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Morphological Responses on Small
Coral Islands—The Thoondu Spit on
Fuvahmulah, the Maldives

C. Gabriel David* and Torsten Schlurmann

Faculty of Civil Engineering and Geodetic Sciences, Ludwig-Franzius-Institute for Hydraulic, Estuarine and Coastal
Engineering, Leibniz University Hannover, Hannover, Germany

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

Keywords: low-lying islands, morphology, coral reefs, global climate data, sand spit, Maldives, coastal
management, climate change adaptation

1. INTRODUCTION

Small islands and atolls are exposed to sea level rise and associated impacts, as they lie only a few
meters above mean sea level, while being fully surrounded by water. Thus, the fifth assessment
report of the Intergovernmental Panel on Climate Change (IPCC) came to the conclusion that
communities of small islands are particularly vulnerable to these impacts due to their inherent lack
of means for retreat (Nurse et al., 2014). The Special Report Ocean and Cryosphere (SROCC) of the
IPCC further finds that coastal risks for low-lying areas will increase, historically rare extreme sea
level events will become common by 2100 under all climate change projection pathways, and that
there are limits to any coastal protection within the current or following century (Oppenheimer
et al,, in press). Over a time span of decades, this could translate to uninhabitable atolls, as global
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Morphological Changes on Small Islands

FIGURE 5 | (A) Longshore energy flux rates P, between 2016 to 2019 indicating sediment transport direction and potential in the CERC-formulation for incoming
waves between 2016 and 2019. The wave rose separates annual wind waves (blue) from swell (green). The resulting sediment transport direction is shown in front of
the air- and seaport as well as for the beaches on the north and east side. The arrow lengths are in proportion to P, calculated at each location (values in Table 2). (B)
Current velocities from the depth-averaged, phase resolving numerical wave model (BOSZ) for waves approaching the island from 6, = 135°, (C) 6, = 157.5° and (D)
6, = 202°. The background color shows the magnitude of wave induced current velocity on the reef while the arrows depict the local current direction. Dashed red
contour lines are the reef depths —5 and —15m recorded in the first field campaign (March 2017).

map and cross section 1 in Figure 4). The depot on the east or
southeast side of the headland has a volume of 3.868 m> and
is part of Thoondu beach (red transects on the map and cross
section 3 in Figure 4). In total, this makes a volume of 9.499 m*
for the dry season 2017. Later in the wet season 2017, a large

sediment depot with 21.806 m> net volume gradually forms on
the northern tip of the headland—the Thoondu spit (blue area on
the map and cross section 2 in Figure 4). The UAV-borne data
of the two field campaigns in 2017 discloses a positive seasonal
sediment balance. The instantaneous records do not contain the

Frontiers in Marine Science | www.frontiersin.org

11

October 2020 | Volume 7 | Article 538675



David and Schlurmann Morphological Changes on Small Islands

TABLE 2 | Beach orientation as well as longshore sediment transport directions and energy flux rates Py, i from the CERC-formulation (Figures 5A, 7, 8).

) ) Longshore transport Mean longshore
Index i Coastline parallel (°) i .
direction (°) energy flux Py; (x10%) (kW m~1 yr~')

NW 231.6 +180 4.9
E 319.3 +0 0.9
S (Seaport) 45.0 +180 14.6
A (Airport) 110.0 +0 22.3
W 139.3 +180 7.4

The longshore transport directions are expressed with respect to the coastline parallel o, .
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FIGURE 6 | Wave parameter input for the assessment of the evolution of the Thoondu sand spit with the CERC method for (A) the dry season and (B) the wet
season. Blue and green bar plots are the wave rose for wind and swell waves. Orange and crimson lines in the wave roses mark the shoreline parallels (solid) and
shoreline normals (dashed) of (C) the beaches Geiymiskih (orange, see also Figure 7) and Thoondu (crimson, see also Figure 8) adjacent to the northern headland.

