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Abstract

The Maldives (land elevation approximately 1 m above mean sea level) is often
associated with the threat of rising sea levels. Land scarcity due to population pres-
sure is also a major issue. In the late 1990s a new 1.9km” 1.8 m high artificial
island, Hulhumalé was created for urban expansion, including an allowance for
sea-level rise. This paper assesses flood exposure through an extreme water level
scenario on Hulhumalé taking into account sea-level rise and analyses potential
adaptation options to extend island life. Results indicate that overtopping is likely
to occur with 0.6 + 0.2 m of sea-level rise, with more severe, widespread flooding
with 0.9 + 0.2 m of sea-level rise. If the Paris Agreement goals are met, flooding is
not anticipated this century. However, under a non-mitigation scenario, flooding
could occur by the 2090s. Building seawalls 0.5, 1.0, and 1.5 m high could delay
flooding for 0.2, 0.4, and 0.6 m of sea-level rise, respectively. Land raising has
been successful in Hulhumalé in reducing flood risk simultaneous to addressing
development needs. Whilst new land claim and raising can be cost-effective, rais-
ing developed land provides greater challenges, such as timeliness with respect to
infrastructure design lives or financial costs. Thus the transferability and long-term

benefits of land raising requires further consideration.
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1 | INTRODUCTION

Sea-level rise has the potential to threaten the very existence
of low-lying atoll nations such as the Maldives, Kiribati, and
Tuvalu (Barnett & Adger, 2003; Giardino, Nederhoff, &
Vousdoukas, 2018; Nicholls et al., 2007; Nicholls &
Cazenave, 2010;Nurse et al., 2014 ; Wong et al., 2014).
Flooding is likely to increase in the future unless adaptation
is undertaken (Nurse et al., 2014; Wong et al., 2014). To
date, many scientists, engineers, and policy makers have
questioned how small, low-lying nations, many of which are
remote and have a limited resource base, will cope with
future sea-level rise (Nurse et al., 2014). Yet many islands
are coping with coastal flooding today.

One nation at high risk of flooding, particularly as sea-
level rise, is the Maldives, Indian Ocean (Figure 1a) (Hinkel
et al., 2018; Khan et al., 2002; Wadey, Brown, Nicholls, &
Haigh, 2017; Woodworth, 2005). Natural atoll islands are
well known to change shape due to over washing (flooding)
resulting in sedimentation, with some islands increasing in
area under these conditions (e.g., Duvat, 2018; Kench,
Thompson, Ford, Ogawa, & McLean, 2015). For inhabited
islands, flooding is not acceptable leading to the building of
defences. In the short term, defences such as sea walls
(if well built and maintained) reduce the flood hazard
(Betzold & Mohamed, 2017; Sovacool, 2012), but in the
long-term, the flood hazard may increase where islands do
not naturally accrete sediment, and sea-levels continue to
rise (e.g., Giardino et al., 2018; Storlazzi et al., 2018).
Raised water levels and increased flood risk can lead to
knock-on effects, such as ground water salinisation threaten-
ing freshwater availability as the frequency of flooding
increases (Storlazzi et al., 2018). Thus, on inhabited atoll
islands, radical adaptation options will need to be considered
in the future if they are to remain habitable.

One approach, which, to date, has received little com-
ment in the literature is the artificial raising of whole islands
(island raising) to appropriate heights to cope with future
sea-level rise. Land claim and land raising is where new ele-
vated land is created that is above present typical flood
levels or sea levels. Land claim and raising differs to land
reclamation which implies the land once belonged to the sea,
or where a wetland was drained to form a drier area of land,
and subsequently protected, such as by a dike. As well as
adapting to flooding, land raising can create land where it is
needed, satisfying two needs at once (Nicholls, 2018).

Due to urban migration (Speelman, 2015), space in the
nation's capital city, Malé (Figures la,b and 2) is scarce.
Feeling the population pressure two decades ago, the
national government decided that more land was needed.
Therefore, a new island, Hulhumalé (Phase 1, 1.9km2) was
created adjacent to Malé from the late 1990s by building up
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land from the coral reef flat (Figures 1c,d and 2). Raised to
approximately 1.8 m above mean sea level (natural Maldiv-
ian islands are approximately 1 m above mean sea level), the
island was designed with sea-level rise in mind. In 2015,
the island was expanded (Phase 2, 2.5km2), and in 2018 was
linked to Malé by a bridge (Figure 1lc). Development on
Hulhumalé (Phase 1 and Phase 2) is now extremely rapid.
Population growth on Phase 1 is high, but basic infrastruc-
ture construction is still being undertaken on Phase 2. These
investments have been funded through loans and the
national government (personal communication with national
government). While Malé can experience floods during
extreme swell wave events (Naylor, 2015; Pernetta, 1991;
Wadey et al., 2017), Hulhumalé has not to date, in part due
to its raised height. At the time of design, expert judgement
(personal communication with the then Maldivian govern-
ment engineers) was used to determine an appropriate height
allowance to cope with future sea-level rise (which at that
time was projected to rise up to a maximum of 1 m by 2100
(Warrick, Le Provost, Meier, Oerlemans, & Woodworth,
1996)). More recent projections suggest a 1 m rise could be
exceeded before 2100, and especially beyond 2100
(e.g., Church et al.,, 2013; Hoegh-Guldberg et al., 2018;
Jevrejeva, Grinsted, & Moore, 2014). Hence, it remains
unclear how long the 1 m height allowance for Hulhumalé
will be effective against sea-level rise and what further adap-
tation options could extend the island's life. Thus, this paper
aims to assess the feasibility of island raising as an adapta-
tion option to cope with future sea-level rise, using a case
study of Hulhumalé (Phase 1), Maldives. This will be
achieved by:

1. Developing a methodology to determine the impacts of
sea-level rise (in Section 2);

2. Determining impacts (flood extent and infrastructure
affected) caused by different extreme water level condi-
tions, by assessing what sea-level rise thresholds this
could occur at and possible adaptation options
(in Section 3);

3. Assessing the feasibility of island raising as a means to
adapt to sea-level rise (in Section 4).

The conclusions are presented in Section 5.

