachable by emergency services and
workers. A one-size-fits-all solution is inapplicable, as each focus area is located
differently and faces diverging threats, resulting in the need for unique adaptation
techniques. There are various types of adaptation measures that could be
implemented. Buijs et al. (2022) found that nature-based solutions seem to be
favourable.

Mangroves could be one of the nature-based adaptation techniques that could reduce
flood risk on Bonaire. They are currently only located in the eastern part of Bonaire, at
the Lac Bay, where they provide both nature and reduce flood risk. Mangroves not only
reduce flood risk for low-elevation coastal zones but are also sustainable and cost-
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effective alternatives (Hochard et al., 2019; Menéndez et al., 2020; Gijsman et al.,
2021). Furthermore, mangroves, in contrast to hard flood protection infrastructures,
recover in and adapt to a changing climate making them more suitable for reducing
climate change-driven flood hazards. However, mangroves may collapse when climatic
changes exceed thresholds, making them less reliable and possibly not applicable for all
locations on Bonaire (Gijsman et al., 2021). Additionally, the construction of new
mangroves reduces the accessibility of the sea, resulting in fewer locations for shore
diving, which is crucial to Bonaire's economy and tourism.

Other options could be placing hard adaptation measures such as a sea wall. However,
sea walls and other hard coastal flood adaptation measures are controversial.
Moreover, in case they are poorly designed and constructed, they can lead to an
increase rather than a decrease in erosion and often not a reduction in flood
prevention (Betzold & Mohamed, 2016). For a complete overview of the trade-offs of
different coastal flooding adaptation measures on Bonaire, please consult the study by
Tiggeloven et al. (2022).
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5 Conclusion

This study has identified to what extent Bonaire's buildings and critical infrastructure
will be directly impacted by future climate change in 2050, focusing on floods and
storms. This study has presented a new approach for calculating the exposure and
vulnerability by categorising residential buildings on their construction value and
height, called neighbourhood sampling. These methods result in detailed risk analysis
for the data-scarred area of Bonaire.

Our results show that Bonaire will most likely be partially exposed to a once in a 100
year flood hazard in 2050. We find that the estimated exposed buildings are 54 in 2050,
most of which are residential buildings along the southern coastline. The 54 exposed
buildings face a total financial risk of approximately 19,7 USDm. However, due to the
accuracy of the applied DEM, the results are assumed to be an underestimation of the
real total building damage value.

The constructed vulnerability curves are a generalisation for all building types, whereas
the valuation of buildings uses a more precise categorization. The network analysis
shows that for 2050 no major risk will occur due to both flooding and storms. However,
depending on the scenario, a higher level of risk can be expected in the year 2150. As a
result, this study recommends that future research should focus on the risk function's
hazard element and the construction of more detailed vulnerability curves to obtain
more knowledge and data for performing a more precise risk analysis.

The analysis conducted under this study demonstrates that: (1) climate-driven flood
hazards with a return period of once every hundred years in 2050 will lead to flooding
of the southern salt flats and along the coast of Bonaire; (2) economic impacts and risk
of flood hazards can become quite significant, depending upon the researched period
and scenario, and; (3) no critical infrastructure buildings on Bonaire will be directly
damaged by any of the researched hazards in 2050, although the BOPEC oil terminal
and adjacent powerplant will most likely be cut off of the road network. However, a
flood of the airport runway can be expected depending on the climate change scenario
and temporal factors. Therefore, local governments and other actors need to be
increasingly prepared for extreme flooding events, which will become more severe due
to climate change and its temporal factors. By incorporating the results of this research
on climate change risks into long-term planning processes, significant economic
damages and possible catastrophes can be prevented.