maximum depot sizes, as the seasonal difference in sediment 3.3. Sediment Transport From Models

volume is +12.307m>. In the field campaign during the dry  In this study, two approaches help to study sediment distribution
season of 2019, sediment depots formed at the same locations  on the Gnaviyani Atoll (Figure 5): an empirical, process-based
as in the dry season 2017. However, the depot in the west  method—the CERC-equation—assesses the longshore transport
(Geiymiskih Fannu) was considerably larger when compared to  processes, while the BOSZ model is a numerical approach to
2017 (14.689 m?), while the eastern depot was smaller (1.171m>,  compute current pattern on the reef. For the coastlines around
southeast Thoondu). In total, the sediment volume recorded  Fuvahmulah, the CERC-formulation (CERC, 1984) quantifies the
in the dry season of 2019 is 15.860 m>. This is an additional  expected longshore sediment transport rate gy, wp as volume
sediment volume of +6.361 m> over the dry season of 2017, while  over time for each wave partition wp separately and also the
it is —5.946 m? less than in the wet season of 2017. total sediment volume Q, transported between January 2016
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FIGURE 7 | (A) Averaged incident wave direction 6, ,,, measured as difference from the coastline normal «, and (B) wave height Hs ,, of each wave partition wp
used for (C) longshore sediment transport rates gy,wp and (D) cumulative sediment volume Qywp, transported alongshore the, marked with an orange line on the map
in (E). The orange line is accordance with the orange line in Figure 6 (see Table 3 for corresponding peak transport rate values gy, max and the contribution of each
wave partition to Q). The time series shows values from January 2016 to November 2019. Positive values for gy »p and Qy,up indicate a transport toward southwest,
while negative values lead to sediment transport toward Thoondu beach in the northeast. The time series shows the dry season with orange and the wet season with
blue background. Field campaign 1 and 3 (orange hatched area) took place in March 2017 and 2019. Field campaign 2 (blue hatched area) was conducted in
September 2017.

and December 2019. The numerical model depicts wave-induced ~ beaches have a northward directed transport direction, where
currents for the dominant swell wave direction 6, ~ 157° aswell ~ the CERC-equation estimates a 6.9 times larger energy transport
as the outer limits of the dominant swell range with 135and 202°.  potential on the west side when compared to the east side. Based
The model resolves the wave interaction with the reef spatially ~ onlongshore energy fluxes, the longshore transport pattern from
(Figure2 and Table 1). In combination, the empirical and  the CERC-formulation discloses sediment reaching the island
numerical methods can capture the spatio-temporal sediment  from the southeastern reef plateau will primarily be distributed

transport over the reef. over the west side. According to the CERC-equation, sediment
transport over the east side up to the northeastern headland
3.3.1. Results From the Empirical Model is of minor significance. The numerical model confirms the

Considering the reef crest and reef flat as carbonate factory for ~ general distribution pattern revealed by the CERC-formulation
sediment supply to reef islands (Ryan et al., 2019), the numerical ~ for the dominant swell components (Figures 5B-D). It shows
model demonstrates that wave-induced currents transport that the currents flow around the southern coast and toward
sediment from the reef toward Fuvahmulah (Figures 5B-D). The  the north, where the Thoondu spit forms in the wet season
CERC-formulation assesses longshore energy flux as driver for ~ (Figure4) and hints at higher current velocities on the west
sediment transport rates around the island on five locations: the ~ side from the dominant swell wave direction 6, ~ 157.5°
southern sea- and airport areas as well as the beaches on the west,  (Figure 5C).

northwest and east (Figure 5A and Table 2). Sediment transport The beaches of the northern headland are the islands lee
splits on the southern beach into an eastern component at the  side. This area is sheltered against the dominant southern
seaport and a western component at the airport. The lateral ~ swells and only experiences swell impact through diffraction
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and refraction occasionally—the numerical model shows the
influence of dominant southern or southeastern swells, leading
to currents on the northern beaches Geiymiskih Fannu and
Thoondu (Figures 5B-D). Suspended sediment entrained in
currents is swept along and transported along the west coast
toward the north. There, it deposits in areas with mitigated
current velocities, as seen in the dry season (Figure 4). While
being sheltered from the dominant swell waves, data from the
wave rose shows that the north coasts of Fuvahmulah dominantly
experience wind waves (Figure 6). Wind wave induced currents
lead to further sediment transport, as shown by the CERC-
formulation. The CERC-equation gives further insights in the
temporal scale of sediment transport on the northern beaches
and facilitates assessing the intraannual evolution of the Thoondu
spit (Figure 4). It only utilizes waves approaching the coastline
normal at 6| +90°, excluding swell waves approaching the island
from the south (Figure 6):

