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Abstract: Infrastructure and the development of logistics are a pre-requisite for economic growth in
remote islands. Air and seaports are important hubs in the exchange of cargo and transfer of
passengers in any logistic transport network. Once designed and constructed, seaports interfere with
the local hydro- and morphodynamic system and potentially affect adjacent coastal areas. Small reef
islands are particularly sensitive towards sea-level rise and impacts due to coastal structures as
implementation may increase their exposure and increase the vulnerability of the local population, if
infrastructure development compromise or even imperil the natural equilibrium. This study documents
and validates the erosion on the east coast of the Maldivian coral reef island of Fuvahmulah. Two
numerical models help to identify the key drivers and interdependent processes of sediment transport
on the coral reef and assess the port’s influence in aggravating formerly balanced sediment budgets.
Our results highlight the significant susceptibility of reef islands in regard of inherent coastal
processes as it calls for thoughtful investigations in the design stage prior to implementation of coastal
infrastructures in order to avoid any misdesigning of seaports or even to maladaptation practices in
remote islands.
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1 Introduction

Small islands and atolls are particularly exposed to sea-level rise and its associated impacts, as they
are situated shortly above mean sea-level, while being completely surrounded by the sea.
Communities of small islands are particularly vulnerable as they lack options for retreat (Nurse et al.,
2014). ARS of IPCC (2013) states that with high to very high confidence, coastal risks for low-lying
areas will increase. Storlazzi et al., (2015, 2018) show, that due to global warming, this could translate
to uninhabitable atolls in a few decades. Albert et al. (2016) report severe shoreline recession on the
Solomon Islands. In contrast, McLean and Kench (2015 present varying trends in net land area change
for 12 islands in the central and western Pacific over 116 years, including positive sediment budgets
despite sea-level rise (SLR). Kench and Brander (2006) as well as Kench et al. (2009) describe
inherent coping capacities of reef islands against sea-level rise and wave impact due to high
morphodynamic activity. These studies find high changes in the inter-seasonal sediment budget, but
annual net-changes are much smaller or at equilibrium.

Coastal structures and anthropogenic interventions disrupt the natural equilibrium of the beach
(Kamphuis, 2000; Ranasinghe and Turner, 2006; Luijendijk et al., 2018). In the case of small islands,
such a disturbance can potentially create additional stress for the island and increase vulnerability of
the coastal system towards SLR (Lewis, 1990; Pelling and Uitto, 2001; Magnan et al., 2016).
Increasing (future) vulnerability towards SLR by any form of changes is the general definition of
maladaptation to climate change (Magnan et al., 2016). This study presents the case of the Maldivian
island Fuvahmulah (Latitude: -0.30°, Longitude: 73.42°), suffering from erosion after the construction
of the local seaport. The port was the first of a number of projects to improve Fuvahmulah’s
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infrastructure. The port construction has led to erosion on the eastern side of the island. This study
will investigate the intensity of the erosion based on three field campaigns. In order to reveal factors
leading to erosion, two numerical models will examine the interaction of waves, bathymetry and
sediment. Ultimately, this study presents the lessons learned from the example of Fuvahmulah and
provides important insights in planning and designing coastal structures in reef island environments to
avoid maladaptation.

2 Methods

The following subsections explain our workflow to quantify erosion, the data used as boundary
conditions and the settings of the numerical models. Summarized, the subsections contain:
e An introduction to the study site and steps taken from aerial photos to create a digital elevation
model (DEM).
e The considered ocean wave hindcasts, derived wave input for the numerical models and
information on ocean circulation and tidal currents.
e Settings and purpose of the coarse D3D model and the high resolution, depth averaged (2DH)
Boussinesqg-type model.

2.1  Study Site

Fuvahmulah is an island in the Maldives, located approximately 30km south of the equator (see
Fig. 1). The island's recent development led to the construction of a local port in the south-eastern part
of the island (completed in 2002) and a domestic airport in the south-west (completed in 2011). The
trademark of Fuvahmulah among Maldivian islands is its sandy beach Thoondu. Thoondu is situated
in the north of the island. But as wave direction changes with the seasons, Thoondu wanders from the
north to the north-east of the island and vice versa. The north is morphodynamically very active and
the beach face can alter within a few weeks. This phenomenon as well as the constant change of
Thoondu is well known to locals. Unlike Thoondu, the lower east coast of Fuvahmulah was regarded
stable. But since the port was built, the whole east-side up until Thoondu faces erosion
(Naeem, 2006).