2 | MATERIAL AND METHODS

2.1 | Setting and approach

Hulhumalé is protected by vertical sheet-pile walls in the
north, west and south facing the North Malé Atoll lagoon.
Along the eastern side of the island facing the Indian Ocean
there is a sloped seawall protected by sand bags blasted with
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FIGURE 1 Geography of Hulhumalé, Maldives. (a) Location of North Malé Atoll (inset, location of Maldives in the Indian Ocean),
(b) Location of Malé and Hulhumalé within North Malé Atoll; (c) Setting of Malé and Hulhumalé with connecting bridge; (d) Infrastructure and
land elevation on Hulhumalé (Phase 1). Outline data courtesy of Ministry of Environment and Energy and the Hulhumale Development Corporation

concrete and a nourished beach (Figure 2b). In places the stable due to the protective reef. Sand was dredged from
seawall is showing signs of damage (Figure 2b). The within Malé Atoll (personal communication with the Mal-
nourished beach varies in width from approximately 5 to divian government). Land use along the eastern side of the
20 m along the eastern frontage, and remains relatively island is mostly residential and guest houses (Hulhumalé
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FIGURE 2
sea wall protected by armour units. (b) The coastal defence structure on
the eastern side of Hulhumalé

Development Corporation, 2016). On the western side, there
are industrial and shipping activities. The island is virtually
flat at 1.8 m above mean sea level (1992—-1993). The main
potential flooding mechanism is overtopping of defences
that occurs due to a combination of high water levels (surge
and tides), gravity waves such as energetic swell and other
cyclonic fluctuations in mean sea level (Church, White, &
Hunter, 2006; McCabe, Stansby, & Apsley, 2013; Wadey
et al., 2017).

Energetic swell waves are known to generate flooding in
the Maldives (Khan et al., 2002; Wadey et al., 2017). A his-
torical analysis of flooding plus discussions with Maldivian
scientists (including co-authors A.S. and Z.K.), indicated
extensive flooding has occurred twice in Malé over the last
40 years (see Wadey et al., 2017). Due to restrictions in data
availability, the only event where comprehensive wave data
was available based on a hindcast analysis was from 15th to
17th May 2007 (Wadey et al., 2017). During this event,
long-period energetic swell waves generated 5,600 km away
in the Southern Ocean approached the Maldives in two sepa-
rate events over a period of several days, coinciding with the

(a) The heavily engineered coast around Malé showing a

BROWN ET AL.

middle of the spring tidal cycle (Wadey et al., 2017). This
event was used as a “design storm” for the analysis of pos-
sible overtopping and flooding (see Wadey et al., 2017),
including the addition of sea-level rise scenarios.

2.2 | Data

To analyse flood risk through time, the design storm was
simulated (based on data from Wadey et al., 2017) with the
addition of sea-level rise, with overtopping calculated, and
then projected onto Hulhumalé. Six data sets were required:
(a) significant wave height and period; (b) mean sea level,
tides and surge data; (c) bathymetry; (d) defence type and
elevation; (e) island topography; and (f) location of infra-
structure (Figure 3).

Until very recently, there were no wave buoys or long-
term observations recording significant wave heights and
periods around the Maldives. Therefore, hindcast data was
used, generated from WAVEWATCH III (NOAA-NCEP,
2014), a global ocean surface wave model (e.g., Tolman,
2009). A time series was downloaded from the Indian and
Southern Oceans at 3-hour temporal resolution from 2005
to 2014. The nearest data point to Hulhumalé was analysed
as shown in Wadey et al. (2017). The data is deemed suffi-
ciently reliable as data analysis of the timing and approxi-
mately magnitude of events and their location matched
media and official reports (see Wadey et al., 2017). The
hindcast data from May 2007 indicated a mean significant
wave height of 2 m and wave periods of up to 20s (with
15 s waves not uncommon for a week surrounding the
event, see Wadey et al., 2017). This data was used in the
overtopping model for the duration of the storm event. Fol-
lowing Holden (2008), wave set-up is accepted to be approx-
imately 20% of the offshore significant wave height, an
important flood mechanism at this location which would be
implicit within the numerical overtopping simulations.

Land elevation Defences (from Extreme water levels =

(from topographic observations, Significant wave height

surveys) Google Egr‘[h and (from WAVEWATCH |||)

Infrastructure topographic +

(from surveys) Mean sea-level + tides +
government surge (from Malé B tide

land use gauge)

records +

Sea-level rise scenarios

Wave period (from
WAVEWATCH 1)

Bathymetry (from local
survey company)

”*m‘r.

FIGURE 3 Data sets used in this analysis
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Extreme water levels were extracted from the nearest tide
gauge station to Hulhumalé, the Malé-B gauge, located adja-
cent to the airport. It recorded hourly still water levels from
1989 to present (UHSLC, 2015). Over a thirty-day period,
changes to mean sea level are in the order of centimetres
(Wadey et al., 2017). Surges did not exceed 0.25 m in the
recording period, and skew surges did not exceed 0.15 m
(Wadey et al., 2017). There is also a semi-diurnal tide, with
a mean spring range of 0.76 m (Woodworth, 2005), which is
an important component of extreme water levels and
flooding potential (Wadey et al., 2017). Hence, these
extremes are combined when analysing the maximum water
level during the design storm conditions in the overtopping
model (Section 2.3).