The coastline parallel of the north coast (Geiymiskih beach)
is at 231.6°, while the coastline normal is at 319.3° (Figure 6,
Table 2). The combination of wave angle and height defines the
amount of sediment longshore transport, peaking at 6 =+ 45°
with sin (2 - 0) in equation 10. Therefore, longshore transport
rates commonly peak at the end of the wet season, with high
waves and incident angles of 6, ~ —50° (Figure?7). Even
though swell waves are dominant around Fuvahmulah, in the
CERC-formulation the main share of total longshore sediment
transport comes from wind waves (36.8 %) and the second swell
partition (33.8 %, Table 3). They appear in the wet season or
in the transition between dry and wet season. Regarding the
CERC-equation’s longshore transport direction, only 13.6 % of
the sediment longshore rate is toward the south west, while
86.4 % is toward Thoondu beach in the north east. Occasional,
single events yield the highest longshore sediment transport rates
on Geiymiskih beach (Figure 7C).

The coastline parallel of the eastern beach feeding the
Thoondu spit is at 319.3°, while the coastline normal is at
49.3° (Figure 6, Table2). Significant wave heights are from
the same data base as those used at the adjacent Geiymiskih
beach (Figure 7). Thoondu and the east side of Fuvahmulah
are subject to swell waves from the south east, as well as wind
waves from north west to north east (Figures6, 8)—but in
contrast to Geiymiskih beach, wind waves have a small overall
contribution to the total sediment transport when calculated
with the CERC-equation for the east side (17.7 %). Nevertheless,
Thoondu beach is prone to receive some of the dominant
southeastern swell waves with 6, = 135° — 180°. However, with
respect to the coastline parallel, dominant swell waves approach
the beach only with 8; < 9°, resulting in a low contribution
in the CERC-formulation. Instead, occasional first partition swell
wave events trigger longshore sediment transport in the CERC-
equation, followed by second partition swell waves (Figure 8 and
Table 3). The resulting dominant longshore sediment transport
direction is toward Thoondu beach (67.9%). The dominant
sediment transport toward Thoondu is commonly found in
the course of the wet season, usually peaking between July
and early September. Southward components only appear in
dry season.

TABLE 3 | Peak transport rates Jy,max @nd the contribution of each wave partition
to the total transported sediment volume Q, in the CERC-formulation between
2016 and 2019 on the northern beaches Geiymiskih and Thoondu (NW: Figure 7
and E: Figure 8).

Beach Wave partition Peak sediment transport Contribution to total

index i index wp rate qy,imax. (M® h~')  transport volume Q, (%)

NW Wind waves 17.08 36.8
1st swell partition 9.31 16.1
2nd swell partition 7.79 33.8
3rd swell partition 3.05 13.2
E Wind waves 4.74 17.7
1st swell partition 12.28 55.0
2nd swell partition 7.89 20.1
3rd swell partition 7.47 7.2