73°E 73.1°E 73.2°E 73.3°E 73.4°E
CAWCR WH
& @ ~ww3Eras |-
ORAS5
Fuvahmulah
0.06°S
0.12°S

o] TOR 1 ol
10°N 7/ \‘v}o/ \,\&\Bﬂ/&% 0.24°S
” NS
1005/) ;/\f"( N\ 0.3°S
20°S
/ (

Fig. 1.  Model area in global (black box) and regional context (green box). The encircled, white area is the location of
Fuvahmulah. Green and orange circles mark the output nodes of the ocean wave hindcast for each of the three
available models. The blue circle is the output node of the ocean circulation model, which is used to derive
meridional and zonal velocities.
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We were able to record aerial photos with a DJI Phantom 4 drone in our field campaigns in March
2017, September 2017 and March 2019. With the help of Agisoft Photoscan Pro, the aerial photos
result in a digital elevation model. The general workflow in Photoscan is to align the photos,
georeferencing the model by Ground Control Points (GCP) and creating a dense point cloud as well as
a mesh of the area. Photoscan derives the DEM from the dense point cloud, while the mesh serves as
base for the orthophoto. A unique set of GCPs will be used for the March 2019 DEM in future studies.
However, the GNSS data is still being processed for this study. The comparison between the 2017 and
2019 model will use the drone’s GNSS antennas for initial positioning. Afterwards virtual GCPs of
specific landmarks available in both models georeference the models with each other. This could lead
to position errors of the 2019 model when compared to the location in a georeferenced coordinate
system. However a direct comparison between both models has no signal and measurement errors and
allow for a better intercomparison between the two models.

2.2 Hydrodynamic boundary conditions

In a next step, this study derives hydrodynamic boundary conditions from ocean wave hindcast
models. As Fig. 1 shows, the output node of the CAWCR Wave Hindcast of the Australian
Commonwealth Scientific and Industrial Research Organisation (CSIRO) is closest to the island.
Durrant et al. (2013) provide ocean wave data from a WAVEWATCH III model on global grid with a
resolution of 0.4°x0.4° for a period of 32 years (1979-2010). The waves were forced with Climate
Forecast System Reanalysis v.2 (CFSv2) surface winds at 0.2° spatial and hourly temporal resolution.
The data was cross-checked with similar data sets provided by the American National Oceanic and
Atmospheric Administration (NOAA, also uses the WaveWatchlll engine with bias corrected CFSR
wind forcing) and the European Centre for Medium-Range Weather Forecasts (ECWMF, WAM-
model with forcing from ECMWEF’s Integrated Forecast System; C3S, 2017). The analysis of the
CAWCR data-set yielded in a wave rose, shown in Fig 2.
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Fig.2.  Wave rose for Fuvahmulah, separated for dry season (left, November to Feburary) and wet season (right, April
to September). The wave roses contain the significant wave height H; from the CAWCR dataset, separated in 5
bins. The legend shows the maximum H; of each bin.

The wave rose shows the wave climate in the area around Fuvahmulah for the dry and wet season.
This study defines the period between November to Feburary as dry season and the period between
April and September as wet season. April and October are considered transition months. The waves
are smaller in dry season and are dominantly approaching the island from SSE (202.5 °). There are
southern and south western portions, but in terms of occurrence they play a lesser role. In general
significant wave heights H, are smaller than 1.81m. The reanalysis data set contains higher significant
wave heights in dry season, but they appear rarely. In rainy season, SW and SSE (135° and 202.5°)
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are the two dominant wave directions. Waves from south occur more often than in dry season, but are
still not considered dominant. In rainy season significant wave heights increase and are mostly
between H=1.34-1.99m. This study looks at wave propagating from SW and SSE into the area,
because in both seasons they represent the two dominant shares of the wave rose for Fuvahmulah. The
numerical models use the 99th percentile from the reanalysis data set (H~2.3m) as boundary
condition. All conditions are therefore modeled for storm conditions.

