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ABSTRACT

Reconstructing the topography of shallow underwater environments using Structure-from-Motion — Multi View
Stereo (SfM-MVS) techniques applied to aerial imagery from Unmanned Aerial Vehicles (UAVs) is a challenging
problem, as it involves non-linear distortions caused by water refraction. This study presents an experiment with
aerial photographs collected with a consumer-grade UAV on the shallow-water reef of Fuvahmulah, the Maldives.
Under conditions of rising tide, we surveyed the same portion of the reef in ten successive flights. For each flight,
we used SfM-MVS to reconstruct the Digital Elevation Model (DEM) of the reef, and used the flight at low tide
(where the reef is almost entirely dry) to compare the performance of DEM reconstruction under higher water levels.
Our results show that differences with the reference DEM increase with increasing depth, but are substantially
larger if no underwater ground control points are taken into account in the processing. Correcting our imagery
with algorithms that account for refraction did not improve the overall accuracy of reconstruction. We conclude
that reconstructing shallow-water reefs (less than 1 m depth) with consumer-grade SfM-MVSs and SfM-MVS
is possible, but its precision is limited and strongly correlated with water depth. The best results are achieved
when ground control points were placed both above and underwater and no refraction correction is used in our
processing.
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Introduction

Coral reefs are complex and highly biodiverse ecosystems. Reefs provide several signi cant ecosystem services,
that amount to nearly 200,000 US dollars per acre per year (Costanza et al., 2014), that are put at risk by increasing
stresses from both local and global factors (Fine et al., 2019). Natural hazards and anthropogenic pressures affect
small islands' coastlines and the underwater marine environment surrounding them (Kench and Brander, 2006;
Duvat and Magnan, 2019; David and Schlurmann, 2020). In the face of climate change, the increase in ocean
temperatures is forecasted to lead to more extensive coral bleaching (Skirving et al., 2019), causing increased coral
mortality (Hédouin et al., 2020). As coral reefs play an important role in the protection of low-lying islands from
waves and wave energy (Ferrario et al., 2014), it is important to develop and assess the effectiveness and precision
of new and low-cost techniques to monitor the evolution of reef areas over time. To this end, remote sensing from
satellites or laser scanners and echosounders are often employed to analyze the status and temporal evolution of
beaches and marine environments (Klemas, 2011; Colbo et al., 2014; Hedley et al., 2018; Panagou et al., 2020).

Single Beam Echosounder (SBES) or Multibeam Echosounder (MBES) sonar determine water depth by trans-
mitting sound pulses into water. Survey grade MBES cover areas with a sensor covering a lateral 26eak80
to record bathymetry with a vertical resolution<ofl% of the water depth (Colbo et al., 2014). However, survey
grade echo sounder depend on vessel draft and are usually not suitable for shallow svéters 6m depth,
Leon et al., 2015; David and Schlurmann, 2020). Consumer-grade SBES — for example used by shers — have a
smaller immersion depth but recorded water depths vary between centimeter to lower decimeter scale compared to
ground-truth water depths (Bandini et al., 2018). Furthermore, SBES perform punctual measurements and thus do
neither provide an areal overview of the surveyed marine area, nor color information for mapping of the site, which
is particularly relevant in coral reefs.

Other bathymetric survey methods are operated from the beach: Terrestrial Laser Scanning (TLS) can record
topography and bathymetry from a single device. The error of underwater measurements increases with distance to
the device. Here, the measuring error is equal to the measured water depth for di&tdseagranagou et al.,

2020).

In recent years, drones have been applied more frequently to survey beaches or other coastal environments. For
example, recent studies employing UAV-borne Light Detection and Ranging (LIDAR) achieved centimeter accuracy
for riverine waters of less thahm depth (Mandlburger et al., 2020). Bathymetric reconstruction is independent
of surface texture when using UAV-borne LiDAR measurements, leading to a more robust outcome compared to
photogrammetric methods (Mandlburger, 2019). However, LIiDAR-based data strugglétowittihallow” waters
or increased hydrodynamic activity, such as whitecaps of broken waves (Klemas, 2011; Leon et al., 2015).