This study contributes to a growing literature of integrating climate change projections
into local risk analysis and adaptation planning. It makes a first attempt to overcome
data scarcity for locations such as SIDS by introducing a new methodology to identify
the value of residential buildings based on an average value per neighbourhood.
Additionally, this study makes an attempt to aggregate and analyse all available critical
infrastructure data of Bonaire into one research by using a simple modelling approach
and local expertise to conduct vulnerability risk. Finally, the study offers a first insight
into the direct damages expected due to a climate-driven increase in flood and storm
hazards for Bonaire, showing which areas are most at risk and why. It provides helpful
data for integrating climatic risks into long-term planning for Bonaire.
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Annex A Schematic overview of the methodology
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Annex B Map with geotag panoramas
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Annex C Table of classification of buildings

System
Energy

Transportation

Drinkwater

Waste
Health and first
responders

Education
Commercial

Residential

Subsytem
Power plant
Oil storage
Windmill
Roads
Airport
Harbour
Desalinisation
plant
Drinkwater
storage
Saibon

Healthcare

Fire fighters
Police

Genral Services
Education
Shops and retail

Offices

Hospitality

Industry
Religious buildings
Residentizl

Includes
Powerplant
Bopec, Curoil
Windmill

All road types
Airport buildings
Harbour facilities

Desalinisation plant

Water storage
La ndfill

Clinic, Docter, Dentist, Pharmacy

Hospital

Fire Station

Police station, prison

Town Hall{ small}, government offices
School, Kindergarten, Library

Retail trade, dept store

Wholeszale trade, warehouse medium
Personal and repair services, garage/repair

Prof/tech.buisiness services, office
medium

Banks
Entertainment & recreation and
restaurant

Theatre, movie theatre, musea
Hotels

Industry

Church, other religious building
Modest

Medium

High

High+

Shed
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Annex D Value per square metre assumed in 2050 and
from what source

Value in 2050

System Subsytem | Includes Source | Year | (perm2)
Health and first Clinic, Docter, Dentist,
respo nders Healthcare Pharmacy BCQS 2020 $ 5,074.36
FEMA,
Hospital Hazus 2016 $6,688.31
Fire FEMA,
fighters Fire Station Hazus 2016 § 4,658.64
FEMA,
Police Police station, prison Hazus 2016 $ 4,658.64
Genral Town Hall{ small}, FEMA,
Services government offices Hazus 2016 $2,739.34
School, Kindergarten, FEMA,
Education Education Library Hazus 2016 S 3,464.65
Shops and
Commercial retail Retail trade, dept store RLB 2021 $2,700.73
Wholesale trade,
warehouse medium RLB 2021 $2,859.60
Personzl and repair
Offices services, garage/repair RLB 2021 $1,826.97
Prof/tech.buisiness
services, office medium RLB 2021 $2,065.27
Banks RLB 2021 S 4,686.57

Entertainment &
Hospitality recreation and restaurant BCQS 2020 $ 5,074.36
Theatre, movie theatre, FEMA,

musea Hazus 2016 § 3,347.14
Hotel 5 star RLB 2021 $ 5,163.17
Hotel 3 star RLB 2021 $3,018.47
Industry Industry RLB 2021 $1,826.97
Religious  Church, other religious FEMA,
buildings building Hazus 2016 $ 3,573.64
Residential Residential Modest BCQS 2020 $1,772.00
Medium BCQS 2020 S 2,335.82
High BCQS 2020 S 3,624.54
High+ BCQS 2020 $4,027.27
RLB ha lf
of
Shed industry 2021 $ 913.48
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Annex E  Overview of value per neighbourhood
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Annex F  Map showing location of critical infrastructure
assets

Critical infrastructure
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Annex G Inundation in Kralendijk in 2050 SSP 1-1.9 and
SSP 5-8.5 LC

Building damage Kralendijk (SFINCS model, 2050)
SSP1-1.9 vs. SSP5-8.5L.C
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Annex H Inundation infrastructure to oil terminal (BOPEC)
in 2150
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Annex |

Inundation in Kralendijk in 2050 SSP 1-2.6 and
2150 SSP 5-8.5 shifted DEM

Impact on critical infrastructure (SFINCS model, shifted FABDEM)

SSP 1-2.6(2050) vs. SSP 5-8.5 (2150)
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Annex ) Potential number of houses permanently
inundated

SSP 1-1.9 2050 3

SSP 2-4.5 2050 3

SSP 5-8.5 2050 3

IVM Institute for Environmental Studies
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