As this study focuses on the wave driven longshore currents, ocean circulation around Fuvahmulah
and the tidal current Veloc1ty will be disregarded. In this region, the median ocean circulation velocity
1S Vim,oceancire. = 0. 40ms™' while the median tidal current velocity iS Vi ige=0.10 ms”. The velocity of the
ocean circulation was derived from monthly means of the ORAS5 ECMWF reanalysis data-set. The
reanalysis data set calculates ocean (thermo-)dynamics and provides zonal and meridonal velocities
between 1979-2017 at the position marked in Fig. 1. The tidal velocities were taken from a coarse
Delft3D model and show two peaks on the north-west (Vmaxiae=0.30ms™) and south east-side
(viae=0.28 ms™) of the island. According to Burcharth et al. (2007) these components is standard
practice when regarding longshore sediment transport. They state, that longshore sediment transport
mainly depends on incident waves, while tidal and ocean currents are of minor importance.

2.3 Numerical Tools

First, we use Delft3D (D3D) to understand the general sediment transport processes around the island.
D3D has been used successfully for calculating sediment transport and demonstrated good
performance in both experimental and hindcast studies (Roelvink, 2006; Lowe et al., 2009; van der
Wegen and Roelvink, 2012. Therefore, the model is capable to compute the morphodynamic
processes on the Fuvahmulah reef. In order to remain numerically stable and efficient in terms of
computational resources the model is based on the following simplifications: The model uses a coarse
grid, with a refined resolution of Ax=67m, Ay=15m around Fuvahmulah. Delft3D uses both the
WAVE and the FLOW module (Lesser et al., 2004; Holthuijsen, 2010) to study the morphodynamic
processes around the island. The bathymetry is idealized with an off-shore section subject to a
constant water depth of h=100m. The reef has a constant depth of h=4m and Fuvahmulah lies at 2m
above MSL. The off-shore reef south of the island has a similar shape in the model compared to the
real reef. However to provide enough cells to transport sediment, the fringing reef in the model is
wide. The implementation is still sufficiently detailed to see the interaction between bathymetry,
waves and sediment on the reef. To calculate the tidal current velocity in the region, the first
simulation used a time-series of the neighboring Gan tide gauge (~53 km away from Fuvahmulah).

The following simulations in D3D use a PM-spectrum with H=2.3m, T,=17s and a peak direction
of 0, =202.5° and 0, =135° respectively. We acknowledge the complexity of sediment transport on
coral reefs (as shown for example in: Storlazzi et al, 2011; Pomeroy et al., 2015). However for a first
estimation, D3D runs only with the (suspended and bed-load) sediment transport formulations as
described by van Rijn (1993) and Lesser et al. (2004). All simulations use the same sediment
properties: The sediment layer thickness is dses=1m, sediment density is pseq. 1600 kg/m3 and sediment
grain size (diameter) is D=200um. The morphological scale factor is fyor=2.

For the detailed study of the port, we use a depth-averaged Boussinesq-type model as presented in
Roeber and Cheung (2012). The reef bathymetry in this model was recorded with a single-beam echo-
sounder during the first field campaign in 2017. The echo-sounder had a maximum range of up to
approximately 45m water depth, while the minimum depth was 4m due to the draft of the boat. The
2017 Photoscan model provides the island topography and nearshore bathymetry at about MLT to
MSL. The Generic Mapping Tool (Wessel and Luis, 2017) grids the elevation data on a 7.5m by 7.5m
grid. Offshore waters are 60m deep. Similar as before, we use a wave spectrum with H=2.3m, T,=17s
and a peak direction of 0, =202.5° and 6, =135° respectively.