Bathymetric data was only available for the 1,500 m east-
ern side of the island, up to 550 m offshore. This was in the
format of 0.5 m vertically spaced contour lines, and aug-
mented with beach elevation from a differential Geographi-
cal Positioning System survey. The
environment extends to approximately 150 m offshore and

shallow reef

is approximately up to 3 m lower than the average land level
(see Appendix Al, Figure Al). The reef then rises to a ridge
slightly above mean sea-level, before declining at a vertical
rate of 0.05 m per 1 m horizontally for 200 m, then steepen-
ing to 0.25 m per 1 m horizontally for a further 200 m. Thus
depths of 50 m are typically found 400-500 m offshore, and
thereafter continue to rapidly deepen.

Coastal defence data was provided by the government,
and from observations during a site visit, Google Earth and
topographic data. Topographic data was generated through a
differential Geographical Positioning System survey from
February to April 2013. A digital elevation model of 10 m
resolution was created using 8,706 point measurements
along roads and coastal defences, by interpolating elevation
via the natural neighbour method between measurement
points in the Geographical Information System (Figure 1d).
Infrastructure data at the time of the study was provided by
the Ministry of Engineering and Environment (Figure 1d),
and observed on a site visit. This is a snapshot of the
dynamic situation on a rapidly developing island.

Finally, to combine data, all datums were checked and
referenced to the Maldivian datum of mean sea level (June
1992—June 1993). There is an approximately 1 m difference
between the land level and mean sea-level datums.

2.3 | Methods

To determine possible flooding from a swell wave event
with additional sea-level rise, a series of discrete scenarios
were analysed using the following methodology (further
details are in the Appendix):
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e A one-dimensional Shallow-water and Boussinesq
(SWAB) numerical model (McCabe et al., 2013;
McCabe, Stansby, & Apsley, 2011; Stansby et al., 2013)
was used to simulate the propagation of nearshore waves
and overtopping volumes under extreme conditions for
2 hr, which allowed the modelled sea to produced
peak overtopping conditions. Tides were subsequently
included into the model simulations. This used input data
from extreme water levels (based on the May 2007 storm
conditions and duration) bathymetry and topography and
wave period. For further details, see Appendix Al.

e Once overtopping volumes were calculated, these were
input to a two-dimensional simulation of flooding, based
on the topographic data to predict flood extent and depth.
This used the LISFLOOD-FP inundation model (Bates,
Horritt, & Fewtrell, 2010), with overtopping volumes
input at 10 m intervals along the eastern boundary of the
island. The eastern side was selected as it is the most
exposed to the open ocean (as opposed to the western side
which faces into the atoll), and hence there is greater
probability that it will be subject to long-period waves
which could induce flooding (see Appendix A2).

e The flood extents were then overlaid onto the infrastruc-
ture layer in a Geographic Information System to count
infrastructure at risk from flooding (see Appendix A3).

Results are presented for overtopping volumes, area and
buildings affected (Figure 4) and flood spread (Figure 5).
For analysis purposes, the extent of temporary flooding is
divided into three categories, where the geographical area of
flooding may be limited or widespread:

1. Nuisance flooding: where flooding is predicted adjacent
to the south-east shoreline to low depths (<0.2 m).
About 0.2 m of average flood depth was selected as a
threshold as this is common in the capital today, and
causes disruption, but not significant damage. Depths
greater than this can cause damage to the building fabric,
as noted for urban floods (whatever the cause) elsewhere
in the literature (e.g., Kaspersen & Halsnas, 2017;
Penning-Rowsell, 2015; Penning-Rowsell et al., 2005;
Zhou, Mikkelsen, Halsnas, & Arnbjerg-Nielsen, 2012).

2. Hazardous flooding: where flood depths are predicted to
be greater than 0.2 m and cover 50% of the island. Here,
flooding would be particularly hazardous on the eastern
side due to the greater than average depth and rate of
flow over the present defences.

3. Life threatening flooding: where flood depths are
predicted to be greater than 0.6 m. In the wider literature,
Penning-Rowsell et al. (2005) indicates that for any loca-
tion, flood depths greater than 0.6 m can be considered
life threatening.
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2.4 | Scenarios tested

Conditions tested are noted in Table 1. These included
differing magnitudes of sea-level rise (up to 1.8 m in
increments of 0.1 m), rates of reef growth with respect to
sea-level rise (following Perry et al., 2018 as with fast

rates of rise, reef growth may be able to keep up with sea-
level rise), roughness (a default friction value of 0.01 and
then increased to take account of actual conditions), and
types of protection (through beach nourishment and sea
walls).
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FIGURE 5 Flooding on Hulhumalé associated with sea-level rise
and wave conditions of the extreme swell wave event of May 2007.
Examples of flooding extent with baseline conditions with
approximately (a) 0.6 m; and (b) 0.9 m of sea-level rise

3 | IMPACTS

Firstly, the baseline scenario followed the procedure outlined
in Section 2.3 considering today's conditions (Section 3.1).
This was then repeated considering up to 1.8 m of sea-level
rise above the 1992—-1993 datum. Second, various adaptation
scenarios were tested (Section 3.2). Thirdly, sensitivity tests
were undertaken to consider uncertainty concerning bed
roughness and reef growth (Section 3.3).