3.3.2. Combining Results From the Empirical and the
Numerical Model

Combining insights from the empirical, process-based CERC
method and the numerical BOSZ model reveals a constant
sediment supply from the southern reef toward the island.
Wave-induced currents transport the sediment around the island
toward the island’s lee side in the north. Throughout the dry
season, sediment accumulates along Geiymiskih beach and at
the southern end of Thoondu. Afterwards, in the wet season,
the Thoondu spit forms at the northeastern end of Fuvahmulah
(Figure 4). This formation can be elucidated with the CERC-
formulation (Figures 7, 8): In the wet season, the energy flux
at the northern Geiymiskih beach carries sediment toward
the east. At the same time, the swell dominated longshore
energy flux is directed toward the north on Thoondu beach.
Together, these hydrodynamic drivers transport sediment toward
the north eastern headland of the island, forming the sand
spit Thoondu. Inhabitants report and satellite images confirm
that location and shape of the spit varies within the wet
season (see Supplementary Material). The CERC-formulation
is able to capture these changes when regarding the underlying
hydrodynamic events (Figure9). For example: The CERC-
formulation is able to use the ERA5 climate data to explain
singularities, such as those experienced on Fuvahmulah in
the second half of the 2019 wet season. In September 2019,
an anomaly occurred, where swell waves approached the
island from 6, < 135° leading to large transport rates
in the CERC-equation: The highest longshore transport rate
dymax = 898 m3>h™! came from swell waves with H, =
1.22m and 6; = 79.9°. This event is likely connected to
a distinct temperature difference between the tropical eastern
and western Indian Ocean, the IOD (Saji and Yamagata, 2003).
The wave climate led to a beach protrusion on the edge of
Geiymiskih to Thoondu beach and was well-appreciated by
locals and tourists (see Supplementary Material). After the
Thoondu spit formed in the wet season, the dry season wave
climate leads to sediment depletion of the Thoondu spit,
while new sediment accumulations form on Geiymiskih and
Thoondu beach.
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FIGURE 8 | (A) Averaged incident wave direction 6, ,,, measured as difference from the coastline normal «; and (B) wave height Hs,, of each wave partition wp
used for (C) longshore sediment transport rates g,y and (D) cumulative sediment volume Qy wp, transported alongshore the, marked with an crimson line on the
map (E). The crimson line is accordance with the crimson line in Figure 6 (see Table 3 for corresponding peak transport rate values gy,max and the contribution of
each wave partition to Q). The time series shows values from January 2016 to November 2019. Negative values for gy,»p and Qyup indicate a transport toward the
seaport in the southeast, while positive values lead to sediment transport toward Thoondu beach in the northwest. The time series shows the dry season with orange
and the wet season with blue background. Field campaign 1 and 3 (orange hatched area) took place in March 2017 and 2019. Field campaign 2 (blue hatched area)

4. DISCUSSION

Sediment distribution on a reef is subject to (a) hydrodynamic
forcing, for example by waves, wave transformation and tides, (b)
the reef shape and bathymetry, defining wave propagation and
thus current direction on the reef platform, as well as (¢) sediment
supply of the reef. This study used wave data from the climate
reanalysis model ERA5 in the process-based, empirical CERC
method and the phase-resolving, depth-integrated numerical
model BOSZ to study the associated morphodynamic response
on the Maldivian reef island Fuvahmulah. On this basis, the study
linked these insights to comprehend measured shoreline changes
on the island’s beaches and the seasonal formation of the sand spit
Thoondu in the north of the island.

As climate data resources have been scarce and of lower
resolution, former studies usually combined significant wave
heights H; of wind waves and swell, but ignored their
misalignment (Hildebrandt et al, 2019). This procedure
emphasizes the dominant components but neglects the local
characteristics. But the availability and constant improvement
of climate reanalysis models provide more detailed boundary
conditions today. The ocean wave model of ERA5 uses the
wind input provided by their climate data set. However, the
ERA5 wind data tends to result in underestimated significant
wave heights. But compared to earlier releases of ECMWF’s
climate reanalysis models, the latest release of ECMWF’s climate
reanalysis model ERAS5 improves the spatio-temporal resolution
of it’s predecessors with a 0.25° spatial resolution in latitudinal
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FIGURE 9 | Sentinel satellite images of northern Fuvahmulah on October 9, 2016 (A) and November 28, 2016 (B) and longshore sediment transport on Thoondu (C)
and Geiymiskih Fannu beach (D) at the associated time of the satellite images (green line). (C,D) Show zoomed data from the longshore sediment transport rates
gywp (Figures 7, 8). The orange hatched area shows the time of the first field campaign for this study. The satellite images contain Copernicus Sentinel data,
accessed through EO Browser (true color, red green blue).

and longitudinal direction and hourly temporal resolution (C3S,  adaptation of the empirical coefficient K (Smith et al., 2009). It is
2017). The hourly resolution of the current, publicly available  able to process the high resolution data of the ERA5 data set. But
model ERAS5 improves the computation of significant wave  application of the CERC-formulation for calcareous sediments
heights and successfully reduces errors—especially in extreme  and on coral reef islands has been rare (for example in Shope
events (Wiese et al, 2018). These factors—the good spatio-  and Storlazzi, 2019). Its simplicity omit more complex sediment
temporal data availability and trustworthy reconstruction of  transport processes (van Rijn, 2005; Shope and Storlazzi, 2019)
the wave climate—facilitate event based hind- and forecasting  having an impact on each component of the CERC-equation
in the CERC formulation. On the other hand, the sheer g, =P, -1
amount of wave data results in a challenging number of The sediment transport rate g, itself focuses on longshore
feasible and reasonable numerical simulations. To tackle this  sediment distribution but gives no information on cross-shore
challenge, this study combines the empirical CERC-formulation  beach response (Atkinson et al., 2018) or cross-shore transport
with information of a numerical model, calculating wave-  components. Therefore, the CERC-approach cannot estimate
induced currents approaching Fuvahmulah from the dominant  sediment transport toward the island and thus, for example, the
wave directions: role of the southern Fuvahmulah reef as sediment source.

