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Figure S1: Tide from August 22nd, 2017 to October 5th, 2017 (tide levels for the field is red).
The tide data is research data for the Gan, the Maldives, tide gauge from UHSLCCaldwell
et al. (2015) which is about 53 km away from Fuvahmulah.

Figure S1 shows the tide data for the second field campaign (Caldwell et al., 2015). The
data comes from University of Hawai‘i Sea-Level Center (UHSLC), accessed 2019-12-29,
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and shows a mixed semidiurnal tide with a tidal range of 1m for the neighbouring tide
gauge on Gan. Gan is approximately 50 km away from Fuvahmulah. Experiences made
with three day hydrodynamic measurements in the field campaign show, that the accuracy
between tide predictions and actual water levels on Fuvahmulah is sufficient for survey
planning.
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Figure S2: Water level elevation η computed by BOSZ, showing how waves transform over
the reef.

The study in the main manuscript uses wave climate data from the global climate
reanalysis models for the region of Fuvahmulah – the numerical, phase-resolving
Boussinesq Ocean and Surf Zone model (BOSZ) is able to use the off-shore fifth generation
atmospheric reanalysis of the global climate (ERA5) data of European Centre for Medium-
Range Weather Forecasts (ECMWF) to compute waves propagating from deeper waters
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onto the fringing reef and over irregular bathymetries (Roeber and Cheung, 2012). Figure
S2 shows a snapshot of water level elevation for a computation time of 4800 s (1.33 hours).
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THOONDU SPIT EVENT, WET SEASON 2019

Figure S3 shows the formation of the Thoondu spit in September and October 2019. Usually
the sand spit is located on the tip of the headland (see main paper), however in the wet
season 2019, the spit formed on the adjacent Geiymiskih beach and covered almost the
whole reef width. This event received special attention regionally. An inhabitant form
the island reports, that on these days [...] even, Engine Dhoani [note from the author:
a motorized fisher boat] can reach to [the] beach[...]. Old Citizens told that they have
never seen this happened in [their] whole life. (personal conversation over a social network
between Ali A., inhabitant of Fuvahmulah and C. Gabriel David, author). This special
occasion was well acknowledged by locals and national tourists and trended on social
media channels, as well as on local news. Figure S3 also shows the associated results from
the CERC-formulation (CERC, 1984), which is able to capture the northward directed
sediment transport rate.

The Australian Bureau of Meteorology (BOM) calculates the Indian Ocean Dipole
(IOD) in form of the Dipole Mode Index (DMI). The IOD is an oscillation of sea surface
temperatures between the western Indian Ocean and the tropical south-eastern Indian Ocean
comparable with El Niño (Saji et al., 1999). A positive DMI over a threshold of±0.4°−0.7°
(Saji et al., 1999; ?) leads to an inverse atmospheric convection, and thus winds, from east
to west over the Indian ocean, approaching Fuvahmulah as swell waves. For the recording
time of the images in Figure S3, the DMI was especially high (Figure S4) and a likely cause
for this special beach protusion.
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Figure S3: (a,b) Aerial images, showing the beach formation in northern Fuvahmulah in
the second half of the 2019 wet season. These images where distributed over Facebook by
the profile @Fuvahmulah.FVM. (c) and (d) are the sediment transport rates qy,p associated
with 2019. The hatched green area is the time of the displayed events.
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Figure S4: Dipole Mode Index (DMI) of the Indian Ocean Dipole (IOD), measured by
the BOM and provided through their homepage. The graph shows the high sea-surface
temperature (SST) oscillation in the Indian Ocean in October 2019. This event led to the
beach formation in late wet season 2019 on Fuvahmulah.
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GNSS AND DEM ERROR

The rover consisted of a Septentrio AsteRx-U receiver and another NAVX-3G antenna,
recording between 12 and 18 ground control point (GCP) per tile. The GCP measurements
were corrected in RTKLIB 2.4.3 b31 with the signal of the reference point, leading to a
median standard deviation of σ̃GNSS = 3.4 cm. The software estimates σGNSS for each
dimension, which will result in the total standard deviation for the method by using

σGNSS =
√
σ2N + σ2E + σ2U (S1)

where the indices N , E and U represent northing, easting and up-ward respectively. The
aerial images and the GCPs of the third campaign were then post-processed in Agisoft
Photoscan 1.4.5 build 7354 to digital elevation models (DEMs) of each tile. Photoscan
implemented the GCPs with a median standard deviation of σ̃GCP = 2.8 cm (estimated by
the software). When considering