3 Results

The digital elevation model quantifies the erosion along the east coast. Fig 3 shows the same cross-
section in 2017 and 2019 about 260m north of the seaport. The upper part at L=1.8-2.2m shows
erosion of about 30 - 40cm. The 2017 cross section contains a coral rock at L=5m. The rock is visible
in the dense point cloud of the 2017 model (Fig. 3) and washed away in the 2019 model. Adjacent to
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the cross-section was a palm tree, that later fell onto the reef. There are further instances of uprooted
trees along the south-eastern part of the island. Large parts of Fuvahmulah’s coast have a coastal
forest, reinforcing the beach profile. Other sections consist of huge coral rocks. Waves and currents
carve out the sediment under the roots or dislocate coral rocks. These observations show, that on the
east side of Fuvahmulah, erosion starts at the bottom of the profile. Erosion remains undetected in
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Fig.3.  Beach profile (top) and dense point cloud (middle 2017. Bottom 2019) processed by Agisoft Photoscan from the

aerial photos. The pink line in the dense point cloud corresponds to the cross section in the top figure. In the top

figure, the red dot on the mini-map of Fuvahmulah indicates the location of the cross section. The cross-sections
are in close proximity of the port.
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Fig. 4.  Beach profile processed by Agisoft Photoscan from the aerial photos. The red dot on the mini-map of
Fuvahmulah indicates the location of the cross section. The top figure shows a cross section in the central area

of the east coast while the bottom figure shows a cross-section in the north-east part in close proximity of
Thoondu.

DEMs until the upper part slips or collapses. DEMs need much more information and processing time
to visualize this type of erosion. The erosion is advanced enough to be noticed in the DEM. Collapsed
or dislocated blocks are clearly visible in the photogrammetric models: Fig 4 (top) shows a dislocated
reef block at L=3.45m (2017) and L=3.29m (2019). The block is Az=0.12m higher in 2017 and the
off-shore facing front of is steeper than in the 2019 profile. Erosion can still be measured at this
location, but the beach erodes much slower than at the south-eastern profile in Fig 3. Fig 4 (bottom)
shows a beach profile in the north east of the island, where no significant erosion is visible. The
transections in Fig.3 and Fig. 4 have shown that the DEM provide valuable information to quantify the
cross-sectional erosion. It has also shown, that erosion is severe in the south-east of the island and
declines along the east coast.

D3D helps to put the observations from the DEM in context with the hydrodynamic forcing from
the reanalysis data set. D3D calculates the sediment shift for different wave directions over a period of
one month. The erodable sediment layer was 1m throughout the domain. Figure 5 shows the model
output for storm waves from SW and SSE:
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Fig. 5. Cumulative sedimentation and erosion computed by D3D for H=2.3, T,=17s. and a modelling time of one
month. The left figure shows cumulative sedimentation / erosion for waves coming from 0,=202.5°, the right
figure for waves with a peak direction of 6,=135°.

As waves approach from 202°, sediment moves on the reef towards the island and settles on the west
side. A smaller sediment depot also forms on the south east of the island. On the other hand, waves
from 135° will take sediment from the offshore reef and distribute it on the south side and along the
east coast of the island. A small portion of the sediment will also accumulate on the south west side.
In case, sediment on the lee side of the island will not be affected.

D3D does not contain port structures in its bathymetry. It will also enlarge the area of
sedimentation, as the fringing reef is wider than in reality. As a result, the coarse D3D model only
shows the typical morphodynamic behavior for an environment like the Fuvahmulah reef. It shows
that the reef is the sediment source for Fuvahmulah and indicates where to expect sediment deposits
under the given hydrodynamic forcing. From the D3D model, it becomes obvious, that without the
port, there is a constant sediment supply from the port along the east coast. D3D also shows, that the
south-east part of the island is of particular interest for sediment transport along the entire east coast.
However due to the coarse resolution and the idealized bathymetry, the model does not show the
influence of the port in detail.

To overcome this, a 2DH model highlights the difference in wave driven current patterns around
the port area. This approach has to be interpreted with caution, because erosion or sedimentation
depend on more factors than current velocities. However current velocities and velocity gradients can
hint at potential transport rates as well as erosion and sedimentation hotspots. The 2DH model reveals
two factors, contributing to the erosion along the east coast of the island:

The first factor is the available sediment: Fig 6 shows the computed mean velocity Uvmean With and
without the port structures (breakwater and headland). In both cases, waves from 0,=202.5° create a
current in front of the port and a decelerated area at today's port entrance. D3D has shown, that for
waves from 0,=202.5°, sediment will accumulate on the south-east of the island. The current in front
of the port transports sediment over the reef, while velocity gradient in the port area allows for the
sediment to accumulate in this area. However with the breakwater present, sediment cannot enter this
area. In addition, the breakwater reaches up to the reef edge. It deflects the current, and thus the
sediment off the reef into deeper waters.
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Fig. 6. Mean velocities UVye,, from the 2DH model are displayed with arrows according to the left colorbar. Blue

colors show the underwater bathymetry, while the gray area is a shaded model of the island topography with
elevation > Om. Bottom contours for 0, 5, 10 and 60m water depth are blue dash-dotted lines. The red arrow
indicates the peak frequency of 0,=202.5°.