The CERC-formulation is a common tool to estimate The wave energy flux Py captures the wave energy component
longshore sediment transport on sandy beaches (CERC, 1984;  of coastal longshore transport. Albeit the CERC-equation always
Schoonees and Theron, 1995) and works best for site-specific ~ includes at least one parameter at the breaker line, waves
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transform differently when propagating over milder sloping
sandy beaches compared to typical reef bathymetries with steep
reef fronts followed by near horizontal reef flats. Furthermore,
the wave energy flux P, is based on the significant wave height
H, but does not consider water level undulations on sub- and
intratidal timescales (Pomeroy et al., 2018), sediment transport
mechanisms by low-frequency waves and reef flat resonances
(Roeber and Bricker, 2015; Cheriton et al., 2016; Gawehn et al.,
2016), or other hydrodynamic effects on smaller scales, such
as atoll lagoon flushing by wave pumping and gravity draining
(Gourlay and Colleter, 2005; Callaghan et al., 2006).

Applying the sediment component I, of the CERC
equation for complex reef bathymetries requires an improved
understanding over sandy or rocky bottoms. However, as of
today, sediment transport over reef bottoms is still subject
to current research (Pomeroy et al., 2015; Ryan et al., 2019).
Moreover, while sediment mobility under waves is well-
described for sandy marine aggregates (Turner and Masselink,
1998; Nielsen et al., 2001), wave-induced transport processes
differ for coarser sediments (van Rijn, 2005; Austin and
Masselink, 2006). The present study advances the application of
the CERC-formulation on reef islands by combining measured
data with insights of numerically modeled hydrodynamics, but
further research is required to achieve a more sensible estimation
of the empirical coefficient K for calcareous sediment volumes
on coral reef islands—for example with measured sediment data
on the scale of several single wave events. As sediment volumes
from the CERC-equation are sensible to K, the results presented
in this study (Figures 7-9 and Table 3) must be interpreted as
approximations of wave-induced morphodynamic processes
rather than providing exact real-world sediment volumes (which
is in accordance with the procedure of Shope and Storlazzi,
2019). For example: when considering the measured volumes
in dry season 2017 instead of 2019, estimations of K—and thus
calculated volumes—would vary by a factor of about + ~ 3.
Albeit each component g, P, and I, of the CERC-formulation
underlies limitations, the equation is able to calculate longshore
energy flux and corresponding sediment transport on different
time scales. The results show that with highly resolved, multi-
directional wave input, it can capture both the seasonal Thoondu
spit formation as well as the beach formation initiated by an
IOD-event in late wet season 2019 (see Figure 9).

When comparing the empirical with a numerical approach,
the numerical approach can deliver more details on the
hydrodynamic background of sediment transport: The depth-
averaged hydrodynamic model indicates a more complex effect
of the wave-induced current pattern near the beaches than given
by the CERC method (Figure 5). In general, the numerical model
confirms the directional components calculated with the CERC
formulation (Figure5). However, in the CERC formulation,
waves from 6, = 135° (Figure 5B) would have a high influence
(60, ~ =45°) on the southern beaches, but a low influence on
the east side (6 ~ +9°). On the contrary, the numerical model
shows that wave-induced current velocities on the east and south
side are in the same order of magnitude (about 1-2ms™!). A
similar discrepancy can be seen on the west side for swell wave
components with 6, = 157° (Figure 5C), inducing high currents

in the numerical model, but having lower significance in the
CERC-method (61 ~ 17°). But the 6, 202° component
shows the most significant difference: while the CERC-method
calculates an upward directed sediment rate (f; ~ 45°) in
front of the airport at the southwest side of Fuvahmulah, the
current pattern of the numerical model depict a southeast ward
directed current (Figure 5D). The numerical models also disclose
an influence of south to southeastern swells on the lee-side of the
island, but these are outside the northern beaches’ incident wave
direction range 6] of —90-90° and thus remain unconsidered in
the CERC-equation.