σ̃DEM,3 = σ̃GNSS + σ̃GCP (S2)

the total median positioning error σ̃DEM,3 within EPSG:4326 (WGS84) will be 6.2 cm for
the DEMs recorded in the dry season of 2019. This campaign will then serve as reference
for the DEMs recorded in the other campaigns. The median standard deviation of the
implemented virtual Ground Control Points (vGCPs) and thus the median relative error
between the GCPs of the dry seasons is σ̃vGCP = 12.7 cm. Between the DEMs of the dry
season 2019 and wet season 2017, the median standard deviation is σ̃vGCP = 13.6 cm. The
median absolute error in a geographic coordinate system for the DEMs are then

σ̃DEM,i = σ̃DEM,3 + σ̃vGCP,i (S3)

with i for the DEMs from the respective field campaigns. Here, σ̃DEM,dry season 2017 =
18.9 cm and σ̃DEM,wet season 2017 = 19.8 cm within EPSG:4326 (WGS84) (Figure S5).
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Figure S5: Standard deviations for the GNSS measurements σGNSS (blue median) as well
as for the GCPs of the 2019 reference DEMs σDEM,3 and the 2017 dry season and wet
season DEMs σDEM,1 and σDEM,2 (orange medians) in the DEMs
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V. Masson-Delmotte, P. Zhai, M. Tignor, E. Poloczanska, K. Mintenbeck, A. Alegrı́a,
M. Nicolai, A. Okem, J. Petzold, B. Rama, and N. Weyer (In Press). 589–655

Dangendorf, S., Hay, C., Calafat, F. M., Marcos, M., Piecuch, C. G., Berk, K., et al. (2019).
Persistent acceleration in global sea-level rise since the 1960s. Nature Climate Change 9,
705–710. doi:10.1038/s41558-019-0531-8

David, C. G., Roeber, V., Goseberg, N., and Schlurmann, T. (2017). Generation and
propagation of ship-borne waves - Solutions from a Boussinesq-type model. Coastal
Engineering 127, 170 – 187. doi:10.1016/j.coastaleng.2017.07.001

David, C. G., Schlurmann, T., and Roeber, V. (2019). Coastal Infrastructure on Reef Islands
– the Port of Fuvahmulah, the Maldives as Example of Maladaptation to Sea-Level Rise?
In Coastal Structures 2019, eds. N. Goseberg and T. Schlurmann (Hannover, Germany:
Bundesanstalt für Wasserbau), 874–885. doi:doi.org/10.18451/978-3-939230-64-9 087

David, C. G., Schulz, N., and Schlurmann, T. (2016). Assessing the Application
Potential of Selected Ecosystem-Based, Low-Regret Coastal Protection Measures.
In Ecosystem-Based Disaster Risk Reduction and Adaptation in Practice, eds. F. G.
Renaud, K. Sudmeier-Rieux, M. Estrella, and U. Nehren (Cham: Springer International
Publishing). 457–482. doi:10.1007/978-3-319-43633-3 20

Frontiers 11



Supplementary Materials for ”Morphological changes on small coral islands” (David and Schlurmann)

Duvat, V. K. E. and Magnan, A. K. (2019). Rapid human-driven undermining of atoll
island capacity to adjust to ocean climate-related pressures. Scientific Reports 9. doi:10.
1038/s41598-019-51468-3

East, H. K., Perry, C. T., Kench, P. S., Liang, Y., and Gulliver, P. (2018). Coral Reef
Island Initiation and Development Under Higher Than Present Sea Levels. Geophysical
Research Letters 45, 11,265–11,274. doi:10.1029/2018GL079589

Emanuel, K. (1988). The maximum intensity of hurricanes. Journal of the Atmospheric
Sciences 45, 1143–1155

Ferrario, F., Beck, M. W., Storlazzi, C. D., Micheli, F., Shepard, C. C., and Airoldi, L.
(2014). The effectiveness of coral reefs for coastal hazard risk reduction and adaptation.
Nature Communications 5. doi:10.1038/ncomms4794

Gawehn, M., van Dongeren, A., van Rooijen, A., Storlazzi, C. D., Cheriton, O. M., and
Reniers, A. (2016). Identification and classification of very low frequency waves on a
coral reef flat. Journal of Geophysical Research: Oceans 121, 7560–7574. doi:10.1002/
2016jc011834

Gourlay, M. R. and Colleter, G. (2005). Wave-generated flow on coral reefs—an analysis
for two-dimensional horizontal reef-tops with steep faces. Coastal Engineering 52, 353 –
387. doi:10.1016/j.coastaleng.2004.11.007