3.1 | Baseline

Under today's physiological and engineering conditions,
with approximately 0.1 m of sea-level rise since the
1992-1993 datum, SWAB did not generate any overtopping,
indicating that the present defences are sufficient (Figure 4a,
solid black line). This agrees with observations during the
design storm event of May 2007 (e.g., UN Office for the
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TABLE 1
flooding in Hulhumalé

Adaptation and sensitivity scenarios tested for future

Conditions tested

Standard
With reef bed Adaptation
Scenario name growth roughness assumptions
Baseline No Yes No change
With adaptation No Yes Seawall height
increases by
0.5 m
No Yes Seawall height
increases by
1.0 m
No Yes Seawall height
increases by
1.5m
No Yes Seawall height

increases by
1.5 m, plus beach

nourishment
Sensitivity With SLR Yes No change
Half the rate ~ Yes No change
of SLR
No Increase in  No change
friction
No Yes Loss of beach

material

Abbreviation: SLR, sea-level rise.

Coordination of Humanitarian Affairs, 2007). Thus
Hulhumalé was built sufficiently high to withstand extreme
events in the near term.

When considering the same conditions but with sea-level
rise, SWAB predicts overtopping starts with approximately
0.6 m of sea-level rise (at around 2.0 L/s/m of water over-
topping the eastern boundary). This overtopping leads to
temporary flooding from extreme water level conditions
only. Model runs from LISFLOOD indicate that limited
overtopping occurs adjacent to the south-east shoreline to a
mean depth of 0.1 m resulting in nuisance flooding
(Figure 5a). The model projects that 50% of the island could
be temporarily flooded with 0.65 m of sea-level rise (and
approximately 4.0 L/s/m of water overtopping the eastern
boundary), but flood depths remain below 0.2 m (Figure 4).
The eastern side of the island is most severely affected as
this is the modelled source of the waves. In practice,
flooding may also occur in the eastern side of the island
which is of similar elevation, but less exposed to long-period
waves. When sea levels rise to 0.9 m, LISFLOOD-FP indi-
cated flood depths increase to nearly 0.2 m, with the flood
extent covering approximately 90% of the island and threat-
ening over 1,200 buildings (Figures 4b,c and 5b). With 1 m
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of sea-level rise the entire island could be extensively
flooded, with floods on average, greater than 0.2 m deep. If
flooding was initiated on the western side of the island, an
industrialised area, park land and open space would be pro-
jected to be affected rather than local apartments. As build-
ing is continuing on Hulhumalé, the number of assets
exposed and potential affected will increase with time.

3.2 | Baseline with adaptation options

Around Malé, sea walls are an essential form of defence
(Figure 2a), and similarly they could be used to defend
Huhumalé against extreme events should sea levels rise to
sufficiently threaten the island. In SWAB, sea wall heights
of 0.5, 1, and 1.5 m were constructed on top of the present
defences. No reef growth was assumed, and the standard bed
roughness was maintained. The resulting flooding is shown
in Figure 4 (solid grey lines). Initial overtopping at nuisance
level (equating to 2.0 L/s/m of overtopping as shown in
Figure 4a) is delayed by approximately 0.2 m (for the 0.5 m
sea wall), 0.4 m (for the 1 m sea wall), and 0.6 m (for the
1.5 m sea wall) of sea-level rise. This is lower than the actual
additional height of protection offered due to wave run-up
and interaction at the sea wall. Thus, building a seawall
delays the onset of flooding compared with the baseline sce-
nario and can potentially buy significant time before other
measures are required.

A further method to reduce overtopping is increasing
beach volumes to encourage wave attenuation. A further
hypothetical scenario assessed the benefits of 60,000 m® of
beach nourishment above present day extreme water levels
along the eastern coast in conjunction with a 0.5 m sea wall
(Figure 4, dotted grey line). The volume and area of flooding
had a similar effect to reducing the area flooded to a similar
magnitude to a 1.0 m high sea wall. Thus nourishment is
also an effective way to reduce risk, whilst increasing the
aesthetic properties of the defence.

3.3 | Sensitivity tests and study limitations

These results present a first attempt to project flood risk on
Hulhumalé, Maldives. However, due to data and resource
limitations, there remain key uncertainties in the approach,
so sensitivity tests were undertaken. With respect to the
baseline scenario (Section 3.1), this included testing:

e Reef growth: This was assumed to keep pace with sea-
level rise (e.g., following observations of Camoin et al.,
1997 and for low rates of sea-level rise by Perry et al.,
2018), and a scenario of half the rate of sea-level rise;

e Friction: Where an increased surface roughness was
assumed impeding the propagation of the flood wave

BROWN ET AL.

(where model input changed from 0.01 to 0.015). For
instance, this could be because of vegetation or buildings;

e Erosion of beach material: Where the beach profile was
flattened back to the coastal slope.

The outcomes are described in Table 2. These tests high-
light the main sensitivities firstly being the presence of the
beach and subsequently the slope around the foreshore, and
secondly friction and reef growth. Due to the flatness of the
island, the greatest relative sensitivities occur for the lower
rates of sea-level rise. When these uncertainties were com-
bined, it meant that flooding to a depth of 0.1 m may occur
at 0.6 + 0.2 m of sea-level rise.