The second factor is the transport capacity of the east-coast current: Without breakwater, waves with
0,=135° induce a northward current into the area of today’s port entrance (see Fig. 7). This is also the
area, where sediment was able to settle from the 202.5° component. Instead, the breakwater obstructs
the current to evolve in this area and deflects the velocity momentum off-shore. Anyway, a longshore
current is present on the east coast independently of the port: Breaking waves from 135° will approach
the reef at an angle, inducing radiation stresses and subsequently a longshore current. With missing
sediment from the reef, the currents will very likely take sediment from the coast, leading to erosion.
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indicates the peak frequency of 6,=135°. The zoomed tile shows velocities at the port entrance with and without
the structure. The model shows high velocities at places, where waves overtop the breakwater.

Both numerical models show, that the most severe impact of the port is its barrier function for the
sediment. This is exaggerated by the fact, that longshore currents take away the remaining sediment
north of the port. A solution for the situation would be to allow sediment to pass the barrier. However,
the port will still influence the velocity for a major part of the east coast.

Fig. 8 shows the difference of uvpe.n before the construction of the harbor, compared to the present
situation with harbor. Positive values indicate faster velocities without the port. Without interference
of coastal infrastructure, the velocity difference is +0.73ms™ behind the port entrance. Therefore,
sediment which has passed the breakwater in the current situation (for example through a sand bypass
or suction dredging) and was in suspension, may not propagate as far as before (this assumption is
based on the fact, that decelerated depth-averaged velocity reduces the total sediment transport as
stated in the Soulsby-van Rijn formula; Soulsby, 1997). In this case, erosion would be mitigated but
the bypass would probably not restore the original conditions.

These findings suggest that planning coastal structures in a reef environment underlies special
requirements. Unlike for longer stretches of continental shelfs, reef islands have a closed
morphodynamic system. Sediment sources and sinks can easier be identified in these systems.
However the example of Fuvahmulah has shown, that modifications to this system also have more
significant implications for greater portions of the coast. In the context of SLR, small islands are
especially vulnerable towards coastal hazards. Erosion poses further pressure on coastal communities
‘downstream’, which have either no or very limited options for retreat. As consequence, erosion will
increase the vulnerability of the affected areas towards coastal hazards, which is the generally
recognized definition of maladaptation (Magnan et al., 2016). Therefore, this study concludes, that in
the face of SLR, planning coastal infrastructure on reef islands requires a holistic design approach for
the reef, to avoid adverse impact on nearby areas.
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4 Conclusion

The purpose of the study is to measure the severity of erosion on the east side of Fuvahmulah. This
study also identifies the main drivers for sediment transport on the offshore and fringing reef of the
island. Understanding the main processes allows to estimate the impact of the port on the hydro- and
morphodynamic system.

The investigation reveals, that the south-east side of Fuvahmulah experiences strong erosion. The
numerical models identify the area of today’s port as potentially critical location for sediment
transport on the east side of the island. The 2DH model also shows, that the port acts as barrier and
deflects suspended sediment off the reef, which otherwise would have been transported along the east
side of the island.

Some limitations apply to the conclusion of these results: for example the wave input is based on
storm wave heights of two peak directions. Also, the distribution of sediment will not depend solely
on storm events. Furthermore, there was no evaluation of the in-situ sediment parameters. Consecutive
studies must therefore answer how the system responds to more differentiated assumptions.

However in the end, this study provides the first comprehensive evaluation of the morphodynamic
system of the Fuvahmulah reef. It shows, that the morphodynamic system is closed and only forced by
the hydrodynamic boundary conditions. It reveals the significance of a holistic design approach for
coastal infrastructure on reef islands as well as the risk of maladaptation of adjacent areas by mis-
designing the coastal structures of the port.
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