Hamylton, S. M., Duce, S., Vila-Concejo, A., Roelfsema, C. M., Phinn, S. R., Carvalho,
R. C., et al. (2017). Estimating regional coral reef calcium carbonate production
from remotely sensed seafloor maps. Remote Sensing of Environment 201, 88 – 98.
doi:10.1016/j.rse.2017.08.034

Hanson, J. L. and Phillips, O. M. (2001). Automated Analysis of Ocean Surface Directional
Wave Spectra. Journal of Atmospheric and Oceanic Technology 18, 277–293. doi:10.
1175/1520-0426(2001)018〈0277:AAOOSD〉2.0.CO;2

Harris, D. L., Rovere, A., Casella, E., Power, H., Canavesio, R., Collin, A., et al. (2018).
Coral reef structural complexity provides important coastal protection from waves under
rising sea levels. Science Advances 4. doi:10.1126/sciadv.aao4350

Hermes, J. C., Masumoto, Y., Beal, L. M., Roxy, M. K., Vialard, J., Andres, M., et al.
(2019). A Sustained Ocean Observing System in the Indian Ocean for Climate Related
Scientific Knowledge and Societal Needs. Frontiers in Marine Science 6, 355. doi:10.
3389/fmars.2019.00355

Hildebrandt, A., Schmidt, B., and Marx, S. (2019). Wind-wave misalignment and a
combination method for direction-dependent extreme incidents. Ocean Engineering 180,
10 – 22. doi:10.1016/j.oceaneng.2019.03.034

12



Supplementary Materials for ”Morphological changes on small coral islands” (David and Schlurmann)

Horrillo, J., Grilli, S. T., Nicolsky, D., Roeber, V., and Zhang, J. (2014). Performance
benchmarking tsunami models for NTHMP’s inundation mapping activities. Pure and
Applied Geophysics 172, 869–884. doi:10.1007/s00024-014-0891-y

IPCC (2012). Managing the Risks of Extreme Events and Disasters to Advance
Climate Change Adaptation. In A Special Report of Working Groups I and II of the
Intergovernmental Panel on Climate Change (IPCC), eds. C. B. Field, V. Barros, T. F.
Stocker, Q. Dahe, D. J. Dokken, K. L. Ebi, M. D. Mastrandrea, K. J. Mach, G.-K. Plattner,
S. K. Allen, M. Tignor, and P. M. Midgley (Cambridge, United Kingdom and New York,
NY, USA: Cambridge University Press). 582 pp.

Kench, P. S. (2012). Compromising Reef Island Shoreline Dynamics: Legacies of the
Engineering Paradigm in the Maldives. In Pitfalls of Shoreline Stabilization: Selected
Case Studies, eds. J. A. G. Cooper and O. H. Pilkey (Dordrecht: Springer Netherlands).
165–186. doi:10.1007/978-94-007-4123-2 11

Kench, P. S. and Brander, R. W. (2006). Response of reef island shorelines to seasonal
climate oscillations: South Maalhosmadulu atoll, Maldives. Journal of Geophysical
Research: Earth Surface 111. doi:10.1029/2005JF000323

Kench, P. S. and Mann, T. (2017). Reef Island Evolution and Dynamics: Insights from the
Indian and Pacific Oceans and Perspectives for the Spermonde Archipelago. Frontiers in
Marine Science 4, 145. doi:10.3389/fmars.2017.00145

Kumar, P., Kaur, S., Weller, E., and Min, S.-K. (2019). Influence of Natural Climate
Variability on the Extreme Ocean Surface Wave Heights Over the Indian Ocean. Journal
of Geophysical Research: Oceans 124, 6176–6199. doi:10.1029/2019JC015391

Longuet-Higgins, M. S. (1970). Longshore currents generated by obliquely incident sea
waves: 2. Journal of Geophysical Research (1896-1977) 75, 6790–6801. doi:10.1029/
JC075i033p06790

Lynett, P. J., Gately, K., Wilson, R., Montoya, L., Arcas, D., Aytore, B., et al. (2017).
Inter-model analysis of tsunami-induced coastal currents. Ocean Modelling 114, 14 – 32.
doi:doi.org/10.1016/j.ocemod.2017.04.003

Magnan, A., M., G., Gattuso, J.-P., J., H., Hilmi, N., Holland, E., et al. (2019). Integrative
cross-chapter box on low-lying islands and coasts. In Special Report on Ocean and
Cryosphere in a Changing Climate, eds. H.-O. Pörtner, D. Roberts, V. Masson-Delmotte,
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