Additional limitations were noted:

e Longshore variation in bathymetry on the eastern side.
This has the potential to vary rates of overtopping,
delaying overtopping by 0.3 m of sea-level rise. Visibly,
bathymetry does vary longshore on the eastern side and
around the island, but a lack of data meant that this could
not be thoroughly tested. Hence a representative profile
was used.

e Uncertainty in wave conditions. A finer resolution tempo-
ral data set would also provide a more precise record of
events. To test this sensitivity on the baseline scenario,
the significant wave height was increased from 2 to 3 m
(which described conditions further south in the Mal-
dives, as noted in Wadey et al., 2017). This resulted in
extensive flooding of the whole island at 0.7 m of sea-
level rise, 0.2 m lower than the baseline scenario. In the
future more detailed wave modelling is recommended
supported by the country's first wave buoy which was
installed in 2015.

e Drainage and roughness. First-hand accounts of flooding
due to swell waves on other islands indicates that flood
waters did not cover whole islands. For example, at GDh.
Fiyoari (in the southern Maldives), flood waters travelled
up to 61l m (200 ft) inland. Eye witness accounts
suggested the water level was 0.6 m (2 ft) above normal
land levels (National Disaster Management Centre,

TABLE 2 Sensitivities tested in the overtopping model

Sensitivity Magnitude of variation
parameter Variation of overtopping volume
Reef growth Same rate of sea- Decreased by ~5%

level rise

Half the rate of Decreased by ~15%

sea-level rise
Friction Rougher Decreased by ~10%
Beach Loss of original Increased 1.5-1.8 times

material beach material
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2007). Thus, on Hulhumalé it is unlikely that the entire
island will flood, even under the most extreme conditions.
Drainage into the soil is one factor that may reduce
flooding.

4 | CANLAND RAISING BE A
SOLUTION TO RISING SEA LEVELS?

4.1 | Land raising on Hulhumalé

One baseline scenario and four adaptation scenarios, under
future sea-level rise have been analysed for potential
flooding conditions for Hulhumalé. Results indicate nui-
sance flooding under swell wave conditions (from May
2007) that occur roughly once every 20 years (Wadey et al.,
2017) to a mean depth of 0.1 m (but up to 0.2 m), could
result with 0.6 + 0.2 m sea-level rise. After 0.6 m of sea-
level rise, flooding under swell conditions could become
much more extensive and deeper.

The timing of impacts have been synthesised in Figure 6
by analysing the outputs described in Section 3 with climate
change scenarios from Goodwin, Brown, Haigh, Nicholls,
and Matter (2018) which align with the Paris Agreement
(United Nations, 2015). About 0.6 m of sea-level rise is pro-
jected to occur in 2155 (2095-2300 for the 5th to 95th per-
centile of uncertainty) for a 1.5°C mitigation scenario, 2130
(2090-2230) for a 2.0°C mitigation scenario, and 2090
(2070-2110) for RCP8.5. This indicates that to avoid
flooding under the extreme conditions considered in this
analysis, adaptation could be required before the end of the
century. A 1.8-m rise in sea-level could totally submerge the
island during a swell event unless protection is provided,
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FIGURE 6 Magnitude of timing of sea-level rise, impacts, and
adaptation on the baseline scenario with sea-level rise on Hulhumalé
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similar to the defences seen in Malé today (as shown in
Figure 2a). This level is not projected by 2300 for the 1.5°C
scenario (95th percentile), but is projected in 2280 for the
2°C scenario (95th percentile). For RCP8.5, a 1.8-m rise in
sea-level is projected at around 2160 (2130-2215).

Land raising (include claiming land when raised from the
sea bed) for new development is also economically viable.
For example, from informal and formal interviews and local
data (e.g., Hulhulmalé Development Corporation, 2017;
Ministry of Environment and Energy, 2015) in Hulhumalé
(Phase 1), Bisaro, de Bel, Hinkel, Kok, and Bouwer (2019)
indicated total investment costs for Phase 1 (i.e., since the
start of construction, the reclamation and associated infra-
structure, such as water and sanitations systems, but not the
cost of building residential blocks) of US$32 million. These
costs include dredging, where sand costs approximately US
$8/m> cubic meter for Phase I. In contrast, income revenue
from housing (sale, lease, and taxes) for the government, can
be hundreds of millions of dollars (e.g., long-term land lease
of US$830 million and land acquisition fees of US$15 mil-
lion from 2016 to 2025). Land raising of existing islands
(or mainland areas) would be much more costly compared
with new land raising as existing infrastructure (including
that underground) would need to be refitted, or at least its
renewal timed to when a building is renewed. However, to
be effective large expanses of land would need raising,
which could take decades or longer, unless it is strategically,
logistically, and financially coordinated.

Hulhumalé is successful as it serves a dual purpose of
serving an expanding population in a rapidly developing
country, whilst adapting to sea-level rise. The relatively low
additional sand volume costs with respect to its additional
height (approximately 1 m) compared with other islands, are
a worthwhile preventative investment in flooding compared
with dikes which take up space, require maintenance, and
have residual risk. Additionally, land raising is ascetically
pleasing and allows direct access to the sea. Whilst future
flood or adaptation costs on Hulhumalé are unknown, when
building a new island (projected to last more than a century),
it makes sense from an engineering perspective to make it
resilient against known flood hazards. These risks may differ
or throughout the lifetime of the island. Importantly, by
addressing future flood risks now, problems are not stored
up for the future. This provides confidence for the govern-
ment, businesses and individuals living and working on
Hulhumalé.

Land raising has provided one solution for sea-level rise
on Hulhumalé, but this will still not withstand the highest
rises in sea-level over time into a second century, particu-
larly if rapid sea-level rise occurs. Thus additional forms of
adaptation will become essential on Hulhumalé. These could
form a series of possible approaches, such as monitor, warn
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and cope with the aftermath of a flood rather than protect
(Figure 6). Another decision could be for household level
protection only, such as flood gates or barriers on doors, to
cope with nuisance flooding. Beach nourishment (in parallel
with tourist need) and sea-walls would reduce flooding and
potentially extend the design life of the island. Ultimately
though with rising sea levels, more transformative
approaches of further land raising would be required, despite
the difficulties of raising a developed island.