A major issue with UAV-borne LiDAR is that drone platforms carrying the devices are usually larger and have a
high take-off weight, which often requires a higher-level drone operations permits. A more common way to employ
UAV-borne data is therefore to use consumer-grade drones, collecting aerial photographs and processing them with
the SfM-MVS reconstruction approach afterwards. SfM-MVS merges photogrammetric principles with advances in
3D computer vision algorithms (Carrivick et al., 2016). The SfM-MVS methods use aerial imagery to create precise
and accurate three dimensional DEM of coastal areas (Mur tt et al., 2017; Casella et al., 2020; Talavera et al., 2020).
However, reconstructing coastal areas with SfTM-MVS techniques is mostly limited to dry beach areas. The biggest
challenge of underwater photogrammetry is that light refracts on the water surface (Casella et al., 2016; Dietrich,
2017; Mandlburger, 2019). Refraction of light on the water surface is explained by Snell's Law, which several
approaches have used to correct underwater DEMs to improve the reconstruction precision (\Westaway et al., 2000;
Woodget et al., 2015; Dietrich, 2017). In general, through-water photogrammetry in clear conditions is dependent on
the Secchi depth (visibility by means of turbitidy) and on surface textures of underwater areas (Mandlburger, 2019).
Bathymetric reconstruction in calmer and deeper waters is possible, but is characterized by large uncertainties and
becomes more challenging with increasing water depth and hydrodynamic activity (Casella et al., 2016).

This study stems from a project dealing with sea level rise and associated impacts on small islands (Ratter et al.,
2019; David and Schlurmann, 2020). The project focusses on obtaining eld measurements with aerial surveys to
evaluate sediment transport as natural sea level rise adaptation on the Maldivian reef island of Fuvahmulah. While
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on-land (dry beach) areas were the main objective of the project, this work analyzes data collected on reef ats on
Fuvamulah. Error metrics for varying water depths on reef ats are currently not available (David and Schlurmann,
2020). The purpose of this study is therefore to assess the quality of reconstructed underwater topographies
(bathymetries) from a SfM-MVS algorithm for different water levels to be able to utilize this information in future
studies. We used a consumer-grade drone to record the intertidal inner reef. We surveyed the same area in 10
ights, with varying water depth conditions. Contextually, we employed pressure sensors to constantly measure
water depths and a Real-Time Kinematic (RTK) Global Navigation Satellite System (GNSS) system to measure the
position of Ground Control Points (GCPs) throughout the entire study site with centimetre precision. The GCPs are
later used to georeference the three dimensional model, obtained through the SfM-MVS and Multi-View Stereo
(MVS) approach. We start surveying the dry reef at low tide and continue our surveys as water levels increase with
the rising tide. In the analysis, the digital reconstruction of the dry reef servas@agrate” reference topography.
Comparing all following DEMs of the study site with increasing water depths with the dry reference DEM, we
estimate errors of the SIM-MVS algorithm in the bathymetric reconstruction originating from increasing water depth.
We test error estimates related to two different aligning technigues in the photogrammetric process, and evaluate the
bathymetry reconstructions calculated with and without the use of published refraction correction algorithms.

Overall, this study aims at (a) assessing the potential and limitation of SfM-MVS algorithms to reconstruct
underwater areas; (b) evaluating the bene ts of refraction correction in near-shore coastal areas; and (c) increasing
con dence in exploiting aerial imagery of clear, shallow waters for bathymetric reconstruction in photogrammetric
procedures under eld conditions.
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Study area, material and methods

Survey-site and area of interest

This study was carried out on the reef island Fuvahmulah, one of the most southern islands of the Maldives (Indian
Ocean). The island is located ab&tkmsouth of the equator (latitude:0:30° longitude:73:43°, see Fig. 1a).

The Maldivian capital Malé is situated approximat&R0 kmnorth of the island, while the distance to the the
southern tip of the Indian peninsula is abd0P5 km(see Fig. 1b). Unlike most other inhabited islands of the
Maldives, Fuvahmulah is not part of an atoll — it only consists of one main island and its fringing reef.

This study distinguishes between the survey site and the area of interest: The survey site is the entire area
recorded by the UAV. The area of interest, on the other hand, focuses on the georeferenced area within the survey
site and is in uenced by the tide (see Fig. 2).