Even though numerical approaches are able to capture the
hydrodynamics in reef environments (Roeber and Bricker, 2015;
Masselink et al, 2019), implementation of morphodynamic
changes into phase-resolving wave models is challenging (McCall
et al., 2014). Here, the numerical model only shows depth-
integrated flow velocities on the reef and not the altered
velocity profile by the reef structure. Further research is required
on the interaction of calcareous sediment and reef-island
hydrodynamics in numerical models to extract more reliable and
robust sediment transport rates and volumes. In the frame of this
work, numerical models can only indicate sediment transport
potential via wave-induced current velocity. While the results
from this study illustrate that sediment transport on reef scale can
be well-explained with ocean wave forcing, other studies on beach
scale found further factors influencing sediment distribution—
for example the complexity and roughness of reef structures and
their role for hydrodynamic flow (Callaghan et al., 2006) and
sediment transport (Pomeroy et al., 2015; Shope and Storlazzi,
2019) or wind-stresses and varying water levels due to sea-level
rise or tides (Pomeroy et al., 2017, 2018; Atkinson et al., 2018).
In the case of Fuvahmulah however, with a maximum tidal range
of 1.1 m, currents from tides and ocean circulation are of minor
importance, as they are about an order of magnitude below
wave-induced currents (David et al., 2019). The insights from
the numerical model complement the findings of the CERC-
method and put the measured morphological changes into an
hydrodynamic context.

The transported sediment is visible in form of sediment on
the coastline of the island. In this study, UAVs recorded sediment
volumes, being reconstructed by means of structure from motion
(SfM). The first two campaigns were referred to the DEMs of
the third campaign via vGCPs of unique natural or structural
features. This approach still yields reasonably good results, but
contains higher errors in the photogrammetric process than
recording unique GCPs for each flight in each campaign (see
Supplementary Material). Therefore, it should only be applied
if no individual GCPs for each campaign are available—as in
this case. Especially areas with deteriorated visibility can make
vGCP identification and point cloud reconstruction challenging.
An example are vegetated areas or areas submerged by water
or sand. The results of this study however encourage the use
of UAV-borne data recorded even in subpar field conditions,
as they remain valuable data with useful information. In this
study, errors of the DEMs aligned with vGCPs are still within the
upper range of expectable errors in UAV-based photogrammetry
(Casella et al., 2020).
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The overview of the resulting sediment budget (Figure 3)
is presented in volume over dry beach area. Some challenges
remain by measuring volumetric sediment changes by means
of UAV-borne photogrammetry, such as beach access and
underwater areas. This study uses the volume over dry beach
method consistently for the overview, but defines interpolation
nodes on the submerged reef between the last dry point of
the reef in one season and the associated dry beach point
in the other season for the northern beaches Geiymiskih and
Thoondu northwest. Otherwise, large volumes of the northern
beaches would remain unspecified. The error of defining the
coordinates of the interpolation nodes is within the error range
of the photogrammetric process. The interpolation of wet season
beaches at Thoondu north depends on estimated reef depths
derived from orthophotos and reef depths of adjacent beaches
and can contain errors in decimeter scale. The interpolation
between two nodes on the reef neglects the bottom roughness
of the beach and thus introduces further inaccuracies to the
volumes. With sediment volumes in the order of O(4 — 5) cubic
meters, the total influence of these simplifications is however
minor. Also, erosion due to coastal infrastructure is in the order
of (cubic-) decimeters and rather affects the consolidated material
of the coast of Fuvahmulah (David et al.,, 2019) than the bulk
sediment evaluated with the volume over dry beach method.
Thus, erosion must be studied on a different scale.