Overall, land raising on Hulhumalé has been successful
as it has allowed for a relatively smooth transition of urbani-
sation due to the proximity from one island to another. The
2018 bridge between Malé and Hulhumalé has enabled fur-
ther transition, and aligns with the nation's ambitious devel-
opment goals. This includes expansion of housing,
improved living conditions and opportunities for growth
from external income sources. Thus, socio-economically,
land raising has been successful, and serves a dual purpose
in adapting to sea-level rise and allowing development.

4.2 | Land raising in other islands

Land raising is not a new concept or approach but has been
applied for very different reasons in Hulhumalé, compared
with historical needs. Raising islands has been undertaken
traditionally to help reduce exposure to flooding, such as
Halligen islands, Wadden Sea, which contain small mounds
on which dwellings were constructed (Grimm, Woffler,
Bachmann, & Schiittrumpf, 2012). Traditionally, land rais-
ing has been used for the creation of new land (e.g., for
ports) or to protect against floods, such as in swampy condi-
tions on waterfront cities in the United States (Colten,
2018a, 2018b), or more recently in east Asia for industrial or
residential reasons (Martin-Antén, Negro, del Campo,
Lopez-Gutiérrez, & Esteban, 2016). However, the reasons
for its use today have evolved. Islands are often land-poor,
with flat land often required close to the coast for access or
industrial reasons. As nations develop, land claim is increas-
ingly common (e.g., Singapore, Mahé [Seychelles], Hong
Kong [China]), but needs to be undertaken to a height suffi-
cient enough to avoid flooding today and in the future. Land
raising can been seen as a form of “attack” as if undertaken
successfully and seaward of existing land, land claim can
effectively act as a dike and offer protection for a much
larger area. Claiming land or islands including aggregate
extraction brings many challenges (UNEP, 2014), including
environmental concerns, legal implications (as seen with
new islands in the South China Sea), or aggregate resource
constraints (as found with sand availability in Singapore).
Additional concerns include pollution threats (e.g., if
dredged material is used for reclamation without appropriate
sampling and testing for contamination) or potential changes
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in natural erosion or accretion processes. Additionally, as
experienced in the Maldives, if new land claim is at a higher
elevation than the existing land, drainage of water may sub-
sequently flood the older land. Where land is claimed but
not raised high enough (e.g., Malé) flooding can still result.
If land raising is to become a successful adaptation option,
these implications need to be fully considered or where sen-
sible, numerically modelled from the outset.

Raising existing islands where there is substantial infra-
structure on is costly and logistically challenging. Land rais-
ing is most effective when a defined area is simultaneously
raised, so that the entire area reduces flood risk. If single
building plots are raised (such as when a building reaches
the end of its life and is demolished), flood risk is only
reduced for that one property. As seen in HafenCity, Ham-
burg, Germany, a different range of flood proofing
(e.g., plinths, raised buildings, and raised streets) may be
required as the whole area may not be able to raised simulta-
neously (HafenCity Hamburg GmbH, 2019). Demolishing
buildings, and associated underground infrastructure
(e.g., communication cables, sewage) before the end of their
lives to raise an area, could lead to high costs. Hence it is
more sensible to raise islands to a sufficient level today to
sustain the island for centuries.

Land raising can be most successful, where there are
win—-win situations, which help to overcome this issue, such
as demonstrated here with population pressure in Malé/
Hulhumalé, or through the Maldivian Safer Islands pro-
gramme, where islands have been selectively raised as a
form of tsunami protection (Riyaz & Park, 2010) and devel-
opment purposes (e.g., a harbour or water or sewage facili-
ties have been added as it is cost-efficient to do so when
there is a larger population base). Land reclamation and rais-
ing (to 2 m above the highest measured sea-level) of
3.3 km? of land in response to sea-level rise is also in the
early stages of consideration on the Temaiku Bight, Kiribati
(Jacobs, 2018). Similar to the Maldives, this development
helps to simultaneously address issues such as development,
urbanisation, water supply, as well as flood adaptation. In
both these examples raising islands allows communities to
be sustained in one location, which has significant cultural
importance.

The design of land claim and raising creating islands
raises questions of the appropriate height allowance over
time. Ideally, all the factors that contribute to flood hazard
(e.g., surges,
(e.g., land use, defences) need to be considered. A more
probabilistic approach which analyses these uncertainties

sea levels, waves, tides) and exposure

would be useful to inform future projects. This should also
arguably consider a large allowance for sea-level rise—the
larger the allowance, the longer no further action will be
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required. Guidance on the trade-offs in this decision need to
better developed.

In natural environments, land raising such as through
sediment dispersion is a proxy for natural sediment pro-
cesses, and can provide benefits of changes to land use or
agricultural uses. Thus raising islands, in a similar manner to
raising land in non-island environments (e.g., due to subsi-
dence or sediment starvation due to dike building), provides
opportunities but ultimately needs time planning and invest-
ment, which can be particularly challenging for developing
nations. Additionally consideration is required for the sec-
ondary effects of sea-level rise such as groundwater sal-
inisation, which could limit the sustainability of islands.

S | CONCLUSIONS

Sea-level rise threatens low-lying atoll nations such as the
Maldives. This paper has taken a novel approach by
assessing how claiming and raising land on one island,
Hulhumalé, in response to land scarcity while adapting to
sea-level rise has been beneficial in reducing long-term flood
risk and aiding development. Based on a flood assessment
of the artificial island of Hulhumalé, Maldives including the
effects of sea-level rise, it is concluded that:

1. Land claim at an appropriate level provides multiple
opportunities to reduce flood exposure in vulnerable
locations.

2. Hulhumalé is built sufficiently high to be safe from
flooding under present extreme still water level conditions,
and with these conditions combined with wave events (based
on an analysis from a design storm from past extensive
floods). Limited flooding (<0.2 m flood depth) may occur
on the eastern side of the island (the main overtopping area
modelled) with 0.6 + —0.2 m of sea-level rise, with the flood
extent (and > 0.2 m flood depth) becoming more extensive
with 0.9 +0.2 m of sea-level rise. This indicates that
Hulhumalé is likely to be safe from flooding during the 21st
century, as long as sea-level rise is less than 0.6 m.