The survey site is on a shallow, inter-tidal reef on the west coast of Fuvahmulah. The water around Fuvahmulah
is clear and provides aerial visibility of the submerged reef bottom — even in depth% ovdthe study contains
10 ights, recorded on March 26th, 2019 between low-tide at around 11:00 and high tide at around 17:30. The
tidal range of spring tide in March 2019 wa21 m(all tide data from UHSLC; Caldwell et al., 2015). The tidal
range on the survey day was6 m allowing the reef to fall dry at low tide. The water level on the rBkis the
difference between the rst ight and the water level of each subsequent ight, derived from the sea level data
(Table 1 summarizes the different water levels and water depths on the study site for each ight). On the survey day,
the sky was constantly clear and sunset was at 18:10 (Holmgren et al., 2018, pvlib v0.7.2). Thus, lighting on site only
depends on the solar azimuth and zenith (Fig. 1d). For the survey day, the fth generation atmospheric reanalysis of
the global climate (ERA5) of the Collaboration for Australian Weather and Climate Research (CAWCR) gives a
signi cant off-shore wave height d:87 mto 1:00 mat 0° latitude and73° longitude (C3S, 2017), which is at a
distance of 60km from Fuvahmulah.

The aerial surveys cover a distance of abbd® mto 150 mlongshore and@0 mto 80 m cross-shore. Four
cross-shore zones characterize the survey area: the upper beach zone is a vegetated beach ridge, fringing the entire
island. It hosts palm trees and shrubs (see Fig. 2). A sandy beach®@mwidth follows seaside of the vegetated
area. The downward sloping coral stone delimits the sandy beach from the fringing coral reef. The coral stone
experiences wave run-up and can be considered a natural revetment between mean sea levels and mean high waters
for the nearby beaches. The inter-tidal reef has three longshore sections: On the right side, inhabitants of the island
have cut a channel into the reef. The channel provided safe landing for boats before the seaport opened in 2002
(Ratter et al., 2019; David and Schlurmann, 2020). This area is constantly submerged and has the highest water
depth of the study site. The channel bottom is sandy near the beach but becomes increasingly more rocky seaward.
The excavated rocks from the channel construction were dumped adjacent to the channel along the entire reef and
remained there until today. In this longshore area, onhithmlong inner reef at section close to the beach is clear

Table 1. Overview of water levels and average water depth on the reef within the study site (hydrostatic
conditions). Sea leveks, measurements at pressure sensor SL-20 (see Fig. 2); reef watddHeedbrs to ight
number 1, serving as reference case With- 0m; mean water depthon the reef as average submergence of the
irregular reef bottom within the study site.

Set Ref. \ S1 \ S2 \ S3 \ S4
Flight number: 1 2 3 4 5 6 7 8 9 10
Sea leveks [M] -041 -0.19 -024 005 0.07 020 023 033 033 033

Reef water leveDh[m] 0.00 0.22 027 046 048 061 063 074 073 0.74
Mean water depth[m] 0.02 0.07 009 019 021 030 033 042 041 041
Local survey time 11:35 12:50 13:10 14:20 14:30 15:15 15:30 16:45 17:00 17:30

4/22



David, et al. (2020): Structure-from-Motion on shallow reefs and beaches
This is a non-peer reviewed preprint submitted to EarthArXiv

Figure 1. Geographic location and eld conditions. Location of(a) the study site on the island afio)) of

Fuvahmulah within the Indian Oceaft) displays the sea level for the survey based on nearby tide data and water
levels measured on site. On March 26th, 2019, the measured data and mean signi cant wave height on the reef
Hsreefis recorded by wave gauge SL-20 (see Fig(d);sun position on March 26th, 2019 throughout the day
(orange markers are exemplary times at 07:00 and 10:00 for orientation) at associated ight times (white marker, for
exact times see Table 1).

of excavated rocks. The remaining reef at on the left side consist of corals, sand and seagrass. On the landward
side of the reef, seagrass grows on the corals and traps sand. Small ponds form in areas which lack seagrass and thus
sand cover. These ponds remain submerged for the entire study.

The fringing reef attenuates incoming waves, but the area is still subject to water surface undulations. Sensor SL-20
(see Fig. 2) records the signi cant wave height — the sensor lies in the inundated channel and measures constantly
throughout the entire eld survey. The resulting signi cant wave height on the rddf s 0:10m calculated as the

mean of the highest 33 % waves from a zero-crossing analysis.

The survey site contains 12 uniquely colored and labeled GCPs. These GCPs are hadewitie square
PVC-tarpaulin sheets. Later, in the STM-MVS process, the GCPs serve as georeference and scaling of the point cloud
and they are used in the bundle adjustment to optimize the image alignment. Therefore, each GCP's center position
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Figure 2. Survey site, study site and setupOrthophoto of the survey site on the reef, with reef areas classi ed
according to their landform. The white border shows the study site within the survey site. Round circles show the
Ground Control Point (GCP) locations. GCPs paired with pressure sensores have a sensor identi er label next to

them.
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