Sediment supply depends on the location of corals on the reef
(Ryan et al., 2019) and coral type (Hamylton et al., 2017). Gross
and net production as well as bio-erosion of calcium carbonate
are site specific and depend on different environmental factors.
In general, reef island formation is based on the fact that the coral
reef produces calcium carbonate, which erodes and is transported
over the reef (Mandlier and Kench, 2012). Insufficient sediment
supply can have several impacts: coasts retreat depending on their
orientation toward the dominant incident wave direction, reef
island positions on an atoll varies (Shope and Storlazzi, 2019), or
islands disappear as net sediment accretion cannot keep up with
sea level rise (Albert et al., 2016). With sufficient sediment supply
and without artificial interference, the coastline of reef islands is
meant to be stable (Kench, 2012). This study does not provide
a specific sediment production budget for Fuvahmulah, but uses
the bio-erosion estimates of 3.4 & 0.4kg CaCO3; m~2yr~! from
an island on the neighboring atoll (Ryan et al., 2019). Here, “the
upper reef [platform] surface act[s] as the carbonate factory for
islands” (Ryan et al., 2019). Despite the regional proximity and
similarities of both reefs, total carbonate production rate of the
reef depends on several factors, such as the eco-geomorphological
zones on the reef platform (Hamylton et al., 2017; Ryan et al.,
2019), having an influence on the bio-erosion rate and thus on
the calculations in this study.

While the west side of Fuvahmulah is stable, the port
construction blocks the sediment transport and leads to sand
accumulation in the south of the island in front of the port,
as well as slow, but substantial erosion on the ports lee side
in the southeast of the island. This erosion becomes visible in
examinations on smaller scales and epitomizes a disturbance
of natural systems by anthropogenic interventions (the ports
impact on the southcoast of Fuvahmulah was analyzed in David

et al, 2019). On the other hand, the sediment budgets verify
sediment produced on the reef migrates around the island to
the lee-side of Fuvahmulah. Then, the final destination of the
sediment is are the northern beaches Thoondu and Geiymiskih.
Here, a sediment volume deficit from wet to dry season indicates
sediment moving off the reef plateau, especially since volume
changes at adjacent beaches are low. The positive sediment
budget between dry season 2017 and 2019 support the thesis of
reef recovery in the region after the 2016 reef bleaching event
(Ryan et al., 2019).

5. CONCLUSION

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

The present study deals with the fringing reef island
Fuvahmulah on the Maldives. Based on three field campaigns,
UAV-based photogrammetry revealed intra- and interannual
changes of sediment volumes and coastlines. The coastline of the
island was separated into morphological cells showing that the
lateral coastlines on the west and east of the elliptical island are
mostly stable. Only on the southeastern coast above the seaport,
Fuvahmulah experiences erosion, which becomes measurable
at a lower scale (David et al., 2019). In contrast, the lee-side
in the north of Fuvahmulah has a highly active morphology,
where beach face and location change even within the seasons.
The general morphological pattern on the northern headland is
characterized by typical seasonal sediment depots on Geiymiskih
and Thoondu beach in the dry season. In the wet season the
sediment moves to the northern tip of Fuvahmulah, where
the Thoondu spit is formed. This natural feature makes the
beach very popular and is highly valued by the community and
considered a landmark of the island (Ratter et al., 2019).

Morphological changes on the reef are triggered by
hydrodynamic forcing. Therefore, this study exploits hourly
climate reanalysis model wave data to quantify longshore
sediment distribution around the island with the CERC method.
Dominant south to southeasterly swells are characteristic
for the regional Maldivian hydrodynamic regime (Kench
and Brander, 2006; Kench and Mann, 2017). These swells
induce a constant sediment supply from the southeastern
reef plateau. The sediment stream goes around the lateral
sides of Fuvahmulah to the northern headland, where the
Thoondu spit forms in the wet season. Local wind-wave and
subordinate swell events shape the northern beaches within
the seasons.

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

This study shows that seasonal wave climate and associated,
wave-induced currents can explain the formation of local
characteristic beach phenomena like the Thoondu spit. On
annual timescales the seasonally dynamic morphology stabilizes
the island’s shoreline analogous to beach nourishment on sandy
beaches. This study presented coastal engineering methods
to exploit publicly available climate reanalysis data in high-
resolution to assess the site-specific influence of hydrodynamic
drivers on reef island morphology. Even though erosion on
Fuvahmulah has to be studied on a different scale (David
etal., 2019), sediment trajectories reveal locations with increased
erosion potential on the lee-side of disturbances in the natural
sediment stream. Because anthropogenic interventions into the
natural dynamics disturb the natural ability to respond to
ocean climate pressures the design of coastal infrastructure
on low-lying reef islands must include an assessment of
reef islands’ natural beach nourishment potential to avoid
interference before taking action. With this, reef island
communities can reduce shoreline erosion, improve their
resilience and decrease their risk to suffer from sea level rise and
associated impacts.
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