3. As sea-level rise will continue for many centuries, fur-
ther adaptation options would need to be sought to extend
the life of the island. For greatest efficiency, this may
involve assessing combinations of protection options.

4. Monitoring sea-level rise is important so that future
adaptation is timed in an appropriate and effective manner.

5. To ensure the long-term survival of low-lying islands,
adaptation may need to be radically different to today. Land
claim and island raising offers the opportunity to save vul-
nerable islands and societies, but this requires forward plan-
ning as retrofitting land claim is logistically challenging and
more costly. Consideration of other knock-on impacts, such
as ground water salinisation is essential to ensure islands
remain sustainable places to live.
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6. Land claim also has the opportunity to support urbani-
sation and enhance cultural links between new and existing
islands, thus aiding other development opportunities.
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APPENDIX

A1. OVERTOPPING MODEL

Figure Al
Hulhumalé. The focus on this study has been on the eastern

indicates a typical bathymetric profile for

side of the island where the overtopping modelling took
place as this part of the island is most exposed to the open
ocean and long-period waves which may induce flooding.
The text in red in Figure Al indicates the different future
conditions tested according to the magnitude of sea-level rise
and adaptation conditions (see Appendix A2)

Significant wave height, period, duration of design storm,
still water, and extreme water level conditions (as described
in Wadey et al., 2017) were extracted from data sources as
described in Section 2.2. These were input, along with
bathymetry data into a semi-implicit shallow-water and
Boussinesq (SWAB) numerical model (McCabe, 2011;
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McCabe et al., 2013; Stansby et al., 2013). A typical profile
of the SWAB model is shown in Figure A2.

SWAB uses a Boussinesq modelling approach allowing
for the breaking of a wave and its propagation over the surf
zone, and the lagoon area where the water is deeper than the
immediate reef edge. It simulates nearshore waves, run-up,
and overtopping. SWAB has previously been used and
tested against field data and wave flume tests for sites in the
United Kingdom (McCabe et al., 2013). Overtopping com-
parisons have been in the “bounds of accuracy” of what
might be expected, given the inherit uncertainty of
datasets used.

To determine the volume of overtopping per metre run,
SWAB solves the continuity equation (Equation (A1.1)) and
momentum equation (Equation (Al.2)) of Madsen and
Sorensen (1992):

St o =0 (A1.1)
0, )y g
(2o (28) e 72

% ( du
+9=—| h(v+vre) —) }
{ dx dx post—break.

where: B = constant that controls the linear dispersion char-
acteristics; d = still-water depth (m); g = gravitation acceler-
ation (m/s); h = water depth (m); ¢ = time (s); # = horizontal
depth-averaged velocity, in the x-direction (m/s);
v = kinematic viscosity of water (m%/s); v, = wave breaking
eddy viscosity (m%/s); x = location in profile or grid domain
(m); z;, = bed level above datum level (m); n = Free surface
level above datum level (m); p = water density (kg/m3);
T, = bed shear stress (N/mz).

The Boussinesq terms are the pre-breaking part on the
second line of Equation (Al.2). Madsen and Sorensen
(1992) determined that a value of B = 1/15 gives the best
linear dispersion characteristics. The breaking of waves is
expected to occur when the wave height to water depth ratio
exceeds 0.6 (McCabe, 2011; McCabe et al., 2013). In the
surf zone, the pre-breaking Boussinesq terms are set to zero
giving the nonlinear shallow-water equations. A post-
breaking horizontal diffusion term is also applied (the third
line of Equation (A1.2)), similar to the method in Kennedy,
Chen, Kirby, and Dalrymple (2000).
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FIGURE A2 Example of the profile and user interface of the SWAB model. The bed along the x-axis is flattened at 450 m for modelling purposes
only. The elevation on the y-axis represents the datum above mean sea level (1992-1993). The black vertical line represents the location of the sea wall

The nonlinear shallow water equations do not take
account of the impact force imposed by a sea wall when a
jet (or wave) of water impacts against a wall in the x-direc-
tion. If a jet of water with velocity u;e, is reflected backwards
at the same speed (possible with a recurve wall) then the
force imposed by the wall on the water, Fyap:

Fyan =2pAu,,. (A1.3)
where: A = Cross-sectional area of the jet of water (m?)
F,.; = Force imposed by the wall on the water (N);
ujee = Water velocity in the horizontal direction (m/s);
p = water density (kg/m>).

In reality, when a wave impacts against a seawall, the
flow is directed upwards as well as seawards and the follow-
ing term is applied to the momentum Equation (A1.2), at cell
i, located at the wall:

ky, ”hF,-uz.
Fwall,i= v Axl L (A14)
where: Fy,),; = force per water density per unit bed area,

imposed on the flow (mz/sz); i = cell, as represented in the
model; k., = empirical constant; hy; = water depth in front
of the wall (but less than the height of the wall itself) (m);
u; = horizontal water velocity impacting the wall (m/s);
Ax= cell size (m).

The value of k., is likely to be a function of the profile
of the wall, although ky,,; = 0 when the flow is directed sea-
wards (i.e., away from the wall). McCabe et al. (2013) found
kwan = 1.0 gave good overtopping volumes for a particular
recurve wall, and this value was used for this study.

The SWAB model solves these equations using a one-
dimensional semi-implicit finite-volume method. Input
waves are applied within the model domain, using a method
similar to that of Larsen and Dancy (1983). Reflected waves
are absorbed by a sponge layer, using the method of Yoon
and Choi (2001). Further details on the SWAB solver are
provided by McCabe et al. (2013).

The model has various options for incident wave type
including the generation of random waves with a JONSWAP
spectrum (McCabe, 2011). This ensures at least one wave-
length is provided for the offshore sponge layer, and waves
are non-breaking at the wave input location. The wave depth
to wavelength ratio at the input location is in the range of
600 m offshore, which is acceptable for the model equations.
An onshore collection tank for overtopping water is also pro-
vided, so that it was assumed that water does not drain back
into the sea. To some extent this is realistic of actual condi-
tions given the flatness of Hulhumalé.

The model provides overtopping volumes as a time series
of overtopping volumes: the cumulative volume of water
passing over the seawall. This is based on the flow passing
over the wall. Figure A3 illustrates an overtopping run
using SWAB.

A2. FLOOD SPREAD MODEL

To translate the one-dimensional SWAB outputs (which
were used to generate an overtopping volume time series) to
two-dimenstional simulations of flooding, an inundation
model, LISFLOOD-FP (Bates et al.,, 2010), was used.
LISFLOOD-FP utilises raster “storage cells” where each
grid cell represents the local topography. For each flood
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of wave generation and
overtopping during a typically
SWAB run

FIGURE A4 Representa-
tion of flow due to overtopping
using LISFLOOD-FP. (a) Flow
between raster cells where the
flow depth (/0y,) represents the
depth through which water can
flow between two cells (i, j) and is
defined as the difference between
the highest water free surface in
the two cells and the highest bed
elevation (adapted from Bates

et al., 2005). (b) Example of
boundary inflow points on
Hulhumalé

simulation, this was represented by the overtopping volume
per cell representing an input into each storage cell at the
seaward boundary of the model's digital elevation model
(DEM) (known as “inflow points” which are located along

the eastern defences on Hulhumalé). When storage cells are
full, they flow into adjacent storage cells (Figure A4a). In
the Hulhumalé DEM, flood cells are located 10 m apart
(Figure A4b). The flow depth (hg,) represents the depth
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through which water can flow between two cells, and is
defined as the difference between the highest water free sur-
face in the two cells and the highest bed elevation.

When a cell is flooded, water is spread to the adjacent
cells by solving a continuity and momentum equation
(Equation (A2.1)) in two directions:

I
qt_ghtAt%

1+ gh,Atn2q, /0" 3) .

Di+a0= (A2.1)
(

where: g = gravity (m/s); h, = water depth at time, t (m);
n = Manning's friction coefficient; g, = flow per unit width
at time, t (m3/s); t = time (s); x = location in profile or grid
domain (m); z =bed elevation (m); At = model time
step (s).

Water depths were updated at each time step. As
explained by Bates, Trigg, Neal, and Dabrowa (2013), there
is an adaptive time step option in LISFLOOD-FP to aid sta-
bility, which is related to cell size and water depth, as speci-
fied in Equation (A2.2). Resultantly the time step used by
the solver varies throughout simulations (in the Hulhumalé
case study, the time step was predominantly around 1 s, and
reducing to near 0.5 s for the higher overtopping simula-
tions). The stability criterion is given by the Courant—
Freidrichs—Levy condition for shallow water flows such that
the stable model time step, At, is a function of the grid reso-
lution and the maximum water depth within the domain:

A
Atmax = a—x
gh,

(A2.2)
where: g = gravity (m/s); h, = the maximum water depth
(m); a = a dimensionless coefficient varies between 0.2 and
0.7 used to produce a stable simulation; A¢ = model time
step (s); Ax = model grid resolution in the direction x (m).
Water level time series at inflow locations were based
upon the sea-level time-series of a storm in May 2007 (the
total sea water level was mainly affected by tide, with a
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surge influence, although surges are small in the Maldives
as demonstrated in Wadey et al., 2017). However, as the
Maldives are not low lying enough to be flooded by extreme
still water levels alone (i.e., wave run-up is needed to project
sea water onto land) (Wadey et al., 2017), the nation like
many other low-lying islands and coastal areas, is well-
known to be susceptible to inundation from energetic swell
(long-wavelength wind waves). Swell can propagate thou-
sands of kilometres across ocean basins (Harangozo, 1992;
Hoeke et al., 2013; Munk, Miller, Snodgrass, & Barber,
1963; Wadey et al., 2017). Therefore this sea-level time-
series was also associated with wave overtopping as the
basis of a design storm (from conditions in May 2007). It
assumed to have a linear relationship with the peak over-
topping volume generated from SWAB. This was the only
event where records or hindcasts exist where sea level and
wave conditions are able to be quantified in relation to a sig-
nificant flood. Hence, the results from this analysis were
checked against local conditions reported at the time. Many
of these reported local conditions are described in Wadey
et al. (2017).

Outputs from LISFLOOD-FP indicated the area of land
flooded and the average depth of flooding. The digital eleva-
tion model did not take account of buildings on the island.

A3. INFRASTRUCTURE AFFECTED

Outputs from LISFLOOD-FP were used to assess the infra-
structure flooded using a Geographical Information System.
The area flooded was overlaid on the infrastructure layer
indicating whether or not the 1,295 buildings present on
Hulhumalé at the time the research was undertaken were
flooded (see Figure 1d in the main text). As rapid develop-
ment is occurring, the number of buildings exposed and
therefore potentially affected would have now increased.

A4. DATA FOR FIGURES

Table Al provides data for Figure 4. Data for other figures
is not available due to data sensitivity and/or commercial
